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INFLUENCE OF COKING PROCESS PARAMETERS ON 

STRUCTURAL PROPERTIES OF “DIRECSIL” REDUCTANT 

S. Kim, M. Tolymbekov, V. Kim, N. Lu
 

Abishev Chemical-Metallurgical Institute, 100009, 63 Ermekov str., Karaganda, Kazakhstan; sergey_kim@inbox.ru 

ABSTRACT 

Technology of new type of carbon reductant for silicon smelting process was created in Kazakhstan several 

years ago as a solution to the problem of charcoal shortage. In order to determine the influence of basic coking param-

eters – temperature and heating speed - on reductant quality a series of high-temperature experiments simulating a real 

coking process was carried out. Experimental data were further used for assessment of coking parameters influence 

and optimization of coking process. Results of coke structure investigation show that selected parameters of coking pro-

cess ensure satisfactory structural characteristics of new reductant important for application in the complex process of 

silicon recovery in submerged arc furnaces.   

1 INTRODUCTION 

Numerous researches of complex mechanism of Si recovery in carbothermal smelting of silicon metal confirm 

the role of gaseous component – silicon monoxide [1-3]. In the final stages of recovery process its concentration in the 

gas phase may reach 75% [4]. Further disproportionation of SiO gas causes excessive loss of silicon in the form of silica 

fume carried away with off-gas.  

In this situation the ability of carbon reductant to absorb gaseous SiO with further formation of silicon carbide 

becomes critically important for the process performance. Sorption capacity of reductant in high-temperature conditions 

of silicon smelting is mainly ensured by high reactivity, developed porosity and large specific surface. 

The present work is aimed at investigation of sorption capacity of “Direcsil” reductant for silicon production. A 

series of high-temperature experiments was carried out to determine the influence of basic coking parameters – heating 

speed and coking temperature on porosity and specific surface of Direcsil reductant. 

Technology of Direcsil production from non-coking high-volatile coal was developed in Abishev Chemical-

Metallurgical Institute about ten years ago [5]. Basic application of Direcsil is substitution of charcoal in silicon metal 

smelting. 

Results of the research show that new reductant can successfully compete with charcoal in the complex process 

of silicon recovery in submerged arc furnaces. 

2 METHODS 

Initial material for direcsil production is low-ash, high-volatile non-coking coal of Shubarkol deposit (Kazakh-

stan). Direcsil was created for silicon smelting as a substitute for charcoal which, due to almost complete absence of 

forests, is very difficult to produce in Kazakhstan. Shubarkol coal contains about 45% of volatile matter and only about 

1,5-3% ash. Considering high silica level in coal ash (at least 55%) this material has good prospects in terms of chemi-

cal purity – very important parameter for silicon metal process. 

Direcsil technology is basically a high-speed thermal-oxidative coking achieved by fast heating of coal by means 

of combustion of its volatile components.  

Modeling of coal processing conditions simulating the real coking process was carried out in Tamman furnace 

which is a high-temperature resistance furnace with vertical graphite tube. Experiments were made in heat-resistant 

steel crucible with open access for air. 

Initial temperature varied from 600 to 1100°C with 100°C intervals. A batch of raw coal in a steel crucible was 

placed into the furnace pre-heated to certain temperature. Temperature measurement was continuous throughout the 

experiment. When the temperature reached given value the crucible was held at this point for 5 minutes with further 

cooling in a sealed container. 

All coke samples were analyzed for technical composition. Results of technical analysis are represented below in 

“Results” section of the paper. 

Results of earlier thermogravimetric analysis of Shubarkol coal [6] show that in the temperature range of 320-

540°C occurring physical-chemical transformations are mainly represented by destruction processes with generation of 

volatile products. Intensity of thermal destruction reactions strongly increases in the mentioned temperature range, ac-

companied by coal mass loss. The highest speed of mass loss occurs at 420-540°C with active energy absorption and 
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destruction of coal structure. It is known [7] that development of destructive processes depends on amount of input en-

ergy in unit of time, i.e. heating speed. The higher the latter the faster the thermal destruction of coal occurs. 

High heating speed creates uneven temperature field across the coal particle thus leading to formation of coke 

frame on the surface. Water steam and gas-vapoгr mixture, rising from within the coal body, create excessive internal 

pressure causing bulging of coke particles. This bulging occurs more actively in oxidizing atmosphere [8].   

Thus, based on known data and results of thermogravimetric analysis of Shubarkol coal we can see that the criti-

cally important parameter ensuring formation of porous lump material with sufficient mechanical strength is the speed 

of coal heating within the temperature range of destructive processes. According to [6], in case of Shubarkol coal the 

minimal heating speed necessary to form porous structure should be at least 10 degrees per minute.   

3 RESULTS 

Total 6 samples of reductant were obtained at different starting temperatures. Coal samples temperature curves, 

depending on time and initial temperature, are shown in Figure 1. 

 

Figure 1: Coal samples temperature variation depending on initial temperature and time 

Temperature interval 320-540°C corresponding to destructive reactions temperature range is shown in the dia-

gram as Td interval. 

Data on heating speed, mass loss and technical composition of direcsil samples are shown in Table 1. 

Table 1: Results of coal pyrolysis experiments and technical composition of direcsil samples 

Temperature, ºС 
Heating speed, 

ºC/min 
Mass loss, % 

Technical composition, % 

А
с
 V

d
 W

r
 

600 29.41 42.5 3.01 11.02 2.76 

700 35.7 47.0 3.23 7.74 3.54 

800 45.45 47.8 3.48 3.22 4.17 

900 53.57 50.3 3.61 3.04 4.31 

1000 65.22 51.0 3.80 2.86 3.16 

1100 90.90 49.8 3.95 0.45 3.37 

Based on temperature variation data a diagram of heating speed dependence on initial temperature was drawn 

(Fig. 2). 
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Figure 2: Influence of initial temperature on coal heating speed 

As we can see, the speed of coal heating within the temperature range of destructive reactions depends on initial 

temperature and varies from 29.4 to 90.9 degrees/min, which is sufficient for the formation of highly porous structure of 

direcsil. 

According to technical analysis of direcsil samples, the residual volatile in the coke is strictly proportional to 

coal mass loss (Fig. 3) 
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Figure 3: Temperature dependence of mass loss (∆m) and residual volatiles (V) 

As seen from the diagram, the most intensive mass loss occurs at lower temperatures of 600-800°C. The fastest 

decrease in volatiles level also takes place in this area. After 800°C volatiles level stabilizes changing slightly from 3.22 

to 2.86% by 1000°C. It is only at 1100°C that volatiles content rapidly drops to 0.45%. This abrupt drop is explained by 

destruction of coke structure at 950-1000°C accompanied by emission of heavy tars with hydrogen [8]. 

Samples of obtained reductant were studied using JEOL scanning electron microscope (model JSM-5910). 

Microstructure of samples at ×200 magnification is shown in Figures 4-9. 

  

Figure 4: Microstructure of direcsil obtained at 

600°C 

Figure 5: Microstructure of direcsil obtained at 

700°C 
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Figure 6: Microstructure of direcsil obtained at 

800°C 

Figure 7: Microstructure of direcsil obtained at 

900°C 

  

Figure 8: Microstructure of direcsil obtained at 

1000°C 

Figure 9: Microstructure of direcsil obtained at 

1100°C 

Results of microstructure study show that heating speed values reached in experiments were sufficient to form 

the direcsil structure with well-developed porosity, which evidently depends on coking temperature. We can see that 

coke structure is formed by pores of varying size – from bigger pores of 150-300 microns to sub-micropores of 0,5-1,0 

micron.  

Pores have various complex forms, such as interconnecting, one-side open and closed pores divided by interpore 

partitions. It is known [9] that most efficient type of porous structure ensuring complete and active flow of physical-

chemical interaction is a structure formed by interconnecting pores running into one another and joining into integrated 

macropore or a system of continuous passageways in the coke body.  

An important feature of such structure is random orientation and distribution of pores in the material. We can see 

in the pictures that the structure of direcsil is homogeneous and consists of transition interconnecting pores. Interpore 

partitions contain smaller pores that serve as connecting canals in the integrated porous system. 

4 DISCUSSION 

Coking temperature has significant effect on porous structure formation. Direcsil obtained at 600°C has 

macroporous structure with average pore size about 30.6-54.8 microns and interpore partition thickness around 14 mi-

crons (fig. 4).   

At relatively low heating temperature substances existing in plastic state have high viscosity. It promotes gradual 

growth of gas pressure and, thereby, formation of large-pore structure of solid residue [10]. 

At higher coking temperature (700°C) the amount of gaseous components increases, which, along with higher 

internal pressure, causes flattening of pores that become more elongated traversing the thermal flow. Compression of 

coke structure promotes diminution of pores size to 13.5-25.2 microns (Fig. 5). 
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Further compression of coke structure occurs at 800°C (Fig. 6), although pore size does not change significantly. 

We can see, however, that pores in the coke body are filled with disperse particles of pyrolytic carbon formed by high-

molecular compounds – a product of hydrocarbon pyrolysis.  

Pyrolytic carbon, precipitated on the heated surface in the form of spherulites or thin film, has high mechanical 

strength, resistance to erosion and aggressive media, high electric conductivity and low chemical activity. Therefore, 

deposition of pyrolytic carbon on the pore surface causes significant passivation of reductant due to dramatic decrease 

in reaction surface available for chemical interaction with gaseous reagents. 

Internal deposition of pyrolytic carbon can be assessed via mass loss value at this temperature. The curve of 

mass loss (∆m) in Figure 3 shows gradual monotonous growth with stabilization at 900-1100°C. This curve can be de-

scribed with sufficient adequacy by the following equation: 

∆m = 14,496lnT - 50,229 (1) 

with correlation factor R
2
 = 0.96 

However, at 800°C we can see the outlier deviation from general temperature dependence. Numerical value of 

deviation at this temperature can be determined by comparison of calculated data obtained by equation (1) with results 

of actual measurement of ∆m value. In our case, the deviation value amounts to 1,5% of coke mass. We may safely 

assume that, in first approximation, this deviation corresponds to the amount of pyrolytic carbon formed by heavy high-

molecular compounds as a result of secondary destructive processes. 

No significant structural changes are visible with further growth of coking temperature (Figures 7-8). We can see 

gradual diminution of pore size to 8.38-14.86 microns and interpore partitions thickness to 3.39 microns at 1100°C (Fig. 

9). Further development of micropores and interconnecting transition pores is visible while one-end and closed pores 

are gradually disappearing. 

Aside from temperature, successful development of porous structure depends on coal heating speed. Processing 

of experimental data in coordinates “Heating speed – Average pore size” (Fig. 10) has allowed determining critical 

(boundary) value of heating speed. Above or below this value we can observe formation of typical structure with pre-

dictable physical-and-chemical properties. 

 

Figure 10: Dependence of pore size (1) and partition thickness (2) on coal heating speed 

As we can see from the diagram, the critical heating speed that determines the coke structure is 30-40 °C/min. 

Below this value average pore size grows rapidly, which causes substantial decrease in internal specific surface of the 

reductant. 
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5 CONCLUSIONS 

Experimental modeling of thermal-oxidative coking showed that structural characteristics of carbon reductant 

from Shubarkol coal are closely linked to basic parameters of the process – coking temperature and heating speed. Pro-

cessing of experimental data has allowed determining the area of optimal process parameters ensuring achievement of 

necessary physical characteristics of direcsil reductant. 

 

Results of described research can be summarized in the following conclusions: 

- thermal destruction of coal is an integral part of coking process responsible for formation of lump carbon mate-

rial with required mechanical characteristics; 

- intensity of destructive processes is directly proportional to the amount of input energy per unit of time, i.e. 

heating speed; 

- both heating speed and coking temperature directly influence the structural characteristics of reductant and 

therefore can be used as control action instruments to achievef required quality of the final product; 

- optimal temperature of the coking process lies above 800°C. Operation in the temperature range of 900-

1100°C eliminates formation of pyrolytic carbon inside the coke body thus ensuring high reactive capacity of reductant 

towards gaseous silicon monoxide; 

- minimal heating speed necessary for development of fine-pore structure and formation of large internal surface 

of reductant is 40 °C/min; 

- organization of coking process with strict control of above parameters allows producing high-quality carbon 

reductant efficient for carbothermal smelting of silicon metal in submerged arc furnaces. 

It is necessary to note that, aside from structural properties, the quality of carbon reductant is also determined by 

its mechanical strength, specific resistance and reactivity. We plan to continue our research work in order to specify the 

influence of coking parameters on these characteristics.  
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ABSTRACT 

Silicomanganese and Ferromanganese are mainly produced by carbothermic reduction in electric submerged 

arc furnaces
 [1]

. The aim of this project is to develop a method to investigate the various carbon materials of different 

sizing. The method simulates the coke bed zone, the reduction and melting of charge materials into the coke bed zone. It 

has been shown that the main part of the reduction and the metal producing reactions will occur mainly at the top of the 

coke bed. If the reduction rate is slow, or the slag flow into the coke bed at a slow rate, the temperature in the slag will 

increase, hence giving a higher Si content in the metal and a lower MnO in the slag. The experimental work is carried 

out in an open induction furnace by using a crucible of 40 cm long with inner diameter of 11 cm, where one can use 

close to industrial-sized particles that are up to maximum of 20 mm. For this study, five different carbon materials of 

varying sizes with a fixed ore type were used. The main results are: 

(i) Larger carbon particles show slower reduction at a given temperature compared to smaller particles which 

shows that the reduction rate is more important than flow parameters. 

(ii) Though quite small, it was observed a difference between the reduction rates with different carbon materials, 

were the most rapid was anthracite followed by coke 3, with coke 2 and coke 4 as the slowest. It must, however, 

be mentioned that anthracite showed an untypical behaviour. The high reduction and flow rate of coke3 could be 

due to an enhanced wetting behaviour. 

1. INTRODUCTION 

Carbon materials such as coke, charcoal, anthracite etc. serve as the primary source of reducing agent during the 

smelting of manganese ferroalloys. Carbonaceous materials are very complex systems with a wide variety of chemical 

and physical properties. The most important properties of coke as a reductant during the furnace operation are; 

(i) Reactivity towards reaction with CO2 gas. Low reactivity of ore and high CO2 reactivity of coke will re-

sult in high energy consumption. Therefore the relative reactivity of ore and coke are the main factors 

affecting the degree of pre-reduction during the manganese process.  

(ii) Reactivity of the solid carbon with liquid slag components
 [1]

.  

(iii) Electrical resistivity of the carbon material. The electrical resistivity of the carbon materials will deter-

mine the electrode tip position, and hence with the resistance set point, it affects the stability of the op-

eration. Monsen 2004 reported that the high resistivity of charcoal result in more efficient operation 

with respect to energy and electrode consumption in the silicomanganese process 
[3]

 

The reaction between slag and carbon material is dependent on thermodynamic variables like slag composition 

and temperature. However, the kinetics is also of importance since most of the reduction occurs on the interface be-

tween the liquid slag and the carbon. Osterovski et al. studied the ore melting and reduction in silicomanganese produc-

tion. They found that the amount of carbon in the charge is the main factor affecting the silicon content of silicomanga-

nese
 [2]

. Monsen et al. (2004) also observed that the rate of MnO reduction from the slag by charcoal is higher than coke. 

Further, MnO reduction rate was higher for industrial cokes than the cokes produced from the single coals 
[4]

. It was 

shown that the major part of the reduction occur on the top of the cokebed [Olsen et al. 2007]. Especially in ferroman-

ganese production it was shown how the viscosity will prevent the slag from flowing into the cokebed, before it was 

reduced. Hence, if the reduction is slow or if the flow into the cokebed is prevented, the temperature in the slag will be 

higher and hence the Si content will be higher as well. This work will look at the reduction of a silicomanganese charge 

on top of a cokebed with various types of carbon materials and with different sizing. 

The objective of the experiments was to investigate how various carbon materials of different sizing affecting 

reduction temperature and reduction behaviour of MnO containing slags. An open induction furnace (IF75) has been 

used to study the reduction and melting. Comilog ore, commercial sinters, high carbon ferromanganese slag, quartz and 

differently sized industrial carbonaceous materials have been chosen for the investigation. The aim of this project is to 

develop a technique to find the melting temperatures of ores and how much slag and molten materials pass through the 

coke bed during the manganese process. By this technique, on the one hand, one may reproduce operating conditions in 

the furnace and on the other hand, it allows us to use materials that are charged to the industrial furnace. This technique 

is called stationary charge in controlled environment (SCICE)
 [5]

. The apparatus uses a representative portion of furnace 

charge in the form of a coke bed and also showing the change in the height of the charge mix at different temperatures. 

The method simulates the cokebed zone, the reduction and melting of charge materials into the cokebed zone. As previ-
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ously mentioned, it has been shown that the main part of the reduction and the metal producing reactions will occur 

mainly at the top of the cokebed.  

2. INDUCTION FURNACE EXPERIMENT 

To investigate the melting and reduction of manganese ores an induction furnace was used. The furnace has a 

maximum power supply of 75 kW, but the maximum power used in these experiments was 10-30 kW. A graphite cruci-

ble of 40 cm long with inner diameter of about 11.5 cm was used, where one can use close to industrial-sized particles 

that is up to maximum of 20 mm. Initially the crucible was filled by coke of desired size similar to the coke bed found 

in the industrial furnaces. Then a graphite tube of 50 cm long was placed just on the top of the coke bed for keeping the 

thermocouple to measure the temperature. On top of the coke bed, the charge mix of desired quantity is added, which is 

weighed out based on the chemical analyses of the ore. For the charge mix a mixture of commercial sinters, high carbon 

FeMn slag, quartz, and cokes were used. Then a coke layer is added on the top of the charge mix. These coke layers acts 

as an insulator which ensures that the charge is not re-oxidized. For each experiment 10 cm of coke bed, 7-9 cm of 

charge mix and 10 cm of top layer coke over the charge mix was used. A graphite block of 20 cm long and 10 cm in 

diameter is kept on the top of the crucible for measuring the change in height of the charge level at different tempera-

tures. The complete set up for the experiment is shown in Figure 1 below. 

 

Figure 1: Experimental set up in an open induction furnace 

The power was set initially to about 10-20 kW. The crucible was heated up to 1200
0
C to prereduce all the raw 

materials. The power was then reduced manually to 5kW to hold the temperature steady at 1200
0
C for 10-15 minutes. 

This was done to make sure that the ore was completely prereduced before the next set of heating. After the prereduc-

tion step the crucible temperature was increased until the target temperature of 1600
0
C was reached. During this process 

the prereduced ore will sinter, soften and melt with increasing temperature. As the melting and reduction occurs, the 

graphite block starts to move down. This shows that the reduced charge mix will start to drain into the coke bed. The 

change in the height of the charge level has been measured by a normal ruler. The maximum power used was 10-30 

kW. A 10% decrease in the length of the graphite block is defined as the reduction in the height of the charge level and 

that particular temperature was the initial melting point. By increasing the temperature, the graphite block slumps down 

to 70% which means that the charge is defined as fully molten. When the power to the furnace stops, the melting and 

reduction reaction stops instantly due to the endothermic nature of the reaction. The experiments were repeated for sev-

eral sets of samples in order to investigate the effect of carbon materials during the melting and reduction of manganese 

ores. When the crucibles were cooled, they were filled by epoxy and kept overnight for hardening. After that the cruci-

bles were vertically cut through the middle. 

2.1 MATERIALS 

In this study five different carbonaceous materials of various sizes are used to investigate how different sizing af-

fect the reduction temperature and reduction behaviour of MnO-containing slags. The types investigated are coke 1, 

coke 2, coke 3, coke 4 and Anthracite used in the production of ferroalloys. It is expected that the flow of slag into the 

cokebed is affected by the void fraction of the carbon materials, and hence this was measured for all the materials used.  
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The void fraction α is determined by the bulk density of the cokebed and the particle density of the coke. If we 

know the bulk density and the particle density we can easily calculate the void fraction which was calculated using the 

following equation; 

   (1)  
The bulk density, particle density and void fraction of each carbon material are shown in Table 1. While the 

cokes are quite similar, the void fraction of anthracite is lower than the void fraction when it is compared with the other 

three.  

Table 1: Calculated void fraction of carbon materials that used in this study. 

Carbon Material Bulk density 

(kg/dl
3
) 

Particle densi-

ty coke 

(g/cm
3
) 

Void fraction (α) 

Coke2 3-6mm 0,749 1,82 0,59 

Coke3 5-10mm 0,623 1,71 0,64 

Coke3 +10mm 0,630 1,78 0,65 

Coke4 3-6mm 0,642 1,78 0,64 

Coke4 5-10mm 0,745 1,78 0,58 

Anthracite 5-10mm 0,970 1,68 0,47 

Anthracite +10mm 1,007 1,91 0,42 

Industrial raw materials such as sinters, HC FeMn slag, quartz and coke are used as manganese sources for the 

production of silicomanganese. The calculated equilibrium relations of the slag composition with 52.8% MnO, 30.6% 

SiO2, 7.5%CaO and 7%Al2O3 were analyzed using FACT Sage software which is shown in Figure 2. The phases 

changed significantly upon heating according to the diagram. A major phase in the HC ferromanganese slag is olivine 

and Al-spinel at equilibrium. Liquid slag becomes the only phase as observed between 1300
0
C to 1600

0
C according to 

the diagram.  

 

Figure 2: Equilibrium phases of manganese raw material by FACT Sage for a slag with 52.8 wt% MnO, 30.6 wt% 

SiO2, 7.5 wt%CaO and 7 wt%Al2O3. 

3. Results and discussion 

3.1 Slumping results from open induction furnace experiments 

Before carrying out slumping experiments of industrial raw materials with various carbon materials of different 

sizes, the melting behaviour of manganese ore (Comilog) with and without quartz and industrial manganese raw materi-

als with quartz is verified. This is done in order to validate the SCICE method as well as to confirm the melting temper-

ature of manganese ore with and without quartz which are in quite good agreement with the previously conducted stud-

ies [Brynjulfsen, 2013], Figure 3.1a. When an acid oxide is added to a basic oxide the liquidus temperature will de-

crease. The MnO-SiO2 phase diagram tells that pure SiO2 and MnO has very high liquidus point, when mixed together 
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the liquidus temperature is decreased which can be seen in Figure 3.1b
 [1]

.  The Comilog ore without quartz gives a low 

reduction rate and high reduction temperature compared to the other two with quartz. Adding quartz decreased the tem-

perature where the melting started to 1245
o
C from the original 1340

o
C 

[6]
.  When a manganese source is mixed with 

right amount of quartz for the production of silicomanganese the temperature needed for melting is lower compared to a 

manganese source without quartz. In order to get a liquid slag at low temperature the quartz must be in contact with the 

manganese source and the slag becomes less viscous so it can drain into the coke bed. 

 

Figure 3.1a-Reduction behaviour of manganese ore with and without quartz. 
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Figure 3.1b: Calculated phase diagram for the MnO-SiO2 system 
[1]

. 

The effect of using various sizes on the carbon material is shown in Figure 3.2 (a) and (b), Figure 3.3 (a) and (b). 
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a) Coke2 b) Coke3 

Figure 3.2(a) and 3.2(b): Reduction behaviour of manganese raw materials with coke 2 and coke 3 of various sizes.  

From the graph 3.2 (a) it can be seen that typically the smaller coke gives a higher flow into the cokebed or actu-

ally the same flow at lower temperatures. This is believed to be due to the higher reduction rate of the smaller coke. To 

confirm this result, the addition of 20% smaller sized coke2 (0-3mm) with charge mix gives even faster reduction. The 

rate of reduction is lower for larger size coke which can be seen in experiments with larger sized coke (+10mm). Since 

coke is the common source of carbon for ore reduction, the addition of smaller sized coke in the charge mix will react 

more during the reduction of MnO containing slags which gives lower reduction. From the graph it can be seen that the 

melting behaviour and reduction rate is dependent on the size of carbon materials, however the difference between the 

different sizes may sometimes overlap. 

The slumping results from coke3 demonstrated in Figure 3.2 (b) shows the same trend of reduction behaviour as 

seen in Figure 3.2 (a) that the smaller-sized coke gives higher reduction and lower reduction temperature. The experi-

ments with smaller-sized coke (3-6mm) the reduction is started at between 1000
0
C-1100

0
C. The reduction behaviour in 

experiments with larger-sized coke (6-10mm and 10-20mm) is quite similar and reduction starts when the temperature 

reaches 1200
0
C. 

  

b) Coke4 a) Anthracite 

Figure 3.3(a) and 3.3(b) - Reduction behaviour of manganese raw materials with coke4 and Anthracite of various siz-

es. 
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From figure 3.3 (a) the experiments with coke4 show that the larger coke size gives faster reduction rate and lower re-

duction temperature compared with the coke sized 3-6mm. We cannot confirm our results by these two experiments, 

more experiments will be needed to conclude the preliminary results with coke4. 

In figure 3.3 (b) using anthracite, it was observed that the reduction rate of MnO containing slags was higher and 

reduction temperature was lower with smaller-sized anthracite (5-10mm). Compared with different cokes anthracite 

shows even lower reduction temperature than coke (<1100
o
C). The bulk density, particle density and the void fraction 

value of the anthracite are different than the coke. The difference in the void fraction is at a range of 0.42-0.47 when 

compared with the void fraction of the coke of 0.60. Further experiments will be needed to conclude the preliminary 

results with anthracite. In general, from all the slumping experiments with different carbon sizes it has been observed 

that the smaller sized carbon material gives higher reduction and lower reduction temperature. One of the main reasons 

for this phenomenon is that the ore reactivity may be very high when a manganese source is mixed with carbon materi-

als of smaller size, and is hence more important than the reduced flow into a smaller-sized cokebed. 
The amount of metal and slag settled in the bottom of the crucible is higher in experiments with larger-sized 

coke when compared with the smaller size which can be seen from the crucible cross-sectional pictures (Figure 3.4). 

This is in accordance with the slumping results. The slag and metal are almost settled down at the bottom part of cokes 

with larger size, but for cokes with smaller size the slag is not completely drained towards the bottom and is settled near 

the sides of the crucible. 

   
3-6mm 5-10mm 10-20mm 

Figure 3.4: Cross-sections of the crucibles from experiments with three differently sized cokes 

Different types of carbonaceous materials behave differently during the reduction of manganese raw materials. 

Comparing three different coke types, the rate of reduction behaviour of MnO-containing slags is higher with type coke 

3 than the other two. Interestingly, the rate of reduction of MnO-containing slags is even higher with anthracite. From 

the overall experiments, though quite small, it was observed a difference between different coke types in manganese 

reduction experiments which are shown in Figure 3.5 (a) and (b). 

  

Figure 3.5(a) and 3.5(b): Difference between different coke types during manganese reduction experiments. 

The wettability of the various carbon materials was studied. The contact angle θ, for reduction by different car-

bon materials were measured at different reduction temperatures as shown in figure 3.6.  
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 It was seen that coke3 has better wetting compared to the other three. This can also be seen in figure 3.6 where the slag 

is placed at the carbon materials at increasing temperature. The contact angle at the starting point for coke 3 is 134
o
, 

when the reduction temperature increases the contact angle reduces gradually and reaches below 100
0
. The increased 

wetting of coke 3 may explain the increased reaction rate and flow compared to coke 2 and coke 4. The melting behav-

iour of fixed manganese charge with four different carbon substrates from the sessile drop experiments is shown in Fig-

ure 3.7. 

 

Figure 3.6: Contact angle during the reduction of MnO containing slags on different carbon materials at different tem-

peratures. 
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Figure 3.7: The melting behaviour with four different carbon substrates with a fixed charge from the sessile drop exper-

iments. 

Conclusion 

In order to investigate the reduction behaviour of MnO-containing slags with various carbon materials of differ-

ent sizes, an open induction furnace and sessile drop furnace were used. Three different types of cokes and anthracite of 

various sizes were used in this study. To simulate the behaviour of the ore in a submerged arc furnace, a mixture of ore 

and various carbon materials of different sizes was placed on a coke bed. From the slumping results it was observed that 

experiments with larger-sized coke (+10mm) have lower flow of slag, which means lower reduction rate than the one 

with small-sized coke. A charge mix of coke sized 0-3mm shows even faster reduction than a charge mix of coke sized 

3-6mm. Though quite slight, it was observed a difference between different coke types in manganese reduction experi-

ments. Anthracite showed the highest reduction rate followed by coke3, coke2 and coke4. From the sessile drop furnace 

experiment coke3 shows higher wettability than the other three carbon materials, which may explain the higher flow 

into the cokebed of coke 3. 
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ABSTRACT 

With a limited supply of electricity and sharp increase in electricity tariffs, South Africa’s share of world ferro-

chrome production has declined to 38% in 2011. The situation is set to continue and could shift from bad to worse in 

the near future. Consequently, all ferrochrome producers in South Africa are looking for any alternatives that can con-

sume less electricity. An investigation of the effect of various reductants on the electric energy consumption is under 

consideration.  

A group of reductants consisting of 6 types of coke and 2 types of anthracite is selected to investigate the effect 

on energy consumption of ferrochrome production in submerged arc furnace. An excel-based simulation is used to cal-

culate all charges and energy consumption with similar production conditions mostly used by ferrochrome producers in 

South Africa. 

Keyword: ferrochrome production, process simulation, South African reductant 

1. INTRODUCTION 

South Africa plays a significant role in the world’s output of ferrochrome, contributing around 38% of the total 

production in 2011 [1]. Recently, the mining industry has been hit badly because of the shortage of electricity. Since 

2008, Eskom (South Africa Power Utility) has increased power tariffs every year by over 20%, as shown in Figure 1.  

Due to the shortage of electricity, major ferrochrome producers in South Africa have entered into an agreement 

with Eskom for reducing their production capacity. Consequently the South Africa’s share in total production of ferro-

chrome decreased, as shown in Figure 2 [1]. With a limited supply of electricity and sharp increase in electricity cost, 

all ferrochrome producers in South Africa are looking for any alternatives that can consume less electricity. An investi-

gation of the effect of various reductants on the electric energy consumption is one of those considerations.  

Most ferrochrome producers in South Africa have its own mining operations and are located near the Bushveld 

Igneous Complex, in Rustenburg, Brits, Witbank, Lydensberg, and Steelpoort. Those producers include Xstrata, Sa-

mancorcr, Hernic, SAS Metals, Assmang Chrome, Mogale Alloys, etc. All the chrome ores in South Africa is located in 

the Bushveld Igneous Complex. 

 

Fig. 1. Electricity tariffs increase in South Africa since 2007 [1] 

According to Cramer et al. [2], South Africa’s chrome reserves probably exceed 75% of the world’s economical 

resources. The latest survey by United States Geological Survey (USGS) [3] cites the world resources of chromite as 

those exceeding 12 billion tones of shipping-grade chromite, and about 95% of the world’s chrome resources are geo-

logically concentrated in Kazakhstan and southern Africa. The shipping-grade chromite ore is defined by USGS as the 

deposit quantity and grade normalized to and above 45% Cr2O3. 
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Fig. 2. Demand and production of ferrochrome worldwide 

2. REDUCTANTS USED IN SOUTH AFRICA 

South Africa has been self sufficient for many years with respect to reductants for the production of ferroalloys. 

However, in recent years it has become necessary to import metallurgical coke, most from China which is used mainly 

for ferrochrome production [3]. The reasons for this can be attributed to the rapid increase in ferroalloy production ca-

pacity, no growth in coke production capacity in South Africa in recent years and the trend towards closed furnaces, 

mostly for environmental reasons. Closed furnaces or large furnaces in general require more coke. There has also been a 

tendency to increase the usage of anthracite in ferroalloy production. Application of anthracite has been mainly in DC 

furnaces and small AC submerged arc furnaces.  

South Africa’s coke is produced by heating coal blend in the absence of oxygen to about 1100
0
C. The quality 

and properties of coke are affected by the coal properties, such as coal-rank; fluidity; chemical composition; mineralog-

ical structure and conditions of coke-making process.  

In general, coke used in electric submerged arc furnaces is required to have high carbon content, low contents of 

phosphorous and sulfur, right size, high reactivity, good strength and proper electrical resistivity [4]. The typical proper-

ties of reductants used in production of charge chrome (ChCr) in South Africa are listed in Table 1 [3]. 

South Africa’s coal is mostly mined in Ermelo and Witbank basins. Coal used for metallurgical purpose is main-

ly from Witbank basin, located between Pretoria and Nelspruit, see in Figure 3. 

Table 1. Typical properties of selected carbon reductants used in charge chrome production 

Property Coal Anthracite SA 

ChCr 

coke 

Chinese 

ChCr 

coke 

Volatile % 18-25 6-10 <1 <1 

Ash% 11 15 16 14 

Fixed 

carbon% 

56 80 83 85 

S % 0.8 0.6 0.7 0.6 

P % 0.009 0.004 0.009 0.013 

Reactivity n/a 23.1 45.4 23.90 

Coke is made by various suppliers in various locations, including Mittal Coke & Chemicals, Xstrata and Kumba 

Resources, etc. Five types of coke and two types of anthracite plus one coke from China are selected for the investiga-

tion. The composition can be seen in Table 2. 
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Fig. 3. Mining operations in SouthAfrica, including Asbestos, Gold, Iron, Manganese, Chrome, and Coal 

Table 2. Chemical composition of coke nuts and anthracites in %  

Reductants F.C Volatiles H2O S P FeO SiO2 CaO MgO Al2O3 

Wankie Coke  85.1 1.6 2.6 0.9 0.028 0.9 3.7 0.9 0.1 4.3 

Pretoria Coke 78.4 1.4 5.8 0.7 0.01 0.21 10.4 0.3 0.2 3.5 

Newcastle Coke 78.17 0.73 3.63 0.69 0.007 1.6 10.5 0.5 0.2 4.3 

Green Maceral Anthracite 82.3 4.7 2.6 0.66 0.003 0.58 6.3 0.08 0.17 2.88 

Vanderbiji Coke 83 1.2 3.2 1 0.011 0.68 6.7 0.28 0.7 3.92 

Mpofeni Anthracite 79.1 5.5 3.3 0.85 0.006 1 6 0.2 0.2 4 

Vryheid Coke 75.4 0.7 2.1 0.57 0.008 0.9 14.8 0.2 0.2 5.4 

Chinese Coke 79.1 1.5 2.7 0.73 0.009 0.44 8 0.17 0.7 7.1 

3. SIMULATION OF HCFeCr PRODUCTION 

An excel-based simulation, Ferrochrome Simulation (FeCr-Sim), was used to evaluate the effect of different re-

ductants on the electricity consumption used to produce high carbon ferrochrome (HCFeCr) in submerged are furnace, 

which uses electric energy and is fed with raw materials of chrome ores, fluxes, reductant and electrode paste. 

The Ferrochrome Simulation is developed using the principles of mass balance and heat balance, the interface 

can be seen in Figure 4. The simulation requires six inputs and generates the results of charge recipe, mass and compo-

sition for slag, metal, and off gas, with the energy consumption associated with the production process.  

Ferrochrome Simulation Inputs: 

 Compositions of ore, fluxes, reductants 

 Mass of chrome ore (kg) 

 FeO content in slag (%) 

 Cr2O3 content in slag (%) 

 Silicon content in metal (%) 

 Carbon content in metal (%) 

Ferrochrome Simulation Outputs: 

 Charge recipe (chrome ore/quartzite/coke/anthracite) 

  Mass and composition of slag 

 Mass and composition of metal 

 Mass and composition of off gas (with or without CO combustion) 

 Electric energy consumption 

 Recovery rate of Cr, Fe 
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Fig. 4. Ferrochrome simulation used to calculate charge and electricity consumption of ferrochrome production in a 

submerged arc furnace 

Five types of coke, two anthracites and one Chinese coke used as reductants for charge chrome production are 

selected to evaluate the effect on ferrochrome production. One type of chrome ore is used, quartzite is added as flux, 

coke and anthracite are used as reductants. The chemical composition of quartzite and chrome ore is listed in Table 3. 

Based on the production of ferrochrome smelting in South Africa, the following conditions are assumed: 

 6% FeO in slag 

 12% Cr2O3 in slag 

 45% SiO2 in slag of CaO-MgO-Al2O3-SiO2 

 8% carbon in metal 

 4% silicon in metal 

 Slag temperature 1700 ⁰C 

 Metal temperature 1600 ⁰C  

Table 3. Composition of flux quartzite and reductant coke (wt %) 

Name Chrome Ore Quartzite flux 

Cr2O3% 39.59 0 

FeO% 23.51 0.5 

S% 0.003 0 

P% 0.009 0 

H2O% 3 0 

SiO2% 7.9 98.4 

CaO% 1.13 0.2 

MgO% 10.49 0.4 

Al2O3 14.24 0.5 

4. RESULT AND DISCUSSION 

4.1. Fixed Carbon and Non-carbon Contents 

The selected cokes and anthracites contain 75-85% fixed carbon, 2-6% water, 1-6% volatile, 0.5-1% sulfur, 0.01-

0.03% phosphorus and 9-20% ash. The ash consists of mainly 0.5-2% FeO, 0.1-1% CaO, 0.1-1% MgO, 3-7% Al2O3, 

and 4-15% SiO2. The following contents have a variance less than 5%: water, volatiles, Al2O3, CaO, MgO, FeO, see in 

Figure 5.  

The consumption of electric energy required to produce one ton of ferrochrome is in a range of 3.30 to 3.34 

mwh/t, when the selected 8 different reductants are used. The lowest energy consumption of 3.30 mwh/t can be 

achieved when using Wankie coke nuts. The highest energy consumption is required when using the selected Chinese 

coke nuts, seen in Figure 6. 
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The effect of fixed carbon on electric energy consumption is demonstrated in Figure 7. There is no clear indica-

tion to show a close relationship with the selected reductants. A similar result is obtained for the contents of ash, vola-

tile and water in the reductants, see in Figure 8.  

The primary function of carbonaceous reductants is to act as a reducing agent required to react with metal oxides 

to produce metal and form carbon monoxide. 

The reductants also provide a source of carbon in Fe-Cr alloy. A higher content of fixed carbon will result in 

lower contents in total of non-carbon materials in the reductants, such as water, volatile and ash, and will definitely re-

duce the amount of required reductants such as coke or anthracite. 

 

Fig. 5. Chemical composition of selected 6 types of coke, 2 types of anthracite, showing a variance of more than 6% 

with SiO2% and fixed carbon% (on right axis) 

 

Fig. 6. Electric energy consumption required to produce one ton of ferrochrome mwh/t when using different reductants 

 

Fig. 7. Effect of fixed carbon on electric energy consumption mwh/t (on right axis) 
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Fig. 8. Effect of ash, water and volatile on electric energy consumption mwh/t (on right axis) 

4.2. Ash Composition Effect on Energy Consumption  

The ahs composition of the selected reductants includes 5-15% SiO2, 3-7% Al2O3 with less than 2% of CaO, 

MgO and FeO. It seems that the energy consumption of ferrochrome production increases with an increase in ash con-

tents of both SiO2 and Al2O3, see in Figure 9. Due to the fact that the SiO2 content is fixed at 45% in the slag, an in-

crease of Al2O3 content in the ash will result in adding more flux to provide more SiO2 in the slag. A higher addition 

of flux/quartzite into the furnace requires more energy for heating and melting slag. However, when a reductant has a 

higher SiO2 content in the ash, it requires less addition of flux quartzite to obtain the required 45% SiO2 in the slag, 

which should result in less energy consumption.  

4.3. Ash and Flux Addition 

When combining the amount of ash and amount of added flux quartzite together, one gets a very close relation-

ship between the energy consumption and the total amount of ash and quartzite, namely the electric energy consumption 

in mwh/t increases with a higher amount of ash and quartzite addition in kg/t, seen in Figure 10.  

 Considering the fact that almost all contents of ash go to slag, the higher amount of ash and flux quartzite added 

in the furnace, the more electric energy is required to heat and melt the ash and flux to form slag. When other contents 

are similar, a higher content of ash will results in a lower fixed carbon content in the reductant, which requires higher 

reductant consumption, seen in figure 11. 

4.4. Slag Ratio on Energy Consumption  

Slag formed in ferrochrome smelting contains mainly CaO, MgO, Al2O3, SiO2, FeO, and Cr2O3.The non-stable 

oxides will come out of the furnace in the form of off gas. All stable oxides added in furnace together with chrome 

ore/reductants/flux will come out of the furnace mostly in the form of molten slag, including CaO, MgO, Al2O3. 

 

Fig. 9. Effect of ash composition on electric energy consumption mwh/t (on right axis) with low contents of CaO and 

MgO 

When a reductant contains higher contents of MgO and Al2O3, more flux quartzite must be added in the furnace 

to obtain the required 45% SiO2 in slag, and consequently more electric energy must be provided. The close relation-

ship between slag ratio kg/t and electric energy consumption can be seen in Figure 12. 
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Fig. 10. Effect of total amount of ash and flux quartzite on electric energy consumption 

The total consumption of electric energy can be broken into different categories, such as heating charge, reduction of 

oxides, forming of molten slag and metal. Among these three categories, heating and reduction require the largest 

amount of electric energy - about 97% of the total electric energy. The energy used for heating and reduction accounts 

for 52% and 45%, respectively. Only about 3% of the electric energy is used for forming molten slag and liquid metal, 

see Figure 13. 

 

Fig. 11. Effect of total amount of reductants (coke/anthracite) and flux quartzite on electric energy consumption 

 

Fig. 12. Effect of amount of slag kg/t on electric energy consumption mwh/t (on right axis) 

4.5. Reductant Selection for Ferrochrome Production 

Reductants used for ferrochrome smelting in a submerged arc furnace traditionally include: coke, anthracite, 

char/gas coke, and coal. With the challenge of rapid decrease of quality coal reserves, ferroalloy producers all over the 

world are forced to select and try new reductants produced from new types of coal, including bio-carbons in the form of 

charcoal produced from different woods [5, 6]. 

It is a difficult task to select and use any new reductants. Not only is the chemical composition of reductant im-

portant, but the properties of the reductants for successful ferrochrome production, where the main consideration must 

be taken of such issues, among others, as gasification of reductants, dissolution of carbon into molten metal, and reduc-

tion of slag by solid carbon and carbon in molten metal. 

Those important properties of reductants include structural order, mineralogy, reactivity with sol-

id/gaseous/molten media, strength related to overburden pressure in furnaces, heat production during pre-reduction, 

electrical resistivity in the charge of electric arc furnaces. Various investigations have been conducted and reported [5, 
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6, 7, 8, 9] regarding reductant characteristics and selection for ferroalloy production. A recent investigation of the effect 

of chrome ores on ferrochrome smelting has been reported [10].  

 

Fig. 13. Total energy consumption and its breakdown 

5. SUMMARY AND CONCLUSION 

A group of reductants consisting of 6 types of coke and 2 types of anthracite is selected to investigate the effect 

on energy consumption of ferrochrome production in submerged arc furnace. All selected reductants are produced lo-

cally using coals mined in South Africa except for one type of coke from China. An excel-based simulation is used to 

calculate all charges and energy usage with similar production conditions used by most ferrochrome producers in South 

Africa, including type of chrome ores, flux, composition of slag, metal and off gas. The following conclusions can be 

drawn: 

 The consumption of electric energy required to produce one ton of ferrochrome is in a range of 3.30 to 

3.34 mwh/t. The lowest energy consumption of 3.30mwh/t is achieved when using Wankie coke nuts. 

The highest energy consumption is required when using the elected Chinese coke nuts 

 There is no clear indication of a close relationship between fixed carbon content and energy consump-

tion among the selected reductants. A similar result is obtained for the contents of ash, volatile and 

water in the reductants 

 The combination of ash and added flux quartzite depicts a very close relationship with the electric en-

ergy consumption, namely the electric energy consumption in mwh/t increases with a higher amount 

of ash and quartzite addition in kg/t. 
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ABSTRACT 

In the commercial process of producing Si and Si alloys, carbon materials like charcoal, coal and wood chips 

are used as carbon material. Silicon is reduced by carbothermic reduction of SiO2 following the ideal reaction of SiO2 

+ 2C =Si + 2CO. Norway has huge reserves of natural gas. Natural gas also releases less CO2 than traditional carbo-

naceous materials. In this project natural gas will be introduced to the Si production process as a raw material. Carbon 

black, obtained from natural gas cracking, will deposit on pelletized quartz and will be used as a substitute for quartz 

and carbon materials in the silicon furnace. The current work aims at describing the reaction mechanisms and kinetics 

occurring in the pellets during heating and reduction. Quartz powder is agglomerated (size, 1–3 mm) and then filled 

with carbon black from decomposition of methane. During the decomposition, the pellets expanded, and hence the po-

rosity increased. Carbon black is decomposed as two types: (a) cover on the surface of quartz particle; (b) threads and 

clusters. During heating, the sessile drop test proved that gas generated according to reaction SiO2 (s,l) +  C (s) = SiO 

(g) + CO (g). Quartz transformed to the cristobalite phase and minor amounts of SiC was also produced after TGA 

experiments. The reaction during heating can be divided into three distinct temperature steps which are: a) Almost no 

reaction before 1500°C, b) A high weight loss from 1500 to 1600-1650°C, c) The reaction speed becomes slow again 

during the constant temperature stage. The value of the activation energy for reaction between SiO2 and carbon black is 

found to be higher than the reaction between SiO2 and SiC, whereas the activation energy at constant temperature is 

close to SiO2 and SiC reaction.  

1 INTRODUCTION 

Industrial silicon is produced by the reduction reaction of quartzite or quartz with means of carbon materials in a 

submerged arc furnace (SAF) using carbon electrodes
 [1]

.
 
Generally, the carbothermic process could be described simply 

as follows. 

SiO2 + 2 C = Si + 2 CO (1) 

In the furnace 
[2]

, raw materials of silica and carbon materials react over the temperature range from 1300°C to 

over 2000°C. The furnace can be divided into two parts, the outer zone, which is the lower temperature part, and the 

inner zone, which refers to the hottest part. The silicon producing reaction appears around the electrodes with tempera-

tures over 2000°C in the inner zone of the furnace according to reaction (2). Silicon monoxide and carbon monoxide are 

also produced in the inner zone according to reactions 3 and 4. 

SiC(s) + SiO(g) = 2 Si(l) + CO(g) (2) 

SiO2(s, l) + Si (l) = 2 SiO (g) (3) 

2SiO2(s, l) + SiC(s) = 3 SiO(g) + CO(g) (4) 

When SiO and CO gas flow upwards through the charge layer where the temperature is around 1500°C, SiO will 

reacts with carbon materials in charge according to reaction (5). In this reaction, free carbon in outer zone captures SiO 

gas from inner zone, transfers it to SiC and take the silicon back to the inner zone with charge materials. The SiO con-

tent of the gas and the ability of carbon to react with SiO-gas affect this process. At temperature below 1500°C, conden-

sation happens according to reaction (6) and (8) (reversed reaction (3) and (4)). These reactions contribute to higher Si 

recovery even though these reactions are limited by the heat capacity and temperature of charge materials. When quartz 

powder and carbon materials is in intimate contact in an agglomerate, reaction (7) may happen at the temperature above 

1500°C in outer zone. 

SiO(g) + 2 C(s) = SiC(s) + CO(g) (5) 

2 SiO(g) = SiO2(s,l) + Si(l) (6) 

SiO2(s) + 3 C(s) = SiC(s) + 2 CO(g) (7) 

3 SiO(s) + CO (g) = 2 SiO2(s,l) + SiC(s) (8) 

The main reductant materials in the silicon process are coal, coke/char, petrol coke, wood chips and charcoal
 [3, 4]

. 

The first three listed above can be classified as fossil carbon materials and the rest are sorted as biological materials. 

The carbon materials mixed in the charge are determined by availability of materials, process parameters and the de-

sired purity of produced metal. Coke/char, petrol coke and charcoal is produced at higher temperatures. The production 
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temperature is ranging from 300~1000°C and the production process will both consume energy and emit CO2. Carbon 

black (CB) can hence substitute these materials. In this research, carbon black, obtained from natural gas cracking (ac-

cording to reaction (9)), and pelletized quartz will be used as a substitute for quartz and carbon materials in the silicon 

furnace.  

CH4 (g) = C(s) + 2 H2 (g) (9) 

The reactions between SiO2 and carbon black, and the reaction involving carbon black and SiO gas will be the 

main subject. Many studies have been conducted on the reactions SiO2/C and C/SiO gas. Wiik 
[5]

 studied the reactions 

between solid silica and solid carbon at elevated temperature. He found that grain size, container design, carbon to SiO2 

ratio, temperature, quality of carbon material, gas pressure and total mass of charge affects the thermodynamics and the 

kinetics. The reaction step was believed to be as described in the following reactions: 

SiO2 (s) + CO (g) = SiO (g) + CO2 (g) (10) 

CO2 (g) + C (s) = 2 CO (g) (11) 

The overall reaction of reactions (10) and (11) is  

SiO2 (s,l) +  C (s) = SiO (g) + CO (g) (12) 

Ksiazek et al.
 [6]

 studied the reduction of silica by use of natural gas directly. Cracking of methane occurred and 

the solid carbon deposited on the edge and inside the quartz particles. Two different kinds of SiC were produced during 

the experiment at 1400°C and 1500°C. At 1400°C and 1500°C compacted-needle-shape SiC around SiO2 particles was 

found. Another kind of SiC formation inside of the quartz particles was observed mostly at 1500°C . It occurs inside a 

quartz particle far from its edge with a different shape than SiC found outside of particles. Lee and Cutler 
[7]

 investigat-

ed the kinetics of reduction of silica present in the rice husks in different CO atmospheres. They also found that the re-

action between silica and carbon proceeds via the gas phase. Agrarwal and Pal 
[8]

 studied the influence of pellet compo-

sition and structure on carbothermic reduction of silica. It was found that carbothermic reduction of silica at tempera-

tures above 1773K is a composite reaction, and the possible mechanism involves the following three gas solid reactions 

(5), (11) and (12). The reaction rate is controlled by the combination of silica reduction reaction and the Boudouard 

reaction.  

The aim of present investigation is: 

(a) Characterization of the pellets through porosity measurements, XRD and SEM investigations. This also in-

cludes comparing the difference of pellets before and after carbon black deposition. 

(b) Investigate the reaction kinetics occurring in the carbon black deposited pellets during heating and reduction. 

The mechanism of carbon black with quartz at high temperature will be evaluated using these pellets.  

2 EXPERIMENTS AND METHODS 

2.1 Work flow 

Figure 1 shows the work flow of this paper. Quartz pellet was first prepared. Next, the carbon black (CB) depos-

ited pellet (F1 and F2) were produced at different temperatures. In this paper the decomposition of carbon was done at 

700 °C (F1) and 900 °C (F2). Behaviour of sample F1 and F2 at higher temperatures were studied by sessile drop and 

TGA. SEM, porosity test and XRD were used to investigate the properties of pellets from each step. 

 
Figure 1: Overall work flow 

2.2 Decomposition of carbon black 

Agglomerated quartz pellet are used in this research. Figure 2 shows the crucible used for depositing the carbon 

black to the agglomerated quartz pellet. The process procedure was to charge the crucible with about 40g agglomerated 

quartz pellets, and then heat it to experimental temperature in inert atmosphere. It was applied 100% methane gas flow 

at 0.5 liters per minute (gas inlet in bottom of crucible). A stable temperature was maintained at fixed holding times. 

The crucible with pellets was cooled down in inert atmosphere. In the two experiments performed, the deposition tem-
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perature was set to 700°C and 900°C. Samples of these two carbon black deposited pellets are named F1 and F2, re-

spectively. 

After the carbon black deposition, initial yellow-brown pellets became black, and the weight and volume of pel-

lets increased. Weight increase of sample F1 and F2 is 5.48% and 4.89% respectively (Table 1). The volume expansion 

of F1 is three times of F2. 

Table 1: Data of carbon black deposition process 

Sample Temp (°C) Weight initial (g) Weight increase (%) Expansion (%) 

F1 700 40 5.48 60 

F2 900 39.45 4.89 20 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Schematic drawing of carbon black deposition process 

According to table 1, the weight of the pellets increased about 5% during the decomposition step, that is, about 

5% carbon black has been decomposed on the quartz pellets. This is confirmed by XRD, where carbon is found in F1 

and F2 as shown in Figure 3.  
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Figure 3: X-ray diffractometer pattern of quartz pellets, F1 and F2  

The porosity of pellet is obtained by: 

%1001 









densityabsolute

densityapparent
Porosity

 (13) 

The apparent density of the particle is determined using a GeoPyc 1360 Pycnometer, which uses fine sand to de-

termine the volume of the particle. The sand will encapsulate the particle but not penetrate it. The absolute density was 

determined using an AccuPyc 1330 Helium Pycnometer. The helium is able to penetrate the particle and fill the pores. 
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According to porosity test (table 2), the porosity of sample F1 and F2 is higher than that of the original quartz 

pellets, when no carbon black is deposited. The porosity increase in sample F1 is higher than that in sample F2. This 

explains why the sample F1 is fragile when a small external force is applied on it. The SiO2 pellets need at least 36.3% 

porosity to fill up all the voids with carbon black, for a C/SiO2 molar ratio of 2. Porosity of samples is all over 50%, 

which is larger than this theoretical calculation, which means more carbon black than needed can be filled in the pores 

of pellets. Even after the carbon black had filled the pores, the porosity did not decrease. This is due to a larger total 

volume as well as the fact that only about 5% of carbon was attached to the pellets. 

Table 2. Porosity of quartz pellets, F1 and F2 

Sample Preparation Temp(°C) Porosity (%) 

Quartz pellets - 52.5 

F1 700 60.5 

F2 900 53.5 

The surface and the interface when the particle was cut in half are investigated by SEM. Figure a) and b) in Fig-

ure group 4, 5 and 6 are the SEM picture of particle surface of the quartz pellets, F1 and F2. Figure b) and c) in Figure 

group 4, 5 and 6 show cut surfaces of the particles.  

Figure 4 shows that the quartz particles are agglomerated together in the quartz pellets. We can also see the pores 

inside of quartz pellets, which coincide with the result from porosity test. 

The surface and the edge of the quartz particles can’t be seen in sample F1 and F2 under lower magnification 

(Figure 5 and 6). Under higher magnification, we can see that carbon black and carbon filaments growing from quartz 

surface covered the surface of quartz particle. These carbon filaments look similar to carbon nano-tubes. The carbon 

black does not cover the surface uniformly when Figure 4 b and Figure 6 b is compared. SEM images of sample F2 are 

quite similar with F1 under lower magnification. Carbon fiber of F2 is not as long as F1, which makes F1 looks more 

similar to threads and clusters. This further confirms why particles of F1 have higher porosity and are more fragile 

compared to F2.  

  
a)100x b)500x 

  
c) 30x d)100x 

Figure 4: SEM images of quartz pellets.  

a) and b) are surface images and c) and d) through cut pellets. 
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a)100x b)3000x 

  
c)1000x d)3000x 

Figure 5:  SEM images of sample F1.  

a) and b) are surface images and c) and d) through cut pellets. 

  
a)100x b)3000x 

  
c)1000x d)3000x 

Figure 6:  SEM images of sample F2.  

a) and b) are surface images and c) and d) through cut pellets. 

2.3 Experiments and methods during thermal behaviour of carbon black pellets 

The quartz pellets, F1 and F2 was heated in two furnaces to investigate the behaviour during heating, the sessile 

drop test and the TGA apparatus (Figure 6). 

The sessile drop furnace is designed to measure the contact angle of a liquid drop on a 10mm diameter substrate. 

It is possible to measure the wetting angle of a sessile drop, observe the melting point of substances and investigate the 

reactivity between different materials. A firewire digital video camera with a telecentric lens was used to record images 

from the furnace at a resolution of 1280 x 960 with a ½″CCD sensor. The telecentric lens is able to produce an image 

from 40 to 3.3mm across the frame, which at maximum magnification is equivalent to 2.5μm per pixel. During the ex-

periments, furnace chamber was vacuumed at first, and then continuously purged with 0.5 Nl/min of argon. The quartz 

pellet was heated at 300°C/min to 950°C, then 50°C/min 1550°C and finally at 10°C/min until the pellet was melted. 

The samples F1 and F2 were heated at 300°C/min to 950°C, then 50°C/min 1750°C and finally at 10°C/min to 1830°C 

and held for 5 minutes. 

All the TGA experiments were carried out using TF1 thermo-gravimetry furnace with 5 mL/min CO gas flow. 

High-purity α-Al2O3 crucible was used as inner crucibles. About 5g of pellets were used in each experiment. Two series 

of experiments were designed. We assumed that reaction: SiO2 + 2C = Si + 2CO occurs during the TGA experiments. 

This means that when weight loss is 10%, approximately 5% carbon black in sample F1 and F2 is consumed. The first 

experiments, a series of two experiments, were designed to investigate the pellets’ behaviour at a weight loss of 10%. 

The pellets were heated to 1500°C with a rate of 25°C/min, and subsequently at 15°C/min to 1700°C, and the experi-

ment was then stopped at 10% of weight loss. The second series of experiments was designed to investigate the pellets’ 

behaviour when temperature was held at 1600°C and 1650°C. The heating rate was 25°C/min up to holding tempera-

ture. The cooling time of each experiment from highest temperature to 1000°C took about 6 minutes. 
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Phase structure of the pellets was determined by X-ray diffraction (XRD, Bruker AXS D8 Advance diffracto-

metric with Cu Kα1 radiation). The morphology samples were investigated by field-emission scanning electron micros-

copy (LVFESEM, Zeiss Supra 55VP) with energy-dispersive X-ray spectrometers (EDX). 

3 RESULTS AND DISCUSSION 

3.1 Sessile drop test 

In the sessile drop test the pellets were heated continuously while photographed on a graphite substrate. The area 

ratio (S/S0) of pellets in photos is used to signify the volume changes when pellets were heated. Figure 7-10 shows the 

visual picture of quartz-pellets and quartz pellets with carbon black (F1 and F2) during heating. According to Figure 7 - 

10, nearly no change occurs to the three pellets before 1575°C. For the quartz pellet, the volume of particle starts to 

expand (Figure 7) at increasing temperature. When the temperature is above approx. 1700°C, quartz started to melt. The 

melted quartz filled the pores inside the pellet, and then the volume of the pellet starts to shrink. After 1750°C, there 

was no significant change in volume, while more and more quartz melted. The pellet tends to be a standard sphere. At 

the temperature of 1810°C, the pellet became complete spherical in shape with smooth surface as shown in Figure 10 a.  

 

 

Figure 7: Quartz pellet heated from 1600°C to 1810°C 

   

   

 Figure 8: Pellet of Sample F1 heated from 1600°C to 1844°C 

1600℃ 1650℃ 1700℃ 

1600℃ 1650℃ 1700℃ 

1750℃ 1800℃ 1810℃ 

1750℃ 1800℃ 1844℃ 
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Figure 9: Pellet of Sample F2 heated from 1600°C to 1844°C 

 
a) b) c) 

Figure 10: Surface of sample quartz pellets, F1 and F2 after sessile drop test. 

a), b) and c) are surface of quartz pellet, F1 and F2 respectively. 

1600℃ 1650℃ 1700℃ 

1750℃ 1800℃ 1844℃ 
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Figure 11: S/S0 ratio change of pellets during sessile drop test 

The sample F1 started to shrink when temperature was higher than approx.1650°C. When temperature is higher 

than 1700°C, the volume decreased dramatically. As the temperature was increased to 1750°C, the pellet expanded fol-

lowed by shrinkage. The cavities on the pellets surface left by gas when the sample is cooled down is shown in Figure 

10 b. Sample F2 behaves quite similar with temperature , but the volume of pellet didn’t shrink in the same manner. The 

cavities of the cooled down sample is smaller than F1. 

3.2 TGA Experiments 

Experiments were performed in the TGA furnace. The first series was at increasing temperature and the second 

was at constant temperature. The first series of experiments was stopped when the weight loss of pellets reached about 

10%. For sample F1, the temperature was 1646.7°C when the weight loss reached 10.75%. Sample F2 was heated to 

1700°C and after 10.1 minutes the weight loss reached 10.12%. In the second series, samples F1 and F2 were heated to 

1600°C and 1650°C, respectively, and held for a certain time to obtain about 10%. The weight loss of experiments for 

samples F1 and F2 were 11.56% and 10.34%, respectively, at 1600°C. The weight loss of experiments where samples 

F1 and F2 were heated to 1650°C was 15.57% and 11.61% respectively. This indicates that higher temperature provides 

favourable conditions for the reactions, as should be expected. 

After cooling, the samples were studied by XRD. Two things took place during the TGA experiments according 

the X-ray diffraction analysis (Figure 12). The first is the phase transformation. After the experiments, quartz in the two 

samples was transformed from trigonal crystal system to its polymorph, cristobalite with tetragonal crystal system. No 

other quartz group structures are found. This transformation takes place when temperature is above 1400°C and the 

rates of quartz/cristobalite transformation and of amorphous silica formation vary with quartz source
 [9]

. 

The possible reactions between SiO2 and C are 1) SiO2+2C=Si+2CO (reaction 1), SiO2 +3C=SiC+ 2CO (reaction 

7) and SiO2+C=SiO+CO (reaction 12). Though reaction (7) is thermodynamically possible in CO gas, only minor quan-

tities of SiC were found as seen in Figure 12, and hence it is believed that reaction (12) is the main reaction in both the 

TGA and the sessile drop tests. 
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a) b) 

Figure 12: X-ray diffractometer patterns of F1 and F2 after TGA experiments compared with patterns before TGA 

experiments. a) samples of F1, b) samples of F2. 
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a) b) 

Figure 13: Weight loss and temperature profile for F1. 

a) %weight loss and temperature for experiment at increasing temperature to 10% weight loss  

b) %weight loss and temperature at constant temperature.  
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a) b) 

Figure 14: d%/dt and temperature profile for F1. 

a) d%/dt and temperature for experiment at increasing temperature to 10% weight loss  

b) d%/dt and temperature at constant temperature. 

The TG and DTG curves of the experiments are shown in Figure 13-16. The reaction process can be divided into 

three different steps, as shown in the figures. When temperature was below 1500°C, almost no reaction took place. With 

the increasing temperature, weight loss of samples is increasing slowly to 1600°C. Weight loss of all six experiments 

before 1600
o
C was less than 5.1%. This may be caused by some slow solid-solid/gas-solid reactions. When the crucible 

was heated to approx.1600°C, the weight loss curves become much steeper and the d%/dt of each experiment increased. 
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In these 6 experiments, the second step lasts up to six minutes. The weight loss also increased 5-6 times of its value at 

the beginning of the first step. The reaction speed slows down after the second step, in the constant temperature area 

(Figure 14 and 16). This may attribute by either that the carbon present is consumed or a SiC layer formed on the sur-

face of the pellets, which makes mass transfer slow. 

0 10 20 30 40 50 60 70

0

200

400

600

800

1000

1200

1400

1600

1800

 

 

 Time(min)

T
e

m
p

e
ra

tu
re

(o
C

)

 Temperature

 Weight loss

0

2

4

6

8

10

12

W
e

ig
h

t 
lo

s
s
(%

)

   
0 20 40 60 80 100 120

0

200

400

600

800

1000

1200

1400

1600

1800

0

2

4

6

8

10

12

Time(min)

T
e
m

p
e
ra

tu
re

(o
C

)

 Temperature 1600°C

 Weight loss 1600°C

 Temperature 1650°C

 Weight loss 1650°C

W
e
ig

h
t 

lo
s
s
(%

)
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Figure 15: Weight loss and temperature profile for F2. 

a) %weight loss and temperature for experiment at increasing temperature to 10% weight loss  

b) %weight loss and temperature at constant temperature. 
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a) b) 

Figure 16: d%/dt and temperature profile for F2. 

a) d%/dt and temperature for experiment at increasing temperature to 10% weight loss  

b) d%/dt and temperature at constant temperature. 

The rate of the reaction in a pellet may be expressed by reaction (13), consisting of a geometrical function f(%) 

and a temperature dependent term. The activation energy, E, of the second reaction step is calculated by the following 

kinetic equation
 [10]

 (R is the gas constant and the T is the temperature in Kelvin): 

 










RT

E
f

dt

d
exp(%)

%

 (13) 

By assuming that the f(%), the geometrical function, is constant in two consecutive time steps, the activation en-

ergy can be calculated: 

E = -R[
ln[

d%

dt
]n - ln[

d%

dt
]n+1

1

Tn

-
1

Tn+1

]

 (14) 

The activation energy can be shown in Figure 17 versus temperature for the six TGA experiments using time 

steps of 120 s. With the increasing temperature, activation energy increased accordingly. This was not expected, as the 

activation energy is a constant term. For experiments stopped at the weight loss ratio 10%, the curves have two peaks, 

which may be caused by different heating rate. The peak value of each experiment is higher than 800kJ/mole. For ex-

periments stopped at the weight loss ratio of 10%, the second peak value is higher than the first one. This indicates that 
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the slower heating rate may produce higher activation energy. The value of activation energy in this research are also 

higher than the activation energy of reaction between SiO2 and SiC as it was reported to be less than 500 kJ/mole
[11]

. 
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Figure 17: Activation energy versus temperature 

a) F1, b) F2 

Friedman method
 [12]

 was also used to calculate the activation energy of experiment F2-1600°C and F2-1650°C. 

The average activation energy of this stage is 346 kJ/mole, which is quite close to SiO2 + SiC calculation by Andersen
 

[11]
. In the second step, the main reaction may be this solid-solid reaction. 
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Figure 18: Logarithm of the reaction rate versus 1000/T at constant temperature  of experiment F2-1600°C and F2-

1650°C 

4 CONCLUSIONS 

Carbonaceous materials are one of the key input parameter in the silicon production process. The behaviour of 

pelletized quartz and carbon black in outer reaction zone of silicon furnace is the focus in this research. The main con-

clusions from the present work are as follows: 
(1) The porosity of samples increased after deposited with carbon black. There is more than enough room to get 

enough carbon black in the pores of pellets for the reaction SiO2+2C=Si+2CO.  

(2) Carbon black in pellets is present as two types: a) cover on the surface of quartz particle; b) threads and clus-

ters. 

(3) Though minor amounts of SiC was found after heating, it is believed that the main reaction is SiO2 (s,l) +  C 

(s) = SiO (g) + CO (g). 

(4) During the TGA experiments, quartz transformed to the cristobalite phase. 

(5) When the pellets were heated, the reaction can be divided into three steps which are: a) Almost no reaction 

before 1500°C, b) A high weight loss from 1500 to 1600-1650°C, c) The reaction speed becomes slow again during the 

constant temperature stage. Activation energy of about 800 kJ/mole is found in the reaction during the fast reaction step. 

The activation energy for the reaction between SiO2 and carbon black is found to be higher than the reaction between 
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SiO2 and SiC. The activation energy in the following slow step is 346 kJ/mole, which is close to the activation energy 

for the SiO2 and SiC reaction. 
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Abstract 

The efficiency of the preliminary homogenization of the extrusion briquettes (BREX) charge from the point of 

view of enhancing their mechanical strength is being demonstrated. The strengthening rate of the industrially produced 

extrusion briquettes bonded by the composite binder of Portland cement and Bentonite has been investigated. A new 

effect of the compressive strength’s local maximum on the day three of the strengthening has been discovered. This ef-

fect is also related with the change in the briquette destruction scenario from fragile to viscous-plastic. 

The influence of the method of the Coke breeze pulverization on the mechanical strength of the extruded bri-

quettes has been studied. The size, shape and topography of the surface of the particles affect the character of destruc-

tion of the extrusion briquette. Application of the shearing extruder for preliminary grinding can promote viscous-

plastic nature of the destruction of the BREX, increasing its impact resistance. 

Keywords: extrusion briquette (BREX); stiff vacuum extrusion (SVE); mechanical strength, Bentonite; plastic 

destruction; granulometric composition; particle shape. 

Agglomeration of the fine natural and anthropogenic substances by briquetting is becoming more and more 

widely used in metallurgical practice. Among the most prospective technologies there is the Stiff Vacuum Extrusion 

(SVE) allowing the highest possible capacities combined with the excellent metallurgical properties of the extrude 

briquettes (BREX) suitable for Iron- and Steelmaking as well as for the Ferroalloys production [1–3]. 

Plasticity of the briquetting mixture is being usually controlled by addition of the required amount of the plasti-

cizers of which the Bentonite is a most popular one. Necessary amount of bentonite content in the mixture varies in the 

range of 0.25-1.0% by weight. The plasticity achieved in this way has the important consequence of the growing value 

of the mechanical strength of the BREX and could change even the nature of their destruction (from fragile to viscous-

plastic). 

Certain improvement of the BREX mechanical strength after the addition of the Bentonite can be also achieved 

by the preliminary homogenization of the BREX charge mixture (without binder) during the 24 hours of the so called 

“souring”. We have studied the effect of souring on the mechanical properties of various compositions of the BREX 

(Table 1). 

The results of the test of the tensile splitting strength of the one-week cured BREX are listed in Table 2. The re-

sults show that the application of Bentonite in combination with Portland cement leads to the enhanced mechanical 

strength of BREX. In some cases, the values of strength increase significantly. We also discovered that by this the very 

nature of the destruction of BREX changes, gaining features of the viscous-plastic destruction. In this case, the BREX 

are better able to withstand shock loads that occur during their transportation to the places of use. 

Table 1. BREX compositions for testing the efficiency of souring, % 

Component,% 
BREX # 

1 2 3 4 5 6 

BF sludge 42,8 41,8 41,8 41,2 47,8 28,3 

LD sludge 39,8 38,8 38,8 38,2 43,7 25,4 

Iron ore concentrate – – – – – 29,3 

Mil scale 13,0 13,0 13,0 12,1  10,7 

Portland cement 4,0 4,0 6,0 8,0 8,0 5,8 

Bentonite 0,4 0,4 0,4 0,5 0,5 0,5 

Micro silica – 2,0 – – – – 
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Table 2. Tensile splitting strength values of the BREX, MPa 

Parameter 
BREX # 

1 2 3 4 5 6 

No souring 0,86 1,93 2,08 1,00 1,01 0,77 

With souring 2,45 3,83 5,76 1,88 1,29 1,26 

Strength ratio 2,85 1,98 2,76 1,88 1,28 1,64 

We have studied the influence of such combined Binder not only on the compressive strength of the BREX but 

also on their strengthening under natural conditions. BREX made on industrial SVE line belonging to the Suraj Prod-

ucts Ltd (India) were selected for the tests. BREX composition, %: BOF sludge – 47.2; flue dust – 28.3; iron ore fines – 

18.9; Portland cement – 4.7; bentonite – 0.9. Cement and bentonite were mixed in the dry state manually and further 

added to the mixture prior the Pug sealer. For the chosen BREX samples we measured daily: compressive strength, ap-

parent porosity and density. Compressive strength was measured on a "Tonipact 3000" (Germany) in accordance with 

the standard DIN 51067. Apparent porosity was measured according to DIN 51056. Density was measured using scales 

Metler (United States). The measurement results are listed in Table 3. The curves showing the changes of porosity and 

strength of BREX during strengthening are presented in Fig. 1. 

Table 3. Physical properties of the Suraj Products Ltd BREX during strengthening 

Curing time, days 
Apparent porosi-

ty,% 
Density g/cm

3
 

Compressive 

strength, kg/cm
2
 

1 31,5 2,42 24 

2 25,4 2,66 45 

3 32 2,43 63 

4 27 2,44 52 

5 27,2 2,45 56 

6 26,2 2,45 57 

7 26,8 2,46 59 

8 – – 75 

9 – – 80 

 

Fig. 1. Porosity and compressive strength of the Suraj Products Ltd BREX during strengthening under natural condi-

tions (1 – porosity; 2 – compressive strength) 

One can see that the strengthening schedule has an obvious local maximum on the third day which is followed 

by further loss of strength during the next day and ending finally by the strength growth. The value of the strength of the 

BREX directly prior to strength loss is about 84% of the strength of the BREX after a week of strengthening. The ap-

parent porosity evolution virtually repeats that of the strength, with the exception of the first days of strengthening. Re-

1 

2 
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duction of porosity is obviously connected with the swelling of the Bentonite that fills the pore space [4]. This effect of 

the non-monotonic strengthening of the briquettes with the cement binder with the local strength maximum accompa-

nied by viscous-plastic character of their decomposition under the load has never been previously experienced, and has 

not been described in the literature. 

In our view, such an effect takes place due to the properties of BREX bonded by composite cement-Bentonite 

binder and is the result of the creation of the coagulation structures in the cement-bentonite-water system leading to the 

modifications of the properties of the binder. Similar structures are known to be formed in gel-cement solutions used for 

the cementation of oil wells. The driving force of such structures creation is the attraction of the negatively charged 

particles of bentonite to positively charged particles of Portland cement, leading to very rapid coagulation of particles 

and to the creation of the independent structure, which weighed particles of cement are suspended in. Hydrating cement 

particles are gradually being covered by impermeable shell of scaly particles of bentonite. Gradually this structure will 

collapse as a result of coagulating action of calcium ions and will be replaced by a structure of hardening cement stone. 

Reduced strength, observed on the third day after the peak, is mainly due to the collapse of the described structures. 

Further increase in strength is fully controlled by the cement hydration. 

The discovered effect may have practical significance allowing to use the BREX bonded by bentonite-cement 

binder as a component of the charge of metallurgical furnaces no later than the third day of strengthening under natural 

conditions, leading thus to reduction of the required storage size of totally cured BREX. 

In some cases preparation of the suitable briquetting charge for SVE with the given plasticity might require the 

reduction of the particle size distribution of the charge material (crushing, grinding, etc.). 

To study the influence of the grinding method on the strength of cement-Bentonite bonded BREX we have com-

pared the properties of BREX made of the Coke breeze, pulverized by three different ways: a hammer mill, smooth 

roller crusher and double shearing through the extruder die. Results of particle size analysis of the differently pulverized 

Coke breeze are shown in Fig. 2. 
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Fig. 2 Grain sizes distribution of the differently pulverized Coke breeze (#1 – as-received; #2 – hummer/milled; #3 – 

smooth-rolled; #4 – double-sheared). 

One can see that the greatest degree of grinding of Coke breeze ensured a double shearing through the plate in 

the extruder. Effect of deep grinding is achieved in this case by the application of high shear stress. Application of the 

hammer mill for such substance has proved to be ineffective and, as a result, granular composition of ground material 

differs only slightly from the original Coke breeze granular composition. All Coke BREX had the same composition: 

94% of Coke breeze, 5% of Portland cement and 1% of Bentonite. 

Respectively to the applied method of grinding we have attributed to the BREX the following numbers: #1 – the 

coke breeze pulverized by the smooth roller crusher; #2 – Coke breeze was double-sheared through the extruder die; #3 
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– Coke breeze pulverized by the hammer mill. Extrusion parameters and physical properties of BREX are shown in 

Table 4. 

The difference in the values of compressive strength of BREX #1 and #2 is not high and can only indicate the 

earlier development of fracture in BREX #2. The data also shows that the density of a BREX made of the charge sub-

jected to double shearing was 2.5% higher than the density of two other BREX compositions. It is clear that tighter 

packing of the particles within BREX #2 was the result of a higher degree of the grinding of the material. In this case, 

by the way, there has been no dewatering of the charge mixtures during extrusion, in contrast to BREX #1 and #3. 

The difference in the values of compressive strength of the BREX of coke breeze of the single party, but differ-

ently pulverized, may be due to a number of reasons related to the difference in the size of particulate, their shapes as 

well and in the relief of their surface. Particle shape after grinding may depend on the characteristics of the material 

itself, and on the way of pulverization [5–7]. 

In Fig. 3 there is the picture of the Coke breeze particle obtained by scanning electronic microscope JEOL JSM-

6490 LV (Japan). 

Table 4. Extrusion parameters and physical properties of the Coke breeze BREX 

BREX sample 

(grinding method) 

Moisture 

content, % 

Vacuum, 

mm Hg 

Temperature, 
о
С 

Density, 

g/cm
3
 

Compressive 

strength, 

kgF/cm
2
 

#1(smooth roller 

crusher) 16.5 15.24 30.56 1.630 37.76 

#2(double sheared) 

16.7 17.78 33.33 1.674 34.32 

#3(hummer mill) 

16.6 81.28 55.56 1.627 20.25 

 

Fig. 3. Coke breeze particles structure (SEM, magnification 100) 

BREX samples were further tested by us on the splitting tensile strength in the desktop single-column electrome-

chanical testing machine Instron 3345. In Fig. 4, the test results are given for specially prepared samples of BREX #1–3 

(diameter 25 mm, height 20 mm, cylindrical shape). 
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Fig. 4. Load-displacement dependence for the BREX during tensile splitting test (1- brex#1; 2- brex#2 – #2; 3- brex#3) 

It follows from the obtained results that at about the same load-bearing capacity BREX reacted differently to an 

external load. The difference in the size of the maximum load can be associated with some defects of this given sam-

ples. However, the difference in behaviour is due to the fundamentally different reasons. BREX # 2 showed the viscous 

nature of the destruction, as evidenced by the existence of a "plate” (the horizontal component of the curve). This phe-

nomenon is, in our view, can be explained in terms of the Hall-Pitch effect [8]. 

Method of the Coke breeze pulverization can affect the particles size, shape, and surface topography. Such ef-

fects would depend on the characteristics of the material (porosity, primarily). Coke breeze particle size distribution 

affects not only the value of compressive strength, but also determines the nature of the destruction of BREX under 

static and dynamic loads. Depending on the degree of grinding, the fragile nature of the destruction may be replaced by 

viscous-plastic, resulting in increased impact strength BREX. In order to achieve the desired fineness of the Coke 

breeze the shearing extruder can be used. 
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ABSTRACT 

An integrated approach was applied to studying the following ferroalloy systems, namely, Fe-Cr-Si, Fe-Cr-Mn-

Si, and Fe-Cr-Mn-Si-B. For these systems the melting time was calculated as well as a number of experiments were 

performed to determine density, melting temperature, specific oxidability and degree of chromium digestion by the iron-

carbon melt. 

It was established that density, melting temperature, oxidability, and melting time are improved with the in-

crease of silicon content in the alloys. Values of these parameters are decreased, but the chromium digestion degree by 

steel is increased. The abovementioned properties are also improved by the increase of manganese content in the al-

loys, but the effect is rather small compared to silicon. Small increase in density and melting temperature, abrupt de-

crease in oxidizing and increase in chromium digestion of the alloys are also caused by boron addition into alloy. 

Reasonable compositions of carbon and carbon-free ferrochrome, as well as complex ferroalloy systems of Fe-

Cr-Mn-Si and boron admixture up to 1.5% for chromium alloys were proposed. 

Keywords: ferrochromium, density, melting temperature, oxidation degree, digestion degree 

1 INTRODUCTION 

The digestion degree of principal elements by treated metal melt is one of the key ferroalloys functional charac-

teristics which should be high and consistent. The elements digestion degree is governed by the ferroalloy physico-

chemical properties (density, melting temperature, oxidation degree, etc.). 

Unfortunately such data are not numerous at the present time, and often they are inconsistent [1-3]. The same 

lack of reliable data applies to return back to widely used chromium-containing ferroalloys.  

In the present paper a number of laboratory tests were carried out to determine the following physicochemical 

properties of chromium-containing ferroalloys: density, melting temperature, oxidability, besides melting time of alloy 

lumps was calculated and chromium digestion degree by steel was determined. 

The samples under investigation were obtained by smelting of charge materials in crucible. Chemical composi-

tion and physicochemical properties of chromium-containing ferroalloys under investigation are listed in Table 1. 

The optimal features of the lump ferroalloys for better digestion of elements added into steel are listed below. 

The density values should fall within the range of 5000-7000 kg/m
3
, the melting temperature (liquidus) should be less 

on 50 K than treated steel melting temperature, the smelting time and oxidability should to be minimal [4,5]. 

2 RESULTS AND DISCUSSION 

Provisionally the alloys (Table 1) under consideration can be divided into 4 groups: low-carbon ferrochrome 

with percentage of silicon within the range of 0.5-18.7% (1-4); silicochrome with silicon content within the range from 

26.5 up to 53.6 % (5-8), high-carbon ferrochrome 0.3 - 8.0% of silicon (9-10), complex alloys of the Fe-Cr-Mn-Si (11-

15) system. 

The density was estimated by calculation procedure and picnometric technique. 

In the alloys (11-15, the Fe-Cr-Si system) the effect of silicon content on alloys density was studied at rather 

close Cr/Fe ratios and constant carbon content. It was shown that the proportional decrease in density is governed by the 

percentage increase of silicon from 0.5 up to 53.6% (Figure 1). Such form of dependence is directly tied to the low den-

sity value of silicon (2320 kg/m
3
) in comparison with major components density of chromium ferroalloys (Cr and Fe). 

The calculated data are relatively close to experimental density evidence. The density values of the alloys (3-7) 

having elevated silicon content are optimal ones. The density of the 8
th

 alloy is slightly less than optimal range, and in 

contrast, the 1
st 

and the 2
nd 

alloys have exceeding values. 
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Figure 1: Relationship between percentage of Si in alloys and density ▲ –experimental evidence, ■ – calculated 

values. The numbers of alloys are presented in Table 1. 

The density of the 9
th

 alloy is higher than rational values despite high carbon content (7.2%). In the 10
th

 alloy a 

decrease of density values down to rational values is caused by the increase of silicon content up to 8.8%. 

In the complex alloys (11-15, the Fe-Cr-Mn-Si system) the effects of silicon and manganese content on density 

were determined at rather constant ratio of other elements. Percentage of silicon and manganese was changed within the 

ranges of 2.3-15.9 and 12-30%, respectively. It is shown that effect of increase in silicon content by 1% is the density 

decrease by about 1.3%. Besides, an increase of manganese content does not influence the alloy density values. The 

alloys (11-13 and 15) have optimal density values; the low-silicon alloy (14) has elevated density value. 

Hence, according to the obtained data it may be concluded that an efficient way to decrease the density of chro-

mium ferroalloys down to optimal values is the increasing of silicon content in alloy. The effect of an increase in carbon 

content in the alloy at the relatively constant content of other elements is a decrease of density to a lesser degree. The 

variation of manganese content in the alloys under consideration is slightly reflected in the density. 

The melting temperatures were defined by registration of temperature curves during cooling of the alloys.  

The results of melting temperatures determination tests are listed in Table 1. 

Table 1: Calculated and experimental values of the alloys under investigation  

Alloy 

number 

Chemical composition, % Density, kg/m
3
 Temperature, °С 

Cr Fe Mn Si C calculation experimental liquidus solidus 

1 64.6 34.8 – 0.5 0.1 7399 – 1641 1555 

2 61.8 32.8 – 5.3 0.1 7150 7007 1521 1465 

3 57.8 32.1 – 10.0 0.1 6916 6820 1468 1368 

4 51.4 29.8 – 18.7 0.1 6478 6500 1464 1375 

5 46.2 27.2 – 26.5 0.1 6081 6414 1461 1370 

6 41.9 25.7 – 32.3 0.1 5789 5604 1439 1370 

7 35.6 22.3 – 42.0 0.1 5294 5376 1382 1308 

8 29.2 17.1 – 53.6 0.1 4695 4688 1342 1261 

9 66.3 26.2 – 0.3 7.2 7001 7353 1676 1571 

10 57.4 28.0 – 8.0 6.6 6667 6735 1516 1476 

11 37.9 28.4 22.3 11.3 0.1 6886 6836 1341 1262 

12 33.9 25.2 31.6 9.1 0.2 6985 6930 1311 1262 

13 45.0 32.8 12.0 10.1 0.1 6946 6912 1359 1271 

14 39.4 33.7 24.4 2.3 0.2 7354 7310 1442 1393 

15 38.3 27.9 17.8 15.9 0.1 6645 6026 1330 1277 
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The influence of silicon content on the properties of the alloys (1-8, based on Fe-Cr-Si system) were studied.  It 

is shown that a proportional decrease in liquidus and solidus temperatures is caused by the increase in silicon content 

from 0.5% up to 53.6%. The former alloys have melting intervals in the range of 40-105
o
C.  A decrease in melting tem-

perature with the increase in silicon content from 0.8 up to 10% appear to be caused by formation of low-melting phases 

such as Fe3Si and Fe5Si3, having equal liquidus temperature (Tl=1261
o
C). The effect of the increase in silicon content 

from 10 up to 32.3% progressively is a minor effect on liquidus and solidus temperatures decrease, probably it is gov-

erned by growth of volume parts of Cr5Si3 refractory phases (Тl–1720
o
C). The effect of further increase in silicon con-

tent from 32.3 up to 53.6% is a linear decrease in melting temperature due to formation of low-melting (Fe3Si and 

Fe5Si3) and additional silicides (CrSi2 and FeSi2) having melting temperatures 1475
 o
C  and 1220

 o
C, respectively. 

 

Figure 2: Relationship between alloys melting temperature and silicon content, curves ▲ – liquidus temperature, ■ – 

solidus temperature. Alloys numbers are listed in Table 1. 

The influence of silicon percentage in the alloys (9, 10) on the melting intervals of high-carbon ferrochrome was 

studied. Standard high-carbon ferrochrome having high chromium content and small portion of silicon (the 9
th 

alloy) 

refers to a group of extra-refractory alloys. The application of extra-refractory ferroalloys for steel treatment is undesir-

able due to an increase in alloying time and decreasing in chromium digestion coefficient, besides it impedes the out-of-

furnace treatment process. The effect of increase of silicon up to 8% in carbonaceous ferrochrome is a significant de-

crease of the alloy liquidus temperature down to reasonable values, what appears to occur because of both decrease in 

volume concentration of the Cr7C3 refractory phase (Tl ~ 1780
 o

C) and increase in volume fraction of the Fe3Si low-

melting phase. 

As for the complex alloys (11-15 of the Fe-Cr-Mn-Si system), the influence of silicon and manganese addition at 

the relatively constant ratio of other alloying element on the melting interval was studied. It is shown that an insignifi-

cant decreasing of liquidus and solidus temperatures is caused by the increase in manganese content from 12 up to 

31.6%. The effect of the silicon content change from 2.3 up to 11.3% in the alloy is the rapid decrease in melting tem-

perature, probably formation of low-melting phases Fe5Si3, FeSi, CrSi2 (Тl 1290
 o

C, 1410
o
C, and 1413

o
C, respectively) 

as well as increase in volume concentration of Mn5Si2(Тl 1200
 o

C) are responsible for this decrease. All alloys have rea-

sonable values of the liquidus temperature. 

Oxidation of the ferroalloys was studied using a Netzsch Jupiter thermal analyzer providing a simultaneous tech-

nique of thermogravimetry (TGA) and thermal analyzer (DTA). Testing was carried out at the air flow (70 ml/min), at 

the heating rates of 40 and 20 K/min within the ranges 30-1000
о
С and 1000-1400

о
С, respectively. The time delay was 

10 min at 1400
о
С.  

Besides a relationship between specific oxidation and mass change of the sample surface area unit ( ) was 

studied. 

The alloys (1; 5; 8; 9; 10, and 11) were chosen to determine characteristic relationships between oxidation de-

gree and percentage of Si, Mn, Cr, Fe, and B (Table 1). 

It should be noted that oxidation degree of various chromium-containing alloys is governed by chemical and 

phase compositions of surface oxide film which has volatile density, continuity, and oxygen-permeability. According to 
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rough calculations the loss of effective ferroalloy elements is less 0.1-0.2% of the ferroalloy mass at the heating of up to 

1200 – 1400 .  

It is experimentally defined that the mass growth of all alloys under consideration is increased at warming up. 

Besides for a number of alloys the mass growth was observed at the 10 min isothermal annealing (the 11
th

 alloy at 

1200  and alloys 1;5;8;9;10 at 1400 ). 

The oxidability of the alloys (1, 5, 8, 9, 10) was increased during soaking at the 1400 , while the alloy (9) had 

the greater growth from 25·10
-3

 up to 30·10
-3

 mg/mm². The latter alloy have low silicon content and high percentage of 

carbon, oxide film is black, not continuous and have no adhesion with a sample surface. Probably the key reason for this 

is attributed to availability in the alloy of carbon which forms CO gaseous compound (in the result of oxidation) what 

causes a destruction of oxide film continuity. One should note that the oxidation of carbonaceous ferrochrome (10
th

 al-

loy) having increased content of silicon is occurred to a lesser degree in the whole temperature interval (up to 1400 ) 

in comparison with other alloys. This leads to the conclusion that increased percentage of silicon (8%) in the alloy is 

responsible for formation of more dense and continuous film, what causes a decrease in carbonaceous ferrochrome oxi-

dability.  

Taking into account a significant increase of oxidation degree of ferroalloy elements at elevated temperatures 

(higher than 1000°С), it is necessary to perfect evaporation of moisture from the alloys, so it is strongly recommended 

to make tempering in furnace during 10-15 minutes at 700-800°С of all chromium-containing ferroalloys before adding 

into melt. 

The time of alloys melting in iron-carbon melt was calculated in accordance with mathematical model described 

in previous communication [5]. The time is taken to be the interval from the melting onset and to the point of disap-

pearance of alloy solid particle (Table 2). The following conditions were taken as the standard ones:  

- for liquid steel:  = 1530 °С, = 1600 °С (where: is the temperature of steel crystallization end,  is the 

steel temperature in ladle); L = 1,79·10
9
J/m

3 
is the heat of crystallization, λ = 30 W/(m·K) is the thermal conductivity of 

steel in the liquid state; 

- for alloy particle: 1, 5, 10, 30, and 50 mm are the sphere diameters,  = 20 °С is the initial temperature of an 

alloy particle. 

Table 2: Relationship between ferroalloy smelting time and fraction size  

Alloy number 

Fraction size, mm 

1 5 10 30 50 

Melting time, sec 

1 28.18 184.695 391.7 1233.9 2085.6 

2 0.197 2.458 7.1 47.4 91.9 

3 0.133 1.726 5.1 32.7 64.9 

4 0.128 1.613 4.9 29.7 59.9 

5 0.123 1.6 4.7 29.0 57.9 

6 0.104 1.317 3.9 22.3 54.4 

7 0.091 1.18 3.4 18.8 49.1 

8 0.079 0.95 2.9 15.2 37.8 

9 28.93 190.253 404.5 1276.1 2157.3 

10 0.182 2.281 6.7 42.5 82.6 

11 0.108 1.344 4.0 23.6 49.2 

12 0.0998 1.374 4.1 23.2 47.9 

13 0.106 1.427 4.2 24.9 51.1 

14 0.141 1.717 5.2 32.7 65.8 

15 0.0949 1.284 3.5 19.9 41.4 

The alloys (1-8) correspond in chemical composition to low-carbon ferrochrome and ferrosilicon. For alloys 

melting time considerations, the alloys are divided into 3 groups: 1
st
 – extra-refractory alloy, which have the extra-long 

melting time, 2
nd

 – a refractory one, 3
rd

-8
th

 are low-melting ones. The higher percentage of silicon in the range from 0.5 

up to 53.4%, the shorter melting time is. 

For the alloys (9 and 10) the influence of silicon content on the melting time of carbonaceous ferrochrome was 

estimated. The increase in silicon percentage from 0.3 up to 8% causes the carbonaceous ferrochrome to be more low-

melting and melting mechanism became convective instead of diffusive one, what is reflected in melting time. 

As for the complex alloys (11-15 Fe-Cr-Mn-Si system), the influence of Mn and Si addition on melting time was 

evaluated. An insignificant decrease of melting time is caused by the change in Mn percentage from 12 up to 31.6%. 

The melting time is varied linearly with the increase in silicon percentage from 2.3 up to 11.3%. This is because of sili-

con impact on the density and melting interval of the alloys. 
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The digestion degree is one of the major criteria of ferroalloy rationality. Density, melting temperature, specific 

oxidability are the primary factors responsible for the digestion degree. Specific consumption and consistency of ele-

ments digestion are governed by the alloy digestion degree. 

According to the data review the chromium digestion by steel from ferrochrome varies from 70 to 95%, from sil-

icochrome – from 80 to 98%, and the governing factors for digestion are the technique of ferroalloy adding into metal 

and its oxidation. Data on composition of chromium-containing ferroalloys are not available in the literature. 

The experiments to determine the chromium digestion degree by steel were carried out in the high-temperature 

resistance furnace. The alundum crucible with the 100-150 g steel ingot was heated up to 1600
o
C, than ferroalloy lumps 

of 5-15 mm size was added, the time gap was 10 min. After equalizing the melt was mixed, crucible was taken out and 

cooled in air. The ferroalloy charge was to obtain 5% of Cr in steel. Chemical composition of steel for experiment was 

the following: Cr – 0.03%; Mn – 0.0023 %; Si – 0.05%; С – 0.021 %, the balance Fe.  

K is the chromium digestion degree as defined in equation: 

,     (1) 

 

where: is the chromium content in steel after experiment, is the chromium quantity added into steel. 

The experimental results are listed in Table 3.  

Table 3: Chromium digestion degree by steel out of ferroalloy *. 

Alloy 

number 

Component content in steel after 

experiment   % 
Ingot 

weight, g 

Weight of Cr 

in charge, g 

Weight of Cr in 

alloy, g 

Cr digestion 

degree, % 
Сr Mn Si С 

1 2.80 0.01 0.06 0.03 130.5 6.03 3.65 60.6 

3 4.26 0.01 0.35 0.04 127.4 6.57 5.43 82.6 

5 4.75 0.01 2.02 0.03 128.7 6.73 6.11 90.8 

7 4.79 0.01 4.50 0.04 119.6 6.43 5.85 91.0 

9 4.21 0.01 0.08 0.23 121.5 7.05 5.12 72.6 

10 4.46 0.06 0.56 0.35 131.3 7.02 5.86 83.4 

11 4.72 0.90 0.59 0.03 136.5 7.10 6.44 90.7 

14 4.65 1.78 0.2 0.04 170.1 9.6 7.91 82.4 
* – initial chemical compositions of the ferroalloy samples are listed in Table 1  

As for the Fe-Cr-Si system (1, 3, 5, 7 alloys), the relationship between digestion degree and silicon content was 

investigated (Figure 3). The 1
st
 alloy has the lowest chromium digestion degree (60.8%) owing to low percentage of 

silicon (0.5%). The 5
th

 and 7
th

alloys have the largest values of chromium digestion degree (90.84 and 90.98 %, respec-

tively), they contain the increased quantity of silicon 26.5 and 42.0 %, respectively. The 3
rd

 alloy have reduced chromi-

um digestion degree (82.62%) in comparison with the alloys (5, 7), probably it can be dedicated by relatively low sili-

con content (10%). Silicides of different types are formed when silicon interacts with chromium, besides Si acts as the 

steel deoxidizer preventing a chromium interaction with oxygen. The values of chromium digestion degree are evidence 

of the fact that the key factor for digestion is a silicon content (at 5-10% of Si or higher) in ferrochrome. In alloys a sig-

nificant increase in silicon content can lead to loss of simplicity of ferroalloy production technology.  
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Figure 3: Relationship between chromium digestion degree and percentage of silicon in alloy. Alloys numbers 

are listed in Table 1. 

Carbon content effect on chromium digestion degree of carbonaceous ferrochrome was evaluated. As for the al-

loys (1 and 9, the Fe-Cr-C system), the effect of the increase percentage of carbon up to 7.2% is the chromium digestion 

degree growth from 60.6 up to 72.5%.Chromium is bound in carbides in the alloys in the result of carbon content in-

crease; carbides interact with oxygen at the stage of ferroalloy addition into steel. 

The influence of silicon content in high-carbon ferrochrome on chromium digestion degree was assessed using 

the alloys (9 and 10) as an example. The existence of increased percentage of silicon exerts a very positive influence on 

the chromium digestion degree; it is increased from 72.5 to 83.4%. 

In the complex alloys (11 and 14, the Fe-Cr-Mn-Si system) the effect of silicon on chromium digestion degree 

were estimated at rather constant ratio of other elements. The percentage of silicon 11.3 and 2.3% is in compliance with 

the chromium digestion degree of 90.7 and 82.4%. 

The alloys having reasonable values of characteristics possess high values of chromium digestion degree starting 

from 82.6%. The alloys (1, 9, and 14) have unreasonable values of characteristics; their digestion degree is 60.6, 72.56 

and 82%, respectively. The 14
th

 alloy has non-optimal value, but its melting temperature is sufficiently low and melting 

time is short, all these reasons exert increase in chromium digestion degree. 

3 CONCLUSIONS 

The obtained experimental results (under laboratory conditions) about chromium digestion are in line with the 

literature data about chromium digestion degree attained under commercial conditions. Hence, the rational way to im-

prove chromium digestion degree in steel is to increase silicon content in chromium ferroalloys, the effect of the in-

creased percentage of carbon and manganese in alloy is only small growth of chromium digestion by steel at rather con-

stant content of other elements. 

Application of ferrochrome with increased content of silicon can result in improvement of technology and quali-

ty of treated steel owing to decrease in consumption of ferrosilicon used for smelting. The production of ferrochrome 

with ~5% of silicon will not require any significant revision of existing technology. Some increase in the alloy prime 

cost will be compensated by lesser chromium consumption for steel making due to increase in digestion degree. 
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ABSTRACT 

Chromite pellets, coke, upgraded lumpy ore and quartz are used as raw materials when producing ferrochrome 

in submerged arc furnace (SAF). Coke contains typically approximately 0.7 mass-% of sulphur and there are indica-

tions that traces of sulphur are present in SAF. In this paper the influence of sulphur on chromite pellet’s electrical 

behavior, reduction degree and structure are studied. Experiments with chromite pellets were conducted at 1100°C 

using two different atmospheres – CO/CO2 and CO/CO2/S2. Pellets’ structure, reduction degree and electrical conduc-

tivity were analyzed. According to measurements, the occurrence of sulphur has an effect on the structure of reduced 

chromite pellet and its electrical conductivity, but not on reduction degree.  

Keywords: chromite pellet, SAF, electrical behavior, sulphur 

1 INTRODUCTION 

Submerged arc furnace (SAF) is a part of ferrochrome production process. The electrical behavior of the charge 

is important due to the effects on the productivity of furnace. The feeding material includes coke, chromite pellets, up-

graded lumpy ore and quartzite as slag modifier. 

One important aspect of the operation of SAF is electrical behavior of feed material. Electrical conductivity of 

SAF’s burden should be small at the upper part of furnace and high near the electrode tips. This is to ensure that the 

current path is via metal baths by arcing, not by ohmic conduction through the solid feed material of less reactive zone 

where the heat energy would be mostly wasted. A way to affect the electrical conductivity and electric current distribu-

tion is to change the fraction sizes and proportions of different feed materials [1, 2]. 

Sulphur, alkalis, zinc and silicon are the most common of circulating elements in blast furnace. The effect of sul-

phur to olivine and acid iron ore pellets has been studied by Iljana et al.[3]. Metallurgical coke and hydrocarbon fuels 

are ways for sulphur to enter the blast furnace. Most of the sulphur burns in the oxidizing zone and sulphur containing 

gases are formed. The sulphur ascends to upper parts and is absorbed in the charge materials and reduced iron affecting 

the reduction behavior of olivine and acid ore pellets. [4] 

There are some indicators that the mechanism described above can happen also inside SAF [5]. Sulphur enters 

the SAF via charge materials, especially coke. Sulphur containing gases are formed and these gases ascend to upper part 

of SAF reacting with the charge. If the hypothesis of circulating behavior of sulphur exists in SAF, then research of the 

effect of sulphur on chromite pellets is important.This paper concentrates on the effect of sulphur on chromite pellets’ 

structure, reduction degree and electrical conductivity. 

2 EXPERIMENTS 

2.1 Sulphur Tests 

Main composition of industrial chromite pellets used in experiments is MgO 11%, Al2O3 13%, SiO2 4%, CaO 

0.5%, Cr2O3 44% and Fe 19%. The experiments with different sulphur contents at atmosphere were made with a BFS-

device presented in Figure 1. Sulphur is generated into the atmosphere using reaction 2SO2(g) + 2C (s) = S2(g) + 

2CO2(g). 
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Figure 1. A sketch of BFS-device used in experiments.(1) Mass flow controller, (2) Sulphur generator, (3) Gas inlet, (4) 

Reduction tube, (5) Sample basket, (6) Thermocouple, (7) Electrically heated furnace, (8) Scale for TGA and (9) Com-

puter system. (Modified from [3]) 

Industrial chromite pellets were used in the experiments. One experiment consisted of 26 chromite pellets which were 

placed in the sample basket and heated to 1100 degree Celsius. More precise temperature profile used in experiments is 

presented in figure 2. 

 

Figure 2. Temperature profile used in experiments. 
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Figure 3. Set atmosphere conditions for experiment where sulphur content is 0.5%. 

Nitrogen was used during the heating up to around 750 degree Celsius (figure 3). Then carbon monoxide, carbon 

dioxide and sulphur were switched on and nitrogen was set to 0%. Sulphur content was either 0 % (experiment 1) or 0.5 

% (experiment 2) and CO/CO~16. At the cooling down period atmosphere consisted of 100 % nitrogen again.   

Total of five pellets were analyzed from both experiments. One chromite pellet was used in optical microscope 

and field emission scanning electron microscope (FESEM) analysis and four were used in electrical measurements. 

2.2 Electrical Conductivity 

Permittivity is a way to describe how a medium affects the electric field. In this paper we use relative permittivi-

ty which is the relation between permittivity of the medium and vacuum permittivity. Here pellet slices are handled as a 

plate capacitor and its relative permittivity is defined using equation 1 

 
(1) 

where εr is the relative permittivity, c is the capacitance, d is the thickness of the dielectric, ε0 is the vacuum 

permittivity and A is the area of the plate. Here ε0=8.854 187 817... *10
−12

F/m. 

Electrical measurements were made with measurement device presented in figure 4.   
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Figure 4. A rough sketch of measurement device (GW Instek LCR-817) and measurement setup for the electrical con-

ductivity. 

A 3 mm slice was severed from the centre of the pellet. Probes were made from copper with diameter of 10 mm. 

The pellet slice was placed between probes, and electrical measurements were made. 

Based on the previous study, [6] the electrical conductivity measurements were performed using voltage of 1.275 

V and frequency of 0.5 kHz. A series circuit was used in capacitance measurements. 

3 RESULTS AND DISCUSSION 

3.1 Reduction Degree 

Varied reduction degrees in SAF are achieved when the charge descends and faces hot reducing gases. These 

gases, which are mainly CO, are formed at the high temperature area beneath the electrode tip. When pellet faces these 

hot gases it heats up and the most easily reducible oxides – iron oxides – are reduced. The reduction degree is defined in 

equation (2) and it is the percentage of oxygen removed from the total removable oxygen in chromite [7]. 

 

 
(2) 

where R(t) is the degree of reduction [%], w0 is weight of the dried sample in the beginning of the reduction [g], 

wt is the weight of the sample at time t during the reduction [g], wvolatiles are the weight loss due to volatiles and w0
reducible

 

is the total initial reducible oxygen calculated theoretically from oxygen in iron and chromium oxides based on the 

chromite composition. Reduction happens also with solid carbon [8], but in this work we concentrate only on the reduc-

tion by CO gas. 

Reduction degrees calculated using equation 2 are available in table 1. Xiao et al. [8] suggests that Fe
2+

/Fe
3+

 = 

24/76 for this kind of chromite, and this ratio is used in these calculations. 

Table 1. Calculated reduction degrees. 

Experiment Reduction degree (%) 

Sulphur 0 % 5.1 

Sulphur 0.5 % 4.6 

According to Table 1, the difference in reduction degree between the experiments is not great. One reason for this could 

be holding time in 1100 degree Celsius, which was only 10 minutes. The holding time could be too short for the reduc-

tion degree to saturate.  
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3.2 Optical and FESEM analysis 

One pellet from both experiments was analyzed first with optical microscope and then with field emission scanning 

electron microscope, FESEM. Optical microscope pictures are presented in figure 5. 

 

Figure 5. Optical microscope pictures for two experiments (sulphur 0% and 0.5%) from centre and edge of pellets. 

Optical microscope did not show great difference between the experiments (sulphur 0% and 0.5%). This is one 

of the reasons why FESEM analysis was reasonable. The analysis positions are presented in figure 6 and analysis results 

are presented in table 2.  
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Figure 6. Positions of FESEM analysis pictures for two experiments (sulphur 0% and 0.5%) from centre and edge of 

pellets. 

Table 2. Results of FESEM analysis. 

Element Sulphur 0 %(weight %) Sulphur 0.5 % (weight %) 

Edge Centre Edge Centre 

Sepctrum1 Spectrum2 Spectrum3 

O K 31.57 31.57  34.20 32.98 32.33 

Mg K 7.64 7.11  1.46 9.94 7.85 

Al K 5.61 6.48  5.80 6.65 7.17 

Si K    13.03   

Ca K    2.12   

S K   38.72    

Cr K 34.34 33.97 4.91 21.60 34.85 32.22 

Fe K 19.52 18.89 54.37 11.09 14.75 19.97 

       

Totals 98.68 98.02 98 89.3 99.17 99.54 

FESEM showed differences between the experiments. Similar compositions can be found at the centre of both 

pellets as well as from the edge of pellet from experiment with 0% sulphur. Divergence was found from samples taken 
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from the edge of pellet in experiment with 0.5% sulphur. An area has been formed which consists of sulphur, chrome 

and iron (Spectrum 1). This shows that sulphur does form compounds in the pellet and thus affects its properties.  

These measurements show that sulphur affects the structure of reduced chromite pellet. How much or does it af-

fect the operation of SAF cannot be concluded based on these measurements only. 

3.3 Electrical Measurements 

Conductivity measurements were made for four pellet slices in two different experiments (0% sulphur and 0.5% 

sulphur). Calculated relative permittivity using equation 1 for pellet slices is presented in Figure 7.  

 

Figure 7. Effect of sulphur on electrical conductivity. 

According to the test made at room temperature, higher sulphur content yields lower electrical conductivity as 

well as lesser deviation. At this point it is good to remember that experiments with chromite pellets reduction degree 

showed results where higher reduction degree yielded lower electrical conductivity when measurements were made at 

room temperature [6]. 

In conclusion, sulphur does affect the relative permittivity and thus electrical behaviour of reduced chromite pel-

lets. How sulphur affects the electrical conductivity at high temperature is an interesting research problem. 

These tests alone cannot answer the question whether sulphur content in atmosphere has great influence on how 

SAF operates. Nevertheless, it gives an interesting starting point for further experiments and discussion. If negative 

effects of sulphur on SAF performance can be reliably identified with high temperature experimenting, the quality re-

quirements of raw materials might have to be reconsidered from the point of view of overall process efficiency and 

profitability. 

4 CONCLUSIONS 

In this work, the effect of sulphur at reducing atmosphere to chromite pellet’s properties was studied. Sulphur 

did not seem to have great influence on the reduction degree. Yet, had the holding time at 1100°C been longer, a larger 

difference in reduction degree might have been seen. 

The structure of pellets from both experiments (sulphur 0% and sulphur 0.5%) was also studied. Especially 

FESEM analysis revealed that sulphur does form compounds in pellet and has an effect on the pellet’s structure and 

composition.  
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Chromite pellet’s electrical conductivity was also measured. It was found out that pellets with 0% sulphur in at-

mosphere during experiment had higher electrical conductivity at room temperature than pellets with 0.5 % sulphur, 

thus giving indication that sulphur does affect the electrical behaviour of a single pellet.  
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ABSTRACT 

A large amount of slurry waste was produced during the silicon wafer slicing process, which existed in the form of 

slurry mixed with silicon particles, abrasive silicon carbide (SiC) particles, cutting lubricant and metallic fragments. 

The recycle and application of the slurry waste had drawn a lot of attention. The recycle of slicing liquid and SiC were 

mature enough, and investigations were mainly focused on the effective recycle of high-pure Si from the slurry at pre-

sent. It is a big challenge to separate Si and SiC completely. Although many methods had been proposed, most of the 

procedures were tedious, toxic or difficult to scale up. A novel process was proposed to produce chromium ferroalloys 

by use of crystalline silicon cutting slurry waste in present paper. This novel process was based on the electro-

silicothermic method, and the silicon and SiC in slurry acted as the reducing agent, which reduced the oxide of chromi-

um and iron in chromium concentrate. Plant trails were carried out and chromium ferroalloys were produced success-

fully. 
KEYWORDS: Crystalline silicon cutting slurry waste, recycle, electro-silicothermal method, chromium fer-

roalloys. 

1. INTRODUCTION 

Photovoltaic cells become one of the important and promising sources of clean energy due to the environmental 

issues generated from the use of fossil fuels. Solar grade crystalline silicon, particularly polycrystalline silicon, is the 

most widely used material for making solar cells in which solar energy is converted into electrical energy in an envi-

ronmental friendly way. 

Solar grade polycrystalline silicon ingots are sawed into thin wafers with thickness of 180 μm which are used to 

fabricate solar cells. Wafers are sliced by a loose abrasive multi-wire saw with an abrasive slurry consisted of silicon 

carbide (SiC) particles in an ethylene glycol-based or glycerol-based solution. The wafer shares 68% of the manufactur-

ing costs 
[1]

. And about 25-50 mass% of silicon ingot is consumed as kerf loss slurry waste during the slicing process in 

the wafer manufacturing. The kerf loss increases as the wafer thickness decreases 
[2]

. Cutting slurry waste is mainly 

comprised of silicon particles, abrasive SiC particles, cutting lubricant and metallic fragments worn down from the saw 

wire. A typical composition of cutting slurry waste is 31.4 mass% ethylene glycol, 28.4 mass% Si, 34.5 mass% SiC and 

5.7 mass% metallic fragments 
[3]

. 

Attention has been attracted to the recycle of cutting slurry waste and the separation of cutting lubricant and 

larger size SiC has been industrialized 
[4][5]

. The metallic fragments can be removed by the acid treatment, electrokinetic 

method and superconducting magnetic separation 
[6][7][8]

. However, it is still a great challenge about the recycle of high 

pure Si and the separation of Si particles and smaller size SiC particles. And various methods have been developed to 

achieve the aim such as: hydrobromination 
[9][10][11]

, supercritical water 
[12]

, sedimentation process 
[4][5]

, phase transfer 

separation 
[4][13][14]

, alloying process 
[15]

, electrical field 
[2][16][17]

, centrifugation or heavy-fluid high-gravity centrifugation 
[3][18][19]

, froth flotation separation 
[20][21]

, filtration
 [22]

, ultrasonic waves and centrifugation 
[23]

, high temperature treat-

ment 
[5][18]

 and directional solidification 
[18][24]

, hydrocyclone 
[25]

. Although many methods have been proposed, most of 

the procedures are tedious, toxic or difficult to scale up 
[14]

. 

To the best of our knowledge, there is no research about the use of cutting slurry waste as metallurgical furnace 

charge. In present paper, a novel process is proposed to produce chromium ferroalloys by use of polycrystalline silicon 

cutting slurry waste. Plant trails were carried out and chromium ferroalloys were produced successfully. The process is 

based on the electro-silicothermic method, and the Si particles and SiC particles in cutting slurry waste act as the reduc-

ing agent, which reduce the oxide of chromium and iron in chromium concentrate.  
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2. THEORETICAL ANALYSIS 

The present process is based on the electro-silicothermic method in which silicon acts as reducing agent and the 

heat source mainly consists of reaction heat and electric heat. In present process, the most important reactions taking 

place in electric arc furnace (EAF) are the reductions of the oxides of Cr and Fe.  

The main reactions and their standard free energy changes are shown in Figure 1. The standard free energy 

change of reaction is calculated from the standard free energy of formation of resultants and reactants. The data used are 

from Reference [26]. According to Figure 1, the reduction of iron oxides is prior to that of chromium oxides. The gen-

erated iron is beneficial to the reductions of chromium oxides, since iron can reduce the melting point of melts contain-

ing Cr and the activity of Cr. 

 

Figure 1: The standard free energy change of reactions between Si/SiC and the oxides of Cr and Fe in EAF 

The standard free energy change of reaction between Si and chromic oxide is much less than zero and the reac-

tion is exothermic. The reactions between SiC and the oxides of Cr are endothermic without forming Cr3C2, although 

the standard free energies of reactions are much less than zero. However, when it comes to forming Cr3C2, the reaction 

is exothermic. As shown in Figure 1, the reaction between Si and chromic oxide is prior to that between SiC and chro-

mic oxide when the temperature is less than 1557℃. And Cr3C2 is preferentially generated rather than Cr by the reaction 

that SiC and chromic oxide take part in until the temperature reaches 1595℃. Thus, smelting temperature should be 

higher than 1595℃ to suppress the formation of Cr3C2. It should be noted that an increase in temperature is beneficial 

for the reactions that SiC and chromium oxides participate in with or without forming Cr3C2, while the standard free 

energy change of reactions between Si and chromium oxides increases as the temperature increases. 

Considering that the occurrence of chromic oxide in chromium concentrates is chromite (FeO•Cr2O3) or chrome 

spinel (MgO•Cr2O3), both chromite and chrome spinel could be reduced by Si and SiC and their standard free energy 

changes are similar to that Cr2O3 is reduced by Si and SiC, but they are not shown in Figure 1. 

3. EXPERIMENTAL 

The cutting slurry waste was supplied by a company in Jiangsu Province, China. Pretreatments were carried out 

to recycle part of the larger size SiC particles and cutting lubricant firstly. After pretreatment, the slurry waste contains 

about 50 mass% Si particles, 20 mass% smaller size SiC particles and a certain amount of cutting lubricant and water. 

The cutting slurry waste after pretreatment was used as reducing agent in the production of chromium ferroalloys in 

present process. 

Plant trails were carried out in Henan Province, China. The as-received cutting slurry waste was dried before be-

ing charged into EAF. The capacity and apparent power of EAF are 3 ton and 2250 KVA ,respectively. The furnace 

lining is built by carbon bricks. The arcing voltage is 230 V, and then furnace burden was charged mixed with the dried 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 424  
 

as-received cutting slurry waste, chromium concentrates and lime. Duration time was 45 min for charging. The voltage 

decreased to 160 V after the melting of burden. The total time for a heat is about 1 h. It needs about 0.8 ton as-received 

cutting slurry waste, 2.1 ton chromium concentrates and 1.8 ton lime to produce 1 ton of ferrochromium. And its elec-

tricity consumption is 2000 KWh per ton. 

Particle size distribution of the as-received cutting slurry waste was carried out using static light scattering 

(LMS-30, Japan) with an aqueous solution containing 0.1 mass% alcohol as a dispersing agent. Phases were analyzed 

by X-ray diffraction (XRD; M21X, Japan). And particle morphology were observed by scanning electromicroscopy 

(SEM; CAMBRIDGE S-360, UK) equipped with energy disperse spectroscopy (EDS). The carbon content in the chro-

mium ferroalloys products was determined by carbon/sulfur analyzer (EMIA-820V, Japan). And small pieces of the 

chromium ferroalloys products were crushed, ground and pressed into a disc suitable for X-ray fluorescence analysis 

(XRF; XRF-1800, Japan). Thus the compositions of the products were obtained. 

4. RESULTS AND DISCUSSION 

Particle size distribution of the as-received cutting slurry waste is shown in Figure 2. The major peak around 

2 μm is ascribed to SiC particles, while the smaller peak is mainly contributed by Si particles. There also exist two 

peaks in Reference [2][4][5][16][17][18][27].  

Figure 3 shows XRD patterns of the as-received cutting slurry waste. The sample shows high intensity of Si and 

weaker intensity of SiC. It should be noted that the metallic impurities are not obvious in the XRD patterns.  

SEM image of the as-received cutting slurry waste is shown in Figure 4. The sizes of particles are larger than the 

results of particle size distribution showed in Figure 2. The discrepancy might be caused under such situation that the 

sample was dried at 373 K in air atmosphere in a drying oven for 1 hour before being observed by SEM. EDS analyses 

show that particles are comprised of Si, O, C and Fe elements. It implied that particles were partly contaminated during 

the drying process. It is suggested that the cutting slurry waste should be dried in inert atmosphere instead of in air at-

mosphere before being charged. 

 

Figure 2: Particle size distribution of the as-received cutting slurry waste 
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Figure 3: XRD pattern of the as-received cutting slurry waste 

 

Figure 4: SEM image of the as-received cutting slurry waste 

The products of chromium ferroalloys are shown in Figure 5(b) and Figure 5(c). The as-received cutting slurry 

waste is also shown in Figure 5(a). The compositions of chromium ferroalloys products by present process are shown 

in Table 1. Products of Heat 1114-01 and 1114-02 are high carbon ferrochromium (HCFeCr) and it is Silicochromium 

ferroalloy (FeCrSi) for Heat 1115. Comparison with standards is shown in Table 2, the carbon and silicon contents of 

product of Heat 1114-01 are within the range of the standard grade FeCr-C50Si7LP, while the chromium content is 

slightly less than the lower limit of FeCr-C50Si7LP. Similar situation occurs between the product of Heat 1114-02 and 

the standard grade FeCr-C70Si6LP. Although the compositions of products are close to some standard chromium fer-

roalloy grade, there are problems that the carbon and silicon contents of HCFeCr products are somewhat high. 

Considering an extreme case that the carbon in the as-received cutting slurry waste remained completely in the 

product, it would be 4.8 mass% for the carbon content in products. The value was less than the actual carbon contents in 

HCFeCr products. It meant that carbon lining was eroded. It was suggested that the carbon content could be reduced by 

replacing the carbon lining with basic lining. Keeping smelting temperature higher than 1595℃ could suppress the for-

mation of Cr3C2 and be helpful to reduce the carbon content. The silicon content in HCFeCr products could also be re-
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duced by increasing the amounts of chromium concentrates and lime. However, it leaded to an increase in slag bulk and 

Cr2O3 content in slag and a decrease in the yield of Cr element by increasing the amount of chromium concentrates. 

And it resulted in an increase in slag basicity and slag bulk by increasing the amount of lime.  

 

Figure 5: Photograph of (a) the as-received cutting slurry waste, (b) product of Heat 1114-01, (c) product of Heat 1114-

02 

Table 1: Sample compositions of the chromium ferroalloy products 

Heat No. Grade 
Chemical composition / mass% 

Cr C Si P Ti 

1114-01 HCFeCr 43.43 5.68 6.35 0.020 0.37 

1114-02 HCFeCr 42.97 7.62 7.68 0.020 0.41 

1115 FeCrSi 28.29 0.80 28.61 0.019 0.20 

Table 2: Standards for chromium ferroalloys 
[28]

 

Grade Standard 
Chemical composition / mass% 

Cr C Si P 

FeCr-C50Si7LP ISO 5448-81 45.0-75.5 4.0-6.0 5.0-10.0 ≤0.03 

FeCr-C70Si6LP ISO 5448-81 45.0-75.5 6.0-8.0 5.0-8.0 ≤0.03 

FeCrSi33 ISO 5449-80 ≥43.0 ≤1.0 28.0-38.0 ≤0.05 

HCFeCr is usually produced by carbothermic process in submerged arc furnace (SAF). About 0.5 ton of coke, 

2.4 ton of chromium concentrates and 0.1 ton of silica is needed to produce 1 ton of HCFeCr, with energy consumption 

of 3000-3400 KWh 
[28]

. The price of chromium concentrates, coke, silica, as-received cutting slurry waste, lime and 

electricity are 200 $/t, 160 $/t, 29 $/t, 128 $/t, 48 $/t and 0.08 $/KWh, respectively. Thus, unit costs of HCFeCr pro-

duced by different processes are obtained and shown in Table 3. Taking no account of the agglomeration cost, the unit 

cost of HCFeCr produced by present process is about 768.8 $, which represents the reduction by about 34.1-66.1 $ in 

comparison with that in carbothermic process. There might be more profits for the HCFeCr produced by present process 

considering the low phosphorous content. 

Table 3: Unit cost comparison between carbothermic process and present process 

Item 
Carbonthermic process Present process 

Consumption Cost / $ Consumption Cost / $ 

Reductant Coke: 0.5 ton 80 Cutting slurry waste: 0.8 ton 102.4 

Chromium concentrates 2.4 ton 480.0 2.1 ton 420.0 

Fluxes Silica: 0.1 ton 2.9 Lime: 1.8 ton 86.4 

Energy consumption 3000-3400 KWh 240-272 2000 KWh 160.0 

Total cost -- 
802.9-

834.9 
-- 768.8 

5. CONCLUSIONS 

Plant trails were carried out to produce chromium ferroalloys by use of polycrystalline silicon cutting slurry 

waste. The present process was based on the electro-silicothermic method. Chromium ferroalloys were successfully 

produced in EAF. It needed about 0.8 ton of as-received cutting slurry waste, 2.1 ton of chromium concentrates and 1.8 

ton of lime to produce 1 ton of ferrochromium with electricity consumption of 2000 KWh. The total time for heating 

was about 1 h. The specific conclusions from the present study were: 

(1) The as-received cutting slurry waste should be dried in inert atmosphere instead of in the air atmosphere to 

avoid being oxidized before being charged. 

(a)  (b)  (c)  
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(2) The HCFeCr products had low phosphorous content and could be classified into the low phosphorous grade. 

However, the carbon and silicon contents of HCFeCr products were somewhat high, which could be reduced by replac-

ing the carbon lining with basic lining and increasing the amounts of chromium concentrates and lime, respectively.  

(3) Without regard to the agglomeration cost, the unit cost of HCFeCr produced by present process reduced by 

about 34.1-66.1 $ in comparison with that in carbothermic process. There might be more profits for the HCFeCr pro-

duced by present process considering the low phosphorous content. 
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PHYSICAL AND CHEMICAL BACKGROUND OF SOLID-PHASE 

OBTAINING OF Fe - Cr LIGATURE BY GAS-CARBOTHERMIC 

REDUCTION 

Grishin A.M., Simonov V.K., Shcheglova I.S. 

National Metallurgical Academy of Ukraine, Dnepropetrovsk, Ukraine; iriska.doc@gmail.com 

RESUME 

Thermodynamic analysis of carbothermic and complex Cr2O3 reduction was realized on the basis of the original 

procedure at temperatures that exclude charge melting. The kinetics of Fe and Cr reduction from oxide phases by car-

bon alone and in conjunction with gases was studied. The intensification of Cr2O3 reduction with the involvement of 

Femet was confirmed and ideas about the mechanism of the Femet influence was developed. 

1. INTRODUCTION 

The results of numerous studies [1-9] indicate a high efficiency of Fe and Cr extraction from ore materials by 

gas-carbothermic (complex) reduction. This process can be realized at moderate temperatures without charge melting. 

We have shown [9-11] that complex reduction of Fe from oxide phases has been developed at 1173K strongly intensi-

fied with the increase in temperature (Fig.1). 

 

Fig. 1. Kinetics of complex reduction of   Fe2O3 

with graphite (1.2) and charcoal (3.4) at 1000 °C 

in a stream of 75% H2 + 25% CO;  

2, 3 - without additives; 1, 4 - 1% Na2CO3. 

 

The level of thermodynamically allowed start-

ing temperature of carbothermic Cr2O3 reduc-

tion is slightly higher than that for the previous-

ly mentioned iron oxides. Purely carbothermic 

and complex Cr2O3 reduction in the flow of CO 

can be represented by a set of different reac-

tions. In this paper, to describe the first stage of 

the process reactions the following ones were 

chosen: 

 

1/3Cr2O3 + CO + 4/9C = 2/9Cr3C2 + CO2 (1) 

C + CO2 = 2CO (2) 

 

They were used to determine the thermodynam-

ically allowed starting temperature of Cr2O3 

reduction (Tr) at different pressures of carbon-

containing gases. 

2. EXPERIMENT 

Analyzed system is constituted by three components (K) and consists of four phases (F). Therefore, according to 

the phase rule (V = K+ 2 - F), it has one degree of freedom (V). When pressure of carbonaceous gases (PCO + PCO2 = α) 

is predetermined equilibrium in the system occurs at a single well-defined temperature (Tr). The equation for calcula-

tion of its value can be obtained by the following conversion of equilibrium constants expressions of reactions (1) and 

(2): 
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Equating the two expressions of PCO, we obtain an equation which allows calculating the equilibrium tempera-

ture of the system corresponding to the beginning of Cr2O3 reduction to Cr3C2 at different pressure PCO + PCO2: 
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It can be determined on the basis of previously presented equation [11,12] 
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 (4), 

 ai and bi stand for the numerical values of the temperature dependence of lnKp of reactions (1) and (2), respectively. 

 

The required equations have been received by the program HSC, version 5.0. 
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3. RESULTS 

The results of the calculation are shown in table1. 

Table 1. Thermodynamically allowed starting temperature of Cr2O3 reduction  

 

Reduction type  

 

α=( 2СОСО РР 
) 

 

 

β =( 22 НОН РР 
) 

Temperature 

of reduction stage, K 

Cr2O3→Cr3C2 Cr2O3→Cr7C3 

Carbothermic 

reduction and  

those in CO 

stream 

1 - 1391,56 1581,42 

0.75 - 1372,63 1559,13 

0.5 - 1346,90 1528,86 

0.25 - 1304,81 1479,56 

Complex reduction 

in Н2 stream 

0.75 0.25 1372,55 1559.14 

0.5 0.5 1346,78 1528,83 

0.25 0.75 1304,89 1479,43 

Ratio obtained above allows determining the equilibrium composition of the gas phase at Tr Рсо= α/(1+К1), 

which in turn provides an opportunity to calculate the value Рсо2= α - Рсо. The same result can be obtained based on 

the expression of K2. Denoting Рсо by X, we get the estimated equation: 
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It should be noted that the equation (7) provides the ability to calculate the equilibrium level (2), both above and 

below the level of the temperature Tr. 

Calculation of the equilibrium composition of gas phase in the reaction (1) at temperatures above Tr is signifi-

cantly different. At these conditions free carbon is not involved in the equilibrium of this reaction and it should be trans-

formed to the following: 

1/3Cr2O3 + 17/9CO = 2/9Cr3C2 + 13/9CO2 (8) 

Calculated equation can be obtained by converting the expression of the equilibrium constant 
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The value of X = PCO is determined on the basis of equation 

0αХКХ
17/139/13

8 
 (9) 

The equilibrium constant at desired temperature can be found by the equation: 
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8.8669
T

278.26

8
lnK 

 (10) 

Calculated results of the equilibrium composition of the gas phase in the reaction (8) above Tr are partially illus-

trated in Figure 2 (equilibrium in Cr – O - C – system at α = 0,25; α = 1,0). 

 
a) b) 

Fig. 2. The equilibrium composition of the gas phase in the Cr - O - C system at α = 0,25 (a) and α = 1,0 (b): 

1 - gasification С+СО2;  2 - gasification Cr3C2 + СО2;   

3 – reduction of Cr2O3to Cr3C2;4 - reduction of Cr2O3 to Cr7C3. 

The entry to the second process step (Cr2O3 → Cr7C3), where the solid reduction agent is carbide Cr3C2, can be 

described by the following reactions 

1/3 Cr2O3 + СО + 2/5Cr3C2 = 4/15Cr7C3 + CO2 (11) 

0.0665
T

10006
lnK11 

 

7/5Cr3C2 + CO2 = 3/5Cr7C3 + 2CO (12) 

20.031
T

21780
lnK12 

 

The algorithm for determination of reduction starting temperature coincides with one shown above. It allows 

presenting the equation to calculate Tr as  

)K(1KKα
131413


 (13) 

The results of Tr determination in carbon containing gases at different pressures are shown in Table 1. The equi-

librium compositions of the gas phase for reactions (13) and (14) are represented in Figure 2.  

At temperatures above Tr reaction is transformed as follows: 

1/3Cr2O3 + 11/7CO = 2/21Cr7C3 + 9/7CO2 (14) 

Denoting PCO by X and transforming the equilibrium constant of this reaction to the formula 
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we obtain the equation  
 0αХКХ

11/97/9
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Equilibrium compositions of the gas phase are shown in Figure 2 being defined on the basis of this equation at 

different values of α. 

The initial stage of complex chromium oxide reduction in a hydrogen stream or with a mixture of  

H2 - CO can be described by a set of reactions (1) and (2) together with the reactions 

Н2О + СО = Н2 + СО2, 
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2
Н

2
СО2

Н

15
РР

РР

К






 (15) 

3.4361
T

3705.5
lnK15 

 

1/3 Cr2O3 + Н2 + 4/9С = 2/9Cr3C2 + H2O , 2
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The latter together with reaction (2) adequately describes the link of steam gasification of Csolid. The feature of 

this unit is characterized by the fact that hydrogen formation is accompanied by the appearing of CO-CO2 mixture, the 

ratio of which depends on the temperature and the proportion of carbon- and hydrogen-containing gases in the reaction 

mixture. 

The calculation of thermodynamically allowed temperature of the complex Cr2O3 reduction was made in terms 

of the total pressure of four reactive gases  Р∑ = 1 (in relative units). The problem is solved while maintaining the previ-

ously received symbols PCO + PCO2 = α by the following transformations: 
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Taking into account the relation (3) we obtain the estimated equation 

)К(1КККα 116152 
 (17) 

Based on it we find the starting temperature of complex Cr2O3 reduction to carbide Cr3C2 with hydrogen acting 

in the process: 
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 the subscripts c and d denote values corresponding to the numerical expression ln Kp = f (T). Tr for different 

values α is given in Table 1. These naturally coincide with the results presented earlier. This is because the equilibrium 

in connected units (1) and (2) at the fixed value of α is invariant. In turn, the equilibrium state of a complex Cr2O3 re-

duction involving hydrogen set up only at the equilibrium of all parts of the reacting system. 

Ways of determining equilibrium gas composition in reactions (1), (2) and (8) and the data obtained were previ-

ously discussed. The equilibrium composition of the gas phase in reaction (15) can easily be found by the following 

transformation: 
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 (19), β=1-α 

At temperatures exceeding Tr unit of gaseous Cr2O3 reduction to carbide Cr3C2 should be presented in the form 

of 

1/3 Cr2O3 + Н2+ 8/9СО = 2/9 Cr3C2 + Н2О + 4/9СО2 (20)
22ln K

-3983.8/T – 5.4307. 

It is one of three interrelated reactions - (8), (16) and (20). Under the fixed conditions (temperature level, total 

pressure of reactive gases (Р∑) and the ratio of α/β) analyzed system reaches common equilibrium point invariantly. 

According to Pco and Pco2 values as defined earlier on the basis of the reaction (8), we determine the equilibrium par-

tial pressures of hydrogen and water vapor: 
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Temperature level of the second phase of Cr2O3 reduction can be fined in the same way. The results are illustrat-

ed by Figure 3. 
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Figure 3. The equilibrium composition of the gas 

phase in the Cr - O - C – H -system  for β = 0,75: 

1 – gasification: C+ H2O; 

2 – gasification: Cr3C2 + H2O; 

3 – reduction of  Cr2O3 to Cr3C2; 

4 -   reduction of  Cr2O3 to  Cr7C3. 

4. DISCUSSION 

Kinetic studies [7,14] have shown that the transition from carbothermic to complex reduction of Cr2O3 by Csolid 

and Cr3C2 leads to significant intensification of the process. Experimental data are presented in Figure 4. 

Joint reduction of chromium and iron oxides also showed that the presence of Femet significantly accelerates the 

reduction of oxide phases. Positive action of iron on the velocity of interaction of Cr2O3 with higher chromium carbide 

was confirmed in our study [15]. It is essential that the metal additive not only accelerates the process at 1573 and 

1673K, but also initiates oxide reduction at 1473K which does not occur in the absence of Femet. (Fig. 5 and 6). 

The mechanism of intensifying action of iron can be disclosed based on the results of studies [16, 17]. It is well 

known [18] that iron is practically insoluble in Cr3C2. Therefore, the formation of this carbide during Cr2O3 reduction 

occurs by sided diffusion of mainly carbon and chromium into particles of metallic iron and droplets of carbon-iron 

melt. Carbide looses carbon, its structure becomes friable. The phase restructuring Cr3C2 → Cr7C3 proceeds. The 

resudual carbide can dissolve up to 60% of Fe. There are conditions for counter-diffusion of iron and chromium atoms 

to form a mixed carbide (Cr,Fe)7C3 and Fe - Cr – C - solution. This process of interdiffusion also develops in the case of 

the primary appearance of Cr7C3 in the process of chromium oxide reduction with carbon. It must be noted that Cr7C3 

can be a metastable phase at a stable conditions for Cr3C2. This may cause accelerating effect of metallic iron supple-

ments during Cr2O3 reduction by carbon at 1573K (Fig. 6b) and by Cr3C2 at 1473K, when the process does not get de-

velopment at additive absence (Fig. 5). 
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Fig. 4a. Kinetics of Cr2O3 reduction by Cr3C2 carbide at 

1673K 

1 – in  Ar stream; 2 - in H2 stream. 

Fig. 4b. Kinetics of carbothermic (1) and integrated re-

duction (2-4) of Cr2O3 at 1573K and atomic ratio C /O = 

1.44 in the ore. 

1 - in a stream of argon;  2 - CO;  

3 - H2; 4 - 75% H2 + 25% CO. 
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Figure 5. Kinetics of Cr2O3 reduction by carbide 

Cr3C2 without additives (2.4) and in the presence 

of metallic iron (1,3,5) at the atomic ratio C/O = 

1.8 and Fe/Cr = 1  

1 - 1473K; 2.3 - 1573K; 4.5 - 1673K. 
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b) 

Figure 6. The effect of metallic iron additives on the kinetics of Cr2O3 reduction by graphite 

(a) - the atomic ratio of C/O = 1, and Fe / Cr = 1; 

1.2 - 1473K; 3.4 - 1573K; 5.6 - 1673K; 1,3,5 - without Femet; 2,4,6 - in the presence of Femet; 

(b) - at 1573K and the atomic ratio of C/O = 0.5; 

1 - without Femet; 2 - with the addition Femet (Fe/Cr = 1);  

3 - with the addition of Al2O3 and Femet. 

Formation of mixed carbide and Fe-Cr - solution reduces the activity of the reduction products, accelerating re-

duction and increasing the depth of its development (curve 6, Figure 6). It does not exclude the involvement of 

(Cr,Fe)7C3 in the oxygen removal from the oxide phase and mixed carbide (Cr,Fe)23C6 formation.  

The proposed intensification mechanism of Cr2O3 reduction by metallic iron is consent with the results of exper-

iments when the charge contained both additives of Femet. and Al2O3. Kinetic curves 2 and 3 (Figure 6b) show that the 

presence of alumina does not significantly increase the velocity of first stage of the process. However, in the final peri-

od the picture changes when free carbon is low and Cr3C2 take part in reduction. Inert diluent complicates solid phase 

diffusion and greatly slows the reduction process. 
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Significant intensification of chromium reduction as well as the deepening of the process was confirmed experi-

mentally by addition to charge of deep enriched magnetite concentrate instead of metallic iron [14]. Therefore, the pres-

ence of metallic iron and iron oxide is a guarantee of deep reduction of chromium oxide and simultaneously provide a 

significant decrease of carbon concentration in the metal product. 

5. CONCLUSIONS 

The results of thermodynamic and kinetic researches shown above indicate the availability of physical and 

chemical preconditions for the development of technology of ferrous-chromium alloys production in the solid phase. 

The resulting product can be used as the dope in the high grades steel smelting process.  
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ABSTRACT 

During production of Mn alloys in Submerged Arc Furnaces (SAF) most of the reduction takes place at the top 

of the coke bed. The conditions in this zone are crucial. Results of several studies of melting and reduction in this zone 

are presented and discussed. The temperature at the top of the coke bed is assumed to be determined by the temperature 

where the slag has viscosity low enough to drain into the coke bed. It is shown that this temperature will increase when 

the temperature for initial melting of the charge mixture increases. Charge mixtures with a high temperature for initial 

melting will thus give a high temperature at the top of the coke bed.  

The temperature for initial melting has been measured for several Mn sources. The investigations show that the 

temperature where the Mn sources start to melt, the softening temperature vary between the different sources from 

around 1250 
o
C to nearly 1600 

o
C. It decreases with increasing amount of acidic oxides in the ore. Heat-treated ores 

will have lower melting temperatures than the ores they are made from. Addition of quartz will decrease the melting 

temperature while it will increase when dolomite is added. Materials that soften at lower temperatures will be reduced 

at lower temperatures. When produced slag from two pilot experiments with HCFeMn production were compared, % 

MnO in slag was higher in the experiment where low melting Mn-source was used. A high temperature at the top of the 

coke bed is believed to be beneficial for SiMn production, but this has not been further discussed. 

1. INTRODUCTION 

Manganese alloys are important constituents in steel production. The two main products are HCFeMn and SiMn. 

In 2013 global production of Mn-alloys was 13.1 mln. tons [1], distributed with around 70% as SiMn and 30% as 

FeMn. Mn alloys are mainly produced in submerged arc furnaces (SAF) by carbothermic reduction of oxidic raw mate-

rials. Heat needed for smelting and reduction is supplied by electrical energy through the electrodes. Manganese ores 

and sinters are the main Mn sources. In SiMn production HCFeMn slag is in addition used as Mn source and quartz is 

the main Si-source. Fluxes as dolomite and limestone are added to adjust the properties of the final slag. Several carbon 

sources are used as reductants, coke is the most common and the major source used in Norway. HCFeMn is produced at 

temperatures around 1400 -1500
o
C while the temperature is around 1600 – 1650

o
C in SiMn production. The process 

and reactions are described in detail by Olsen et al [2]. 

During production of manganese alloys, the submerged arc furnace can be divided into two main reaction zones 

[Ошибка! Закладка не определена.] as illustrated in Figure 1. Their existences have been confirmed by excavation 

of industrial furnace [3]. In the upper part of the furnace, in the prereduction zone, the raw materials are solid and 

MnO2, Mn3O4 and Mn2O3 are reduced to MnO by ascending CO-gas. In the lower part of the furnace, in the coke bed, 

slag and metal are liquid and the final reduction of MnO to Mn and in silicomanganese production, SiO2 to Si, takes 

place by reaction (1)–(3).  
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Figure 1: Main reactions in SAF for SiMn production (based on drawing from Tangstad [Ошибка! Закладка не 

определена.]) 

   gCOMnCMnO 
 (1) 

   gCOSiCSiO 222 
 (2) 

   222 SiOMnSiMnO 
 (3) 

Pilot experiments [4], [5], [6] have shown that most of the reduction takes place at the top of the coke bed. 

Knowledge about the conditions in this zone is therefore important when production of manganese alloys is discussed. 

Several aspects of melting and reduction at the top of the coke bed have been studied at Sintef and NTNU the last years 

and reported in various publications. The newest results are in the PhD work by Brynjulfsen [7]. The current paper will 

sum up and discuss the results from earlier investigations with main focus on the work by Brynjulfsen. The aim is to 

describe conditions at the top of the coke bed, how this is affected by various raw materials and to discuss their implica-

tions on the final reduction to Mn alloys.  

2. EXPERIMENTS AND METHODS 

Results from several different works which have mostly been published earlier will be presented. Details about 

the experimental methods can be found in the cited papers. The methods used by Brynjulfsen [Ошибка! Закладка не 

определена.] are described briefly below. These are: determination of melting properties by sessile drop apparatus, 

bulk melting experiments in induction furnace and investigation of reaction mechanisms in pilot scale furnace.  

4.1 Sessile drop experiments 

When melting properties are measured in the sessile drop apparatus, a 10-50 mg ore sample placed on a graphite 

substrate is heated in CO-atmosphere. In this case it was heated to 1100 
o
C and held at this temperature for 30 minutes 

to complete pre-reduction, then heated further 5 
o
C/ min until complete melting. Changes of sample shape is recorded 

by video and coupled to measured temperatures. The melting properties are determined by visual analysis of the record-

ed data:   

 Start of melting - when the shape of the particle has lost the sharp edges 

 Final melting - when the droplet is round, with no artefacts 

4.2 Bulk softening and melting 

When melting properties are measured by bulk softening and melting, a 500g sample consisting of 10-15mm ore 

particles mixed with coke is placed on the top of a coke bed in a graphite crucible. The set up shown in Figure 2 is used. 

The crucible was heated to 1200 
o
C and held at this temperature for 30 minutes to complete pre-reduction, then heated 

around 20 
o
/min to the designated temperature and then cooled down. The cold crucible was filled with epoxy and a 

cross section cut through the centre. Amount of unreduced, softened and reduced ore in the coke bed was determined by 

area analysis as illustrated in Figure 3. A series of experiments were stopped at different temperatures to determine the 

change in melting and reduction with increasing temperature. 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 438  
 

 

 

Figure 2: Set up for bulk melting experiments Figure 3: Casted crucible from bulk melting experiment 

4.3 Pilot experiments 

The pilot scale experiments were run in a 400 kVA furnace at SINTEF /NTNU with a top and bottom electrode. 

The setup is shown in Figure 4. The lining was designed with respect to an excavation technique where it is possible to 

make cast cross sections of the furnace. Two experiments for production of HCFeMn were run, one experiment with 

100 % Gabonese sinter as Mn- source and one where the Mn-source was a mixture of 50 % Gabonese sinter and 50 % 

Gabonese ore. In both experiments limestone was added to obtain a basicity of 0.7. The experiments were run for 8 

hours at a power of 150 kW and 8 tappings. After the experiment, the furnace was cooled down, filled with epoxy and a 

cross section was cut through the centre of the furnace. Samples were taken out from the cross section and investigated 

by EPMA. Composition of tapped slag and metal was determined by chemical analysis. 

 

Figure 4: Set up for pilot furnace. 

3. MELTING AND REDUCTION OF Mn SOURCES   

3.1 Conditions at the top of the coke bed 

The coke bed consists of solid coke mixed with liquid metal and slag. Heat is generated by ohmic resistance in 

solid coke, and most of the electrical energy supplied to the furnace is consumed in this zone. At the top of the coke bed 

initial slag is formed by melting and reduction of the Mn-sources and dissolution of the fluxes. When their viscosity is 

low enough, the materials will drain into the coke bed. Furnace excavations [
Ошибка! Закладка не определена.

] and pilot exper-
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iments [Ошибка! Закладка не определена., Ошибка! Закладка не определена., Ошибка! Закладка не опре-

делена.] have shown that most of the reduction takes place at the top of the coke bed. Conditions here as temperature, 

compositions of liquid phases and rate for dissolution of solid phases affects the degree of reduction at the top of the 

coke bed and the composition of the phases in the coke bed. 

The temperature at the top of the coke bed is believed to be determined by the temperature needed for the slag to 

drain into the coke bed. This has not yet been shown experimentally. In pilot experiments with HCFeMn production 

[Ошибка! Закладка не определена.] temperatures around 1100-1200
o
C were measured just above the coke bed and 

around 1500–1600
o
C inside the coke bed just below the top, varying with the type of raw materials used. The measure-

ments have low accuracy, but confirm the large temperature gradient at the top of the coke bed indicated by the large 

MnO reduction observed industrially and in pilot experiments.  

The temperature required to obtain a slag with low enough viscosity to drain down in the coke bed, depends on 

the viscosity of the liquid phase and its amount of solids. The solid particles can either be solids in equilibrium with the 

liquid phase or solid particles that due to kinetics have not dissolved in the liquid phase. Experiments in sessile drop 

furnace [8] have shown that metal will drain down in the coke bed independent of the slag and therefore not affect the 

conditions in this zone. Reduction of MnO to alloy will reduce the total MnO content in the slag and amount of solid 

MnO-containing phases in equilibrium with the slag. This is illustrated in Figure 5 showing reduction path, A-B, under 

equilibrium conditions for a charge mixture with composition A. Until liquidus is reached, the slag is a mixture of solid 

MnO particles dispersed in the liquid phase as shown in the micrograph. The slag will drain down in the coke bed when 

the amount of solids is sufficiently low given that the liquid phase has low enough viscosity. The temperature where 

this is achieved is determined by the composition of the charge mixture. At equilibrium, the temperature at the top of 

the coke bed is therefore determined by the composition of the charge mixture. If equilibrium is not reached, the tem-

perature will be higher.  

 

Figure 5: Reduction path under equilibrium conditions for MnO slag with micrograph showing the mixture of solid and 

liquid phases along line A-B 

A higher temperature at the top of the coke bed than given by the liquidus temperature of the charge mixture can 

be caused by slow dissolution of fluxes in the slag phase. Another probable cause is that the solid phases in the ore are 

not equilibrated during heating and that a higher temperature than liquidus is required to form the first liquid phase. Too 

slow dissolution of solid MnO in the liquid slag to obtain equilibrium ratio between the two phases will also give a 

higher temperature for drainage of the slag into the coke bed. 

In a comparison [9] of liquidus temperatures for typical charge mixtures and measured temperature for complete 

melting of the ores, the liquidus temperature for the charge mixture were lower than the melting temperature of the ores. 

Melting properties and especially the temperature of incipient melting of the ores, are assumed to be of importance for 

the conditions at the top of the coke bed. Melting properties of various types of manganese ores have been measured by 

different methods. Since melting and reduction takes place simultaneously, both properties are included in the meas-

urements.  
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Temperature of incipient melting of ores measured by Brynjulfsen [Ошибка! Закладка не определена.] was, 

as shown in 

  

 

Sinter Pellets Ore
Sinter

Pellets
Ore

 

Figure 6, found to increase with decreasing amount of acidic oxides. This effect of acidic oxides can result from 

a higher amount of liquid phase present at low temperature in more acidic ores as illustrated in Figure 7 and Figure 8. 

  

 

Sinter Pellets Ore
Sinter

Pellets
Ore

 

Figure 6: Temperature for initial melting as a function of % of acidic oxides in different ores 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 441  
 

  

Figure 7: MnO-SiO2 phase diagram. Figure 8: % Liquid formed as a function of temperature 

for different SiO2 contents in a MnO-SiO2 system. 

Addition of dolomite increased the melting temperature while it decreased when quartz was added. The experi-

ments also showed that heat-treated agglomerates started to melt at lower temperatures than the raw ores with the same 

chemical composition. During the heat treatment low melting phases as tephroite (Mn2SiO4) and galaxite (MnAl2O3) 

had formed and the temperature for initial melting was lowered. The difference in melting temperature for the ores with 

same chemical composition shows that initial melting does not take place under equilibrium. The temperature for initial 

melting can then not be calculated from the chemical composition of the ore. It is affected by the phases present in the 

solid ore as well as the size of the individual phases.  

MnO is reduced from the liquid phase simultaneously with further melting and dissolution of solid particles in 

the liquid slag. Reduction during melting was investigated in bulk smelting experiments simulating the conditions at the 

top of the coke bed [Ошибка! Закладка не определена.]. Relative amounts of unreduced ore, softened ore and re-

duced ore at different temperatures are compared in Figure 9A for Comilog ore, Comilog pellets and Comilog sinter. In 

Figure 9B the Comilog ore without fluxes and with quartz and with dolomite is compared. The lower initial melting 

temperatures for heat-treated ores found in the sessile drop experiments were confirmed by bulk melting tests. The tem-

perature needed to reduce all the ore shown by the yellow area in Figure 9, vary between the different cases. At the 

temperature where MnO is reduced below a certain amount the slag will drain into the coke bed and this is assumed to 

be the temperature at the top of the coke bed. Level of MnO reduction needed for drainage is not clear: If it is assumed 

that the limit is MnO< 10% the following temperatures can be found. While Comilog ore will drain into the coke bed at 

around 1580
o
C, heat-treated ores as sinter and pellets will drain into the coke bed at around 1550

o
C. Addition of quartz 

will lower the temperature for drainage of Comilog ore to1425 
o
C while addition of dolomite will increase it to 1600

o
C.  

 

Sinter 

Pellets 

Ore 

  

Quartz 

No flux 

Dolomite 
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A: Comilog sinter, pellets and ore 
B Comilog ore without fluxes and  with quartz and 

with dolomite 

Figure 9: Amount of unreduced, softened and reduced ore at different temperatures for Comilog ore, sinter and pellets 

(A) and for Comilog ore with no fluxes, addition of quartz and addition of dolomite (B) 

The cases with lowest softening temperatures for the ores had also the lowest reduction temperature, but the dif-

ferences between the cases were larger for softening temperature than for reduction temperature. Based on the bulk 

smelting experiments, the degree of reduction at different temperatures was calculated and modelled. The temperature 

for 50% reduction of the ores found in bulk smelting experiments is in Figure 10 compared to temperature for initial 

melting measured with sessile drop. Ores that start to melt at lower temperatures are reduced and drain into the coke bed 

at lower temperature. It was also found that ores that melt at a low temperature will have a higher reduction rate than 

ores that melt at a higher temperature. 

 

Figure 10: Temperature for 50% of reduction measured by bulk melting experiments as a function of softening temper-

ature measured by sessile drop 

Industrially, it has been shown that the slag is tapped close to the liquidus composition as illustrated in the case 

in Figure 5. A higher temperature is required if either the dissolution of the solid phase in the liquid slag or reduction 

from the liquid slag is slow. The solid phase in equilibrium with the liquid can in addition to MnO be Mn2SiO4, 

MnAl2O4 or other [Ошибка! Закладка не определена.] depending on the composition of the ore. Dissolution rate 

for the solid is expected to be affected by the phase. Analysis of industrial data and thermodynamic calculations by Os-

trovski [10] showed that in HCFeMn production the solid phase was close to equilibrium with the liquid phase while the 

liquid  slag phase and alloy were not in equilibrium. If this reduction is the slowest step, the reduction rate and the tem-

perature for reduction of the ores will be determined by the rate for reduction of MnO from the liquid slag. The current 

investigations indicate that initial melting of the ores is slower. The correlation between reduction temperature and tem-

perature for initial melting indicate that formation of a liquid phase and not the reduction of MnO from the liquid phase 

is rate determining step. The difference between ore pellets and sinter indicates that this is not a result of the chemical 

composition of the ore, but the phases are present. 

The decrease in melting temperature with quartz addition and the increase with dolomite addition show that alt-

hough the temperature for initial melting is mainly a result of charge in composition it is also affected by the solid phas-

es that are present. Reactions in solid state between flux and ore can have formed new phases that affect the melting 

conditions. Dissolution of the fluxes in the first liquid that is formed and changes in the melting temperature due to this 

is another and may be more probable explanation. The decrease in melting temperature by addition of quartz then indi-

cate formation of a liquid phase in amounts too low to be detected by the experimental method at temperatures lower 

than reported for initial melting in the experiments. Temperature for initial melting and reduction temperature are corre-

lated when fluxes are added similarly as for ores. So also when fluxes are added, formation of liquid phase seems to be 

the step determining the temperature for melting and reduction. In SiMn production where quartz is added slag and al-

loy are according to Ostrovski [Ошибка! Закладка не определена.] contrary to in HCFeMn production close to 

equilibrium. 

The above analysis of published results showed that the temperature where solids in an mixture of solid and 

liquidus reduced so the slag will drain into the coke bed, vary with the temperature for initial smelting of the ore. It is 

mainly a result of the liquidus temperature of the mixture. But the temperature will have some deviation from this and, t 

will increase with deceasing amount of acid oxides in the ore. Addition of quartz to the charge mixture will decrease the 

temperature while it is increased by addition of dolomite. 
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3.2 Effect on furnace performance of melting and reduction properties 

The top of the coke bed is defined as the interface between coke mixed with solid ore and coke mixed with a liq-

uid phase. The temperature at the top of the coke bed is therefore assumed. The temperature in the bulk coke bed is de-

termined by the energy density in the coke bed, e.g. the size of the coke bed and the energy input. The temperature in 

the coke bed will hence be the same or higher than the temperature at the top of the coke bed. Most of the reduction 

takes place at the top of the coke bed, and the temperature here is therefore crucial for furnace performance and prod-

ucts.  

HCFeMn slag has traditionally been assumed to be tapped at liquidus temperature [Ошибка! Закладка не 

определена.] with %MnO given by liquidus composition. Pilot experiments by Brynjulfsen [Ошибка! Закладка не 

определена.] comparing HCFeMn production from Comilog ore and from Comilog sinter showed that with use of low 

melting raw materials as sinter, the slag will not necessarily be tapped at liquidus composition. With the use of Comilog 

ore, the temperature at the top of the coke bed was high enough for CaO to dissolve and a basicity of 0.65 was obtained 

in the slag. It was then reduced to a liquidus MnO content of 33 % and the tapped slag had this MnO content. When 

Comilog sinter with the lower melting temperature was used, the temperature at the top of the coke bed was too low to 

dissolve CaO, the liquidus MnO content was 55% and slag with this MnO content drained into the coke bed. The slag 

dissolved CaO while draining into the coke bed and a basicity of 0.65 was reached in the tapped slag. But while drain-

ing through the coke bed MnO in the slag was not reduced to the new liquidus composition. When low melting raw 

materials were used, MnO content in the slag was 40%. The reduction path is illustrated in Figure 11. 

 

Figure 11: Reduction of low melting sinter compared to ore. 

In SiMn production, SiO2 must be reduced to Si and a higher temperature is required. In the experiments by 

Brynjulfsen, quartz dissolved easily in the initial slag. Analysis by Ostrovski [Ошибка! Закладка не определена.] 

showed that equilibrium between slag and alloy was achieved while the slag was not in equilibrium with quartz and 

Maroufi showed that mass transfer in the slag was rate determining [11]. A higher temperature at the top of the coke 

bed is in both cases assumed to be beneficial to allow more of the SiO2 reduction to take place here. This hypothesis 

still needs to be verified. 

The discussion in paragraph 3.1 showed that use of raw materials with higher temperature for initial melting will 

give a higher temperature at the top of the coke bed. This effect has been seen industrially in HCFeCr production as a 

correlation between melting properties of ores and Si-content in alloy [12]. Ores with a low content of acid oxides have 

high melting temperatures and would from this be expected to have an advantage in SiMn production. Heat treatment of 

the ores as sintering and pelletising lowers the melting temperatures and is expected to give a disadvantage. Addition of 

quartz that is needed in SiMn production will lower the melting temperature and reduce some of the advantage of the 

basic ores. Experimental studies of the effect of various ores and ore properties is needed to clarify their effect on the 

temperature on the top of the coke bed and how this will affect SiMn production. 

3.3 Melting properties of  raw materials for Mn-alloy productions 

Melting properties of industrial Mn-sources can, based on the discussion above, affect furnace performance and 

product quality in the production of Mn-alloys, especially SiMn production. Temperature for initial melting is one of 

the most important parameters. Melting properties have been measured at Sintef and NTNU for several industrial Mn 

sources. [Ошибка! Закладка не определена., Ошибка! Закладка не определена., 13, 14]. Some of the published 

results are presented in Table 1 to Table 4 to give an overview over melting properties than can be expected for the dif-
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ferent ores. Results from the different investigations are presented in separate tables since there might be small differ-

ences in measurement procedure between the different measurement campaigns. The reported temperatures for initial 

melting vary from 1220
o
C to 1622

o
C. The melting properties are presented to indicate the differences that can be ex-

pected in industrial manganese sources. The background for the observed differences between these sources is thus not 

further discussed here. 

Table 1 Melting temperatures for Mn sources measured 

by sessile drop [Ошибка! Закладка не определена.] 

Table 2 Melting temperatures for Mn sources meas-

ured by sessile drop [Ошибка! Закладка не 

определена.] 

Material 

Initial 

melting 
o
C 

Complete 

melting 
o
C 

Assmang ore 1450 1510 

Comilog ore 1490 1540 

CVRD sinter 1350 1410 

HCFeMn slag 1220 1230 
 

Material 

Initial melt-

ing 
o
C 

Complete 

melting 
o
C 

Assmang ore 1446±70 1513±57 

Gabonese ore 1485±11 1538±9 

CVRD ore 1461±13 1494±23 

CVRD sinter 1395±85 1489±132 
 

Table 3 Melting temperatures for Mn sources measured 

by sessile drop [Ошибка! Закладка не определена.] 

Table 4 Melting temperatures for Mn sources measured by 

sessile drop [Ошибка! Закладка не определена.] 

 
Initial 

melting 
o
C 

Complete 

melting 
o
C 

Nchwaneng A 1478 1600 

Nchwaneng B 1519 1628 

Nchwaneng C 1521 1550 

Nchwaneng D 1450 1560 

Gloria A 1588 1702 

Gloria B 1512 1674 
 

 
Initial melt-

ing 
o
C 

Complete 

melting 
o
C 

Gabonese ore 1442 1531 

Gabonese sinter 1339 1498 

Gabonese pellets 1358 1516 

CVRD ore MF15 1385 1505 

CVRD pellets MF15 1322 1421 

CVRD sinter 1228 1305 

Assmang Nchwaneng 

ore 1420 1624 

Assmang Gloria pellets 1622 1683 
 

4. CONCLUSIONS 

When Mn alloys are produced in SAF, most of the reduction takes place at the top of the coke bed. The tempera-

ture in this zone is determined by the temperature where the slag has viscosity low enough to drain into the coke bed. 

When no flux is added, this temperature has been found to depend on the temperature for initial melting of the Mn 

sources. Addition of quartz will decrease the temperature for initial melting while it will increase when dolomite is add-

ed.  

Temperature for initial melting of Mn-sources is not only determined from their composition as the liquidus 

temperature for the mixture. Heat-treated ores have lower melting temperatures than the ore they are made from. The 

temperature for initial melting will decrease with increasing amount of acidic oxides in the ore. For industrially used 

Mn-sources, the temperature varies from below 1250
o
C to above 1600

o
C. Materials that melt at a low temperature will 

have a higher reduction rate and obtain high enough reduction to drain into the coke bed a lower temperature than mate-

rials with a higher temperature for initial melting. Melting and reduction properties were determined by two different 

methods that were correlated. 

Dolomite and limestone will not dissolve in the slag at the top of the coke bed if the temperature is too low. This 

will give a low basiscity and high MnO content in the slag at the top of the coke bed. This led in pilot experiments to 

higher MnO content in the tapped slag. In two pilot experiments comparing HCFeMn production from ore with sinter 

made from the same ore, use of sinter gave a higher MnO content in the tapped slag. 
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The results of benchmark analytical studies of domestic and foreign manganese-ore raw materials have been 

presented. The requirements for quality indicators of manganese ores and concentrates according to the normative 

documents of various countries have been compared. The metallurgical properties and reduction kinetics of samples of 

manganese raw materials from different deposits have been investigated. The optimal portion of imported raw materi-

als in the burden mixture for manganese ferroalloy production in conjunction with the required phosphorus content in 

them has been estimated. 

The selection of rational recycling technology as well as technical and economic parameters of manganese fer-

roalloy production is largely determined by the quality of manganese-ore raw materials: chemical, mineralogical and 

particle compositions, as well as physical properties. The manganese ore deposits are very unevenly distributed all over 

the world; their material composition is also irregular, which is attributed to the ore genesis [1]. 

Most of the world developed reserves of manganese ores (over 80%) are concentrated in Republic of South Afri-

ca (RSA), which is the largest producer and exporter of them. In Ukraine, the balance reserves are about 2 billion tons; 

however, over 70% of domestic manganese ore are rebellious and refer to carbonate and oxide-carbonate species. The 

distinctive feature of manganese ores of domestic deposits is relatively low manganese content and elevated phosphorus 

and silica concentration [2], which makes it impossible, as opposed to the most foreign ores, to use raw materials with-

out preliminary beneficiation and lumping. 

For adequacy of raw materials estimation, it is required to benchmark quality indicators of manganese concen-

trates produced in Ukraine and abroad (Table 1).  

Table 1. Technical requirements specified for quality of manganese ores and concentrates for ferroalloy melting  

Component  

Mass fraction, % 

For ferromanganese For silicon manganese 

Ukraine, 

I grade 

Western Eu-

rope USA, 

grade A  

Ukraine, 

II grade 

Western Eu-

rope USA, 

grade B I 

grade 

II 

grade 

I 

grade 

II 

grade 

Mn, min 43.0 48.0 46.0 46.0 34.0 44.0 40.0 40.0 

Fe, max - - 7.5 8.0 - 9.0 12.0 16.0 

SiO2, max - 7.0 9.0 12.0 - 10.0 12.0 15.0 

P, max - 0.12 0,15 0.18 - 0.15 0.15 0.30 

Note: the requirements are specified for Nikopol oxide concentrates, concentrates and ores of foreign producers. 

The difficulties with production of competitive manganese alloys using domestic raw materials have been partic-

ularly exacerbated in recent years, when, on the one hand, domestic enterprises have begun to increase production of 

low-phosphorus grades of silicon manganese and ferromanganese, and, on the other hand, the increased cost of power 

resources made uncompetitive earlier existing pyrometallurgical technology of raw materials dephosphorization. This 

required the use of imported manganese ores at Ukrainian ferroalloy plants. 

As such, the samples of manganese ores of various chemical and fractional composition (Tables 2-5), which are 

widely used in the production of manganese ferroalloys at domestic enterprises nowadays, have been investigated. 

These include samples of manganese ore deposits in Georgia, Brazil, Australia and Ghana.  
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Table 2. Chemical composition of investigated samples of manganese ores 

Item 

No. 

Country-producer Mass fraction of components, % 

Mn SiO2 Al2O3 CaO MgO Fe2O3 P2O5 Na2O K2O LOI 

1 Georgia 47.20 12.09 1.88 1.92 0.75 1.86 0.47 0.21 0.59 3.29 

2 Brazil 47.60 9.30 1.20 1.03 1.34 9.30 0.14 0.23 1.15 2.29 

3 Australia 47.00 13.05 1.63 2.67 0.98 8.94 0.07 0.12 0.03 3.88 

4 Ghana-I 30.00 14.05 2.65 4.65 5.08 1.72 0.16 0.28 0.24 31.6 

5 Ghana-II 39.79 19.30 4.20 0.40 0.12 7.10 0.32 0.19 0.63 5.02 

6 Ghana-III 30.50 13.52 2.20 4.81 4.85 1.05 0.25 0.24 0.21 32.6 

Table 3. Investigation results of common physical properties of manganese ores 

Item 

No. 
Country-producer 

Mass frac-

tion of mois-

ture, % 

Density,  

Total porosity, 

% 

Impact  

kg/m
3
 (DSTU 3200-95) 

b
u

lk
 

ap
p

ar
en

t 

tr
u

e 

strength of fraction 

over 5 mm, % 

1 Georgia 4.0 1740 2400 3880 38.14 31.0 

2 Brazil 8.4 2940 4210 4270 10.92 58.0 

3 Australia 2.8 2110 3850 4020 4.23 75.6 

4 Ghana-I* 1.6 2300 3240 3270 1.4 71.0 

5 Ghana-II 7.2 2090 - 3670 - - 

6 Ghana-III 1.6 2120 3190 3370 5.3 72.0 

* Manganese ore from Ghana I and III – carbonate, Ghana II – oxide. 

Analyzing the investigation results of manganese ore physical properties shown in Table 3, it should be noted 

that the ores are slightly porous, except ore from Georgia, and have higher true density as compared to the domestic 

manganese concentrate. The mechanical strength (for fraction of over 5 mm) of lump manganese ore is low, and behind 

in strength of manganese sinter produced from domestic concentrates. 

Table 4. Mineralogical composition of investigated samples of manganese ores  
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) 

  Mn M Mn M Mn M Mn M Mn M Mn M 

1 Georgia 47.20 76.4 43.7 69.1 - - - - 3.2 6.1 0.3 1.2 

2 Brazil 47.60 78.6 16.3 25.8 14.6 25.3 16.7 27.5 - - - - 

3 Australia 47.00 77.2 2.5 3.9 3.2 5.4 40.5 66.0 - - 0.8 1.9 

4 Ghana-I 30.00 78.5 1.1 1.7 - - 1.2 1.9 - - 27.7 74.9 

5 Ghana-II 39.7 66.2 18.3 29.0 17.0 29.4 3.8 6.0 - - 0.6 1.8 

6 Ghana-III 30.5 77.8 - - - - - - - - 30.5 77.8 
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Table 5. Mass fraction of impurity elements in samples of manganese ores 

Item 

No. 
Country-producer 

Mass fraction of components, % 

В (boron) As (arsenic) Pb (lead) Hg (mercury) 

1 Georgia 0.0090 0.0050 0.0010 less than 0.0030 

2 Brazil 0.0110 less than 0.0050 0.0150 less than 0.0030 

3 Australia 0.0160 less than 0.0050 0.0150 less than 0.0030 

4 Ghana-I 0.0110 0.0075 0.0010 less than 0.0030 

5 Ghana-II 0.0090 0.0150 0.0020 less than 0.0030 

6 Ghana-III 0.0200 0.0100 0.0010 less than 0.0030 

As shown in Table 5, the imported ores under analysis have slightly higher content of non-ferrous metals (boron, 

arsenic, lead, mercury) impurities, which are mainly connected with the ore manganese minerals.  

The presence of arsenic and boron compounds in the mineral and raw components of metallurgical burden pro-

vides for necessity to take a series of additional measures to reduce their harmful impact on the steel quality. The recy-

cling of As-containing manganese and iron ores is complicated by the reason that oxide compounds of arsenic, especial-

ly arsine (AsH4), belong to the group of industrial toxic substances. The problem of boron and arsenic, until recently, 

has not attracted the attention of ferroalloy producers. 

It shall be noted that any content regulatory of these elements in the manganese-ore raw materials is absent in the 

brochures. Moreover, it is known that Vale de Rio Doce (Brazil, 1994), for the ore consisting mainly of manganese di-

oxide (MnO2 – 81.34-80.00%), imposed restrictions for arsenic up to 0.0044% in the first grade and up to 0.0048% in 

the second grade, and for lead up to 0.021% and up to 0.024% by grades respectively. 

Similarly with manganese phosphides, it is believed that boron and arsenic, which are present in the burden, shall 

be completely transformed into the alloy during manganese ferroalloy melting, and this assumption is evidenced by the 

chemical analyses of ferroalloy furnace aspiration dust, which is almost free from the above mentioned elements. As 

concerns lead and mercury, their presence does not affect significantly the quality of manganese ferroalloys, since ma-

jority (over 90%) of these impurities is removed (carburized) in the gas phase during manganese ferroalloy melting. 

It shall be noted that some elements and compounds, which are present in Mn-containing raw materials, such as 

alkali metal oxides (Na2O and K2O), silicon oxide, lead, mercury, zinc, et al. and enter the furnace high temperature 

zone, are transformed into gaseous phase, ascend to the upper levels of ferroalloy furnace stack and descend on the bur-

den materials. In such a case, phase transformations result in the heat transfer from the lower levels of the stack to the 

upper ones and may increase the burden temperature at the upper levels and the furnace top respectively. When the cer-

tain concentrations have been reached, the circulating substances with burden can form scull and free-running mixtures, 

which adversely affect the gas-dynamic and electric conditions of electric melting. Also, the accumulation of heavy 

metals insoluble in the ferroalloys on the furnace hearth has been observed. 

The chemical and mineralogical investigations make it possible to calculate the burden, excluding the possibility 

of free-running phase formation in the ferroalloy furnace stack volume. It has been established that certain manganese 

and silicate compounds (glass and tephroite) are formed during manganese ore reduction at relatively low temperature 

of 750-800°C. 

The investigations on determination of manganese ore reducibility and initial fusion temperature have been car-

ried out in accordance with standard procedures (DSTU-3202-95; DSTU-3203-95) under generator gas atmosphere.  

A lot of papers [3-5] have been dedicated to the investigation of manganese minerals, ores and concentrates re-

ducibility; however, the paper [5] has been devoted to the investigation of Brazilian, African and Australian ores; but 

the available literature data are often ambiguous. It is known that MnO2 and MnCO3 dissociate at relatively low temper-

atures of 510 and 176°C respectively. Manganese oxide and carbonate reduction in the ores in question occurs at lower 

temperatures rather than their dissociation (Fig.1).  



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 449  
 

 

Fig. 1. Kinetics of sample mass decrease in the reaction zone during heating in the reduction medium (figures near the 

curves represent sample number) 

The curves of sample mass decrease (Fig. 1) depending on the temperature graphically demonstrate these conclu-

sions. The manganese ore samples in question at the same temperature and at all other things constant lose mass due to 

dehydration, decarbonization and dissociation of manganese minerals at different rates. 

Fig. 2 illustrates the results of investigations devoted to the determination of manganese ore initial fusion tem-

perature during heating in the reduction medium. The initial reduction temperature is considered to be the temperature, 

at which the reduction of linear dimensions of the test samples is more than 10%, when they are subjected to the perma-

nent mechanical load. 

 

Fig. 2. Sample mass decrease in the reaction zone during heating in the reduction medium (figures near the curves rep-

resent sample number) 

The specific feature of manganese ore reduction is an appearance of liquid phase at relatively low temperature of 

750-800°C.  

Originally, the liquid phase is observed in the individual microvolumetric particles on the periphery of minerals, 

particularly, on the feldspar (K, Na)
.
[AlSiO3O8] and quartzite (SiO2) grains bordering the manganosite (MnO).  

In case of temperature growth over 800°C, the volume of liquid melt increases and the silicate melt can impreg-

nate significant portion of ore mass. Low temperature of liquid phase origination is attributable to the fact that Mn-
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containing source material includes potassium, sodium, calcium and silicon oxides, which, together with highly reactive 

manganosite, form a complex low-melting system in terms of chemical composition. The local X-ray spectral analysis 

of fusion area reveals high K, Na, Ca and Si content. 

The influence of base ore nature and its material composition on reducibility and fusion temperature and, in its 

turn, on structure and properties of slag melts is obvious. The slag viscosity shall contribute to the rapid drippage into 

alloy, interdiffusion between the oxides and reducing agent, and, consequently, rapid process reaction, and, finally, to 

the optimal distribution of temperature gradients in the melt. Unfortunately, manganese and slag losses only in the form 

of metal beads during production of manganese alloys are significant. In particular, when melting silicon manganese, 

they reach 7.0% due to the high final slag viscosity.  

Therefore, in general, physical and chemical properties of source mineral raw materials under ferroalloy produc-

tion conditions are the factors that determine the mechanism, kinetics and statics of reduction process. 

For technological processes of manganese ferroalloy production, the manganese ores and concentrates are favor-

able, as they are characterized by high fusion temperature contributing to the deeper manganese reduction at the initial 

stage of the reduction process, when the burden is in the solid state. However, some of these ores require great power 

consumption and refer to irreducible ones in view of almost complete bonding of manganese oxide in the tephroite 

(MnSiO4), rhodonite (MnSiO3), jacobsite (MnFe3O4) and other thermodynamically stable compounds. Moreover, some 

of them, especially jacobsite, have low electrical resistance. 

The low-melting Mn-containing materials are distinguished by high fluidity, which is especially unfavorable for 

the technology, when their portion is significant in the burden. At the same time, heavy accumulation of the above men-

tioned melts having simultaneous high electrical conductivity and hindering the completion of dissociation, decarboni-

zation and reduction of manganese oxides and carbonates occurs in the furnace. Therefore, in any case, the use of the 

investigated manganese ores in the burden for melting of silicon manganese in the ratios required to produce an alloy of 

the specified quality is more preferable rather than from sinter and ore of domestic production. 

The results of differential thermal analysis (DTA) of samples of oxide, oxide-carbonate and carbonate ores and 

concentrates are shown in Fig. 3 and Table. 6.  

 

Fig. 3. Nature of differential heating curves (DTA) and changes in manganese ore mass samples (TGA): 

1, 2, and 3 is a sample number of manganese ore delivered from Georgia, Australia and Brazil, respectively: 4, 5 

and 6 is a sample number of manganese ore delivered from Ghana-I, Ghana-II and Ghana-III, respectively. 

 

Temperature, ᵒC Temperature, ᵒC 
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Table 6. Results of thermal analysis of manganese ore samples 

Effect No. 

Sample number 

1 2 3 4 5 6 

Country-producer 

Georgia Brazil Australia Ghana-I Ghana-II Ghana-III 

Effect sign 

and tempera-

ture (°С)  

Mass loss, 

% 

Effect sign 

and tempera-

ture (°С) 

Mass loss, 

% 

Effect sign 

and tempera-

ture (°С) 

Mass 

loss, 

% 

Effect sign and 

temperature 

(°С) 

Mass 

loss, 

% 

Effect sign 

and tempera-

ture (°С) 

Mass 

loss, 

% 

Effect sign and 

temperature 

(°С) 

Mass 

loss, 

% 

1 (-) 100 
} 1.66 

(-) 57 0.61 - 
} 2.11 

- 
}0.96 

(-) 60 1.32 (-) 60 0.605 

2 - (-) 180 0.44 (+) 115 (+) 125 - 1.82 - 0.605 

3 -  (-) 240 0.64 (-) 260 0.90 -  (-) 270 1.58 (0210 0.34 

4 (+) 340 1.82 -  (+) 350 0.77 (+) 340  (+) 340 
}1.75 

-  

5 - 
}0.80 

(-) 390 
}1.00 

-  -  (-) 400 -  

6 - (-) 610 -  (-) 640 

}24.38 

-  (-) 420  

7 (-) 700 

} 8.26 

- 

}1.21 

(-) 650 2.95 - (-) 625 5.54 -  

8 - - -  (+) 725 - 

}0.67 

(-) 627 25.71 

9 (-) 760 - -  -  - (+) 705  

10 -  (-) 740 -  (-) 772 2.30 - - 
}2.79 

11 -  (-) 780 (-) 840 1.77 ' -  - (-) 770 

12 -  - -  (-) 990 0.87 - (-) 980 1.14 

13 -  - (-) 1010 1.36 -  С-) 1010 1.51 -  

14 (+) 1030  (-) 1050 2.15 -  -  -  -  

I - 113.31  16.05  £9.86  1 29.34  I 14.18  131.19 

Note: Effect sign (+) - exothermic, (-) - endothermic. 
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It shall be noted that the sample 1 is manganese ore mainly represented by pyrolusite (MnO2); the sample 2 is 

predominantly represented by braunite (Mn2O3); the sample 3 contains pyrolusite, psilomelane and calcite. Further-

more, the exothermic reactions caused by the secondary oxidation of the resulting manganese oxide (MnO), which is 

thermodynamically unstable under these conditions and reacts with oxygen, including oxygen that results from the dis-

sociation of higher manganese oxides, occur in all the above described three samples, especially in the sample 1 (Fig. 3) 

within the temperature range of  300-400°С. This interpretation is consistent and evidenced in the paper [6].  

The sample 4 is mostly represented by rhodochrosite. Moreover, manganese ore contains some calcite and psi-

lomelane. Moreover, small amount of natrolite-type zeolite has been revealed. The main component of the sample 5 

(see Fig. 3) is pyrolusite (58.4%) and psilomelane. In addition, the aforesaid sample contains some braunite and zeolite. 

The sample 6 is represented by manganese carbonate ore, mainly consisting of rhodochrosite (about 67%). The ore con-

tains manganese calcite that causes mass loss, which is equal to 2.79% (Table 6) within the temperature range of 660-

680°C; there are some psilomelane and zeolite as well. The thermograms of manganese ores in terms of behavior are 

varied and mutually dissimilar. The difference of the endothermic effect value is caused by difference in quantity of 

Mn-containing minerals and chemical composition of the gangue. Thermal decomposition of higher oxides and dissoci-

ation of carbonates occur in a wide temperature range due to the different thermal and physical properties of minerals. 

 The quality of foreign ores was compared with Ukrainian concentrates ( and  grades), based on the relative 

module parameters (Table 7), which represent the ratio of mass fraction of element or component in the ore to the mass 

fraction of manganese in it or the relationship between the total of oxide components and the total of the other compo-

nents in Mn-containing raw materials, expressed in the unit fractions. 

Table 7. Chemical composition and module parameters of manganese ore and concentrate samples 

Item 

No. 

Country-

producer 

Mass fraction, % Content ratio, unit fractions 

Mn Fe P P/Mn (CaO+MgO)/SiO2 

1 Georgia 47.20 1.300 0.207 0.00438 0.2069 

2 Brazil 47.60 6.500 0.0060 0.0013 0.2548 

3 Australia 47.00 6.250 0.032 0.0007 0.2703 

4 Ghana-I 30.00 1.201 0.070 0.0023 0.6925 

5 Ghana-II 39.70 4.962 0.140 0.0035 0.0269 

6 Ghana-III 30.50 0.734 0,110 0.0036 0.7145 

7 Ukraine. 

Concentrate: 

I grade 

 

 

43.0 

 

 

1.509 

 

 

0.176 

 

 

0.0041 

 

 

0.2890 

II grade 36.0 1.494 0.202 0.0056 0.2440 

The analysis of values of phosphorus module (P/Mn), as an indicator of specific phosphorus content with regard 

to the manganese content, shows that Ukrainian manganese concentrates are characterized by the worst indicators of 

this parameter rather than foreign ores. The module of iron is drastically higher than the module of ore from Brazil, 

Australia and oxide-carbonate Ghana, which does not provide for production of manganese ferroalloys and, foremost, 

of silicon manganese with higher manganese content as compared to the basic one (65%). Nowadays, the above de-

scribed factor is the most important one providing for high competitiveness of silicon manganese at the world market.  

At the same time, the availability of high-grade ores allows the foreign producers to melt quality manganese fer-

roalloys directly from lump ores, while it is impossible to recycle Ukrainian manganese ores without additional and 

expensive items of the conversion stage, including beneficiation of low-grade ore with production of concentrates from 

it and their agglomeration, at which manganese recovery and power consumption are 97% and 150 kWh/t, respectively. 

As concerns the samples in question it is necessary to focus on the ore under the number 4 and 6, which refers to 

the carbonate manganese ores. 

The difficulty with inclusion of carbonate manganese ore in the metallurgical conversion stage is preliminary de-

termined by high heat consumption of carbonate raw materials of about 240 kWh/t of material for decomposition of 

carbonates, as well as the destruction of ore lumps to produce 20-30% of fines (fraction of less than 5 mm) at high-

speed heating, which reduces the gas permeability of the burden [3].  

However, the carbonate raw materials have natural basicity of 0.6-0.7, which partially eliminates the addition of 

limestone to the burden and the melting temperature of carbonate ores and concentrates is by 100-200°C more than the 

oxide ones, which improves the thermodynamic and kinetic conditions of reduction processes. 

The investigations demonstrated that during melting of high-carbon ferromanganese with phosphorus of 0.35% 

according to the scheme adopted at PJSC Nikopol Ferroalloy Plant using low-phosphorous charge slag (LFCS) of flux-
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free ferromanganese melting, the power consumption was 4054 kWh/t, and manganese recovery was 82.2% (consider-

ing production waste). The use of imported ore in the burden in order to produce similar quality alloy made it impossi-

ble to achieve significant advantages in terms of manganese recovery, and the power consumption was slightly in-

creased. However, if we consider additional power consumption during agglomeration ( 150 kWh/t) and LFCS melt-

ing (850-900 kWh/t), the total through power consumption exceeds 5000 kWh/t. 

The comparison of the values of the silicon manganese melting with phosphorus of 0.15-0.25% looks even more 

clearly. As for the melting of such quality alloy the raw materials with phosphorus module of max 0.002 can be used, 

the alloy was melted using over 80% of low-phosphorous slag and high-grade Australian ore. Thus, when the phospho-

rous is reduced in the alloy from 0.25 to 0.15% (which is equivalent to LFCS part growth in the burden from 82 to 

93%), the manganese recovery is decreased from 72 to 60% and the specific power consumption is increased by 6-7%. 

The use of Australian ore will make it possible to enhance considerably the manganese recovery ( 82%) and reduce 

power consumption by 200-250 kWh/t. 

These results show that using domestic raw materials for the production of silicon manganese with phosphorus 

of max 0.35%, the quantity of low-phosphorous slag in the burden in order to achieve relatively acceptable indicators 

shall not exceed 90-95 kg/t of alloy. The increase of LFCS portion during melting of metal with phosphorus of 0.15-

0.25% leads to the dramatic reduction of all process parameters. In such a case, the absolute priority is given to the 

high-grade imported ores with phosphorus module of equal to or less than 0.002. 

Summary 

The comparative analysis of chemical, mineralogical compositions and physical characteristics of imported and 

domestic manganese ores and concentrates, as well as the investigations of phase composition transformation regulari-

ties during reduction and heat treatment have been carried out. 

It has been evidenced that the main distinguishing feature of manganese raw materials in question manufactured 

by foreign producers is a low value of phosphorus module (P/Mn  0.0035) and silica (SiO2/Mn from 0.5 and lower), 

which makes it possible to achieve high technical and economic parameters in the ferroalloy production. 

The analysis of metallurgical value of domestic and imported raw materials during alloy melting has established 

that it is possible to blend all types of raw materials with various phosphorus content during silicon manganese produc-

tion, however, in view of low melting temperature of low-phosphorous charge slag (LFCS), its portion in the burden 

shall not exceed 40-45% (when melting the alloy with Р content up to 0.35 %). In order to produce alloy with phospho-

rus content within the range of 0.15-0.20%, it is more appropriate to use imported ores with LFCS additional charging. 
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PHOTOELECTRON SPECTROSCOPY 
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The National Metallurgical Academy of Ukraine, Dnipropetrovsk, Ukraine, artem_ruban@ukr.net 

ABSTRACT 

The nature of silicon chemical bonds in modeled samples of such systems as МnО-SiO2, МnО-СаО-SiO2, in ox-

ide and carbonate manganese concentrates, manganese charge slags, metallic manganese melting and ferrosilicon-

manganese slags was studied by means of X-ray photoelectron spectroscopy. It was found out that SiO2→ [SixOy]
z-
 

transformation with various silicon-oxygen motives formation in a range of SiO2 → [Si4O10]
4- 

→ [Si4O11]
6- 

→ [Si2O6]
4- 

→ [Si5O15]
10- 

→ [Si2O7]
6- 

→ [SiO4]
4-

; decrease in the number of cross-linking bonds; increase in effective and formal 

charges of simple tetrahedron; increase in the number of external cation-modifiers Mn, Ca, Mg, Fe that are able to 

form channels for excess electron charge release affect the binding energy and the chemical change of the frame elec-

tron 2p-levels of silicon. 

1. INTRODUCTION 

Manganese ores and concentrates, charge slags and slag-heaps of metallic manganese, ferromanganese and fer-

rosilicon-manganese meltings represent multicomponent oxide systems SiO2-CaO-MnO-MgO-Аl2О3 which contain 

from 20% to 50% of SiO2. Functional properties of such materials have been analyzed in numerous theoretical and em-

pirical studies. However, silicon chemical bonds (oxyanions in particular) which influence more effective extraction of 

manganese and silicon into alloys are still being discussed.  

In manganese ores and quartzite silica occurs not only as a free mineral (α-quartz), but also as a part of various 

complex silicates. In high-manganese charge slag and slag-heaps received from manganese ferroalloy meltings silicon 

atoms that are coordinated by oxygen anions are considered to be structural units of various silicates with different ar-

rangement of oxyanion motives [1-3].  

The structure of SiO2 elementary unit of silicate-ion [SiO4]
4-

 has been fundamentally studied by the scientists [4-

6]. It has been found that the length of Si-O bond (0.161 nm) remains the same during the silica transformation from a 

solid state to a liquid one. Direct empirical study of simple tetrahedron SiO4 with various arrangements is complicated, 

that is why the researches [7-10] are focused on the development and improvement of computational methods and data 

analyses in terms of electron composition. 

Si-O chemical bond in simple tetrahedron SiO4 is formed due to hybrid sp
3–

 orbitals of silicon atom and hybrid 

orbitals of oxygen atom which are intermediate between sр- and sр2- orbitals. The interaction energy of valence electrons 

of silicon and oxygen atoms in silicate-ion [SiO4]
4-

 which has been calculated with ‘magic’ Mulliken formula [10] is 

mainly defined by the given effective silicon charges 
4Si


and 

2О


 that equal 3.283 and 1.925, respectively. The 

calculated atomization energy 
14,1805атЕ

 and average binding energy 
451

ср

OSiЕ
kJ/Mol correspond with the 

data provided by researchers [11].  

It has been determined [12] that the full effective negative charge changes from 4 down to 0.856 in the process 

of condensation [SiO4]
4-

 → SiO2. Silicon positive effective charge has been determined to change from 0.803 up to 

1.348. With the help of mathematical methods by outlining clusters which contain ion [SiO4]
4-

 surrounded by a number 

of cations and which imitate fragments of silicate crystal lattices, the influence of closest monocations on fundamental 

properties of silicon-oxygen tetrahedrons has been defined. Such clusters as 4q+[SiO4]
4-

; 6q+[SiO4]
4-

; and 12q+[SiO4]
4-

have 

been analyzed. Comparison of properties in silicon-oxygen tetrahedrons in clusters as fragments of a silicate crystal 

lattice and in hydroxyl groups from Si(ОН)4to[SiO4]
4-

 has shown that in the condensed systems the influence of closest 

tetrahedron environment – i.e. outer-sphere ligands in oxygen atoms – is, first of all, defined with the ability of the latter 

to create effective channels for extra electron charge escape. Well-known principles of crystal chemistry of silicates 

introduced by Pauling C. Linus [5] and developed by Belov V. Nikolay [13] were supplemented by Lasarev N. Adrian 

et al. [12] with one more statement: the average length of Si-O bond in tetrahedron is determined by its full charge and 

the configuration of the closest environment. Certain analogy concerning the effect of protonation on the ion [SiO4]
4-

in 

Si(ОН)4 molecule and its condensation has been drawn. There are similarities in the ways of modifications of silicon-

oxygen tetrahedron electron composition while changing from [SiO4]
4-

ion to Si(ОН)4 molecule during the transfor-
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mation towards silicon dioxide group, i.e. the increase in the degree of system condensation and the changes in Si:O 

proportion range from 1:4 to 1:2.  

This research has become up-to-date due to the lack of study of the nature of silicon chemical bond in manga-

nese silicate systems [14, 15] alongside with multicomponent structure of both manganese mineral raw materials and 

slags. 

2. EXPERIMENTAL  

The nature of silicon chemical bond in manganese silcates has been studied in terms of defining binding energy 

of silicon frame electron levels Есв (Si 2р) and chemical changes ∆Есв (Si 2р). Using binding energy (Есв) and chemical 

changes (∆Есв) of internal electron levels as a main characteristic of silicon atom valence state in a bond, the nature of 

chemical bond accompanied by changes of atom valence shells and electron collectivization can be determined. 

The idea of using X-ray photoelectron spectroscopy technique (XPS) for analyzing the nature of silicon chemical 

bond in manganese silicates has been accepted as a result of conducted research of phosphorus chemical bond in man-

ganese ore minerals and concentrates [16]. 

Electron spectrometer ЭС-2402 has been used for analysis according to the described technique [16]. The chem-

icals used in the present study are given in Table 2.1. They include: the modeled samples of МnО-SiO2 and МnО-СаО-

SiO2 systems, prepared by alloying “pure for analysis” oxides in argon atmosphere; the representative samples of oxide 

and carbonate manganese concentrate from Nikopol deposit; samples of industrial finishing slags received from metal-

lic manganese and ferrosilicon-manganese melting; charge manganese slag. 

Table 2.1: Chemical composition of the analyzed samples containing manganese 

Samples 

Component content, Mass % 

MnO MnO2 
F2O3/ 

FeO 
SiO2 Al2O3 CaO MgO K2O Na2O P2O5 LOI 

Modeled: 

MnO-SiO2 

MnO-SiO2-CaO 

 

Slags: 

charge 

metallic manganese 

ferrosilicon-

manganese 

 

Concentrate: 

Oxide 

Carbonate 

 

54.2 

38.0 

 

 

 

53.66 

19.16 

 

 

21,16 

 

 

8,10 

37,30 

 

– 

– 

 

 

 

– 

– 

 

 

– 

 

 

57,15 

– 

 

– 

– 

 

 

 

–/0,3 

–/0,2 

 

 

–/0,2 

 

 

6,05/– 

3,85/– 

 

45,8 

47,5 

 

 

 

28,6 

25,2 

 

 

49,8 

 

 

16,10 

11,90 

 

– 

– 

 

 

 

5,4 

3,8 

 

 

9,7 

 

 

2,94 

2,00 

 

– 

14,5 

 

 

 

7,6 

45,7 

 

 

12,9 

 

 

2,71 

12,10 

 

– 

– 

 

 

 

2,8 

4,3 

 

 

4,9 

 

 

1,05 

2,22 

 

– 

– 

 

 

 

0,8 

0,74 

 

 

0,52 

 

 

1,46 

0,31 

 

– 

– 

 

 

 

0,2 

0,12 

 

 

0,16 

 

 

0,62 

0,22 

 

– 

– 

 

 

 

0,012 

0,018 

 

 

0,011 

 

 

0,53 

0,48 

 

– 

– 

 

 

 

– 

– 

 

 

– 

 

 

10,2 

29.6 

3.  RESULTS  

The results are presented in Figure 3.1 and Table 3.1. 

As a result of comparison of the value of binding energy of Si2p-level and the analysis of changes in concen-

trates, charge and finishing slags, as well as modeled synthesized samples, clearly distinguished peaks Есв (Si 2р) for the 

modeled samples and unclear nature of their maximum level for slags have been observed. It can be possibly explained 

by the presence of continuous range of transformations from SiO2to [SixOy]
z- in the slag structure. 

The change of electron composition of silicon atom in terms of chemical bond formation or transformation af-

fected by external modifiers (Mn, Ca, Mg) as well as identification of the type of the bond based on well-known ana-

logues is estimated by the chemical changes (∆Есв) of silicon frame electron levels which is defined as a difference of Есв 

silicon internal frame electron levels in a molecule and atom: 

∆Есв(Si 2р) =

М

свЕ
(Si 2р)-

А

свЕ
(Si 2р). (1) 

The binding energy of silicon internal electron 2p-levels 

А

свЕ
(Si 2р)=99,5 eV [17] is considered to be initial.  
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Figure 3.1: XPS spectra of silicon electron 2p-levels in modeled synthesized samples with silicon content, in manga-

nese concentrates and industrial manganese slags: a – oxide concentrates; b – carbonate concentrates; c – charge slag; d 

–metallic manganese slag; e –  ferrosilicon-manganese slag; е - MnO-SiO2; f -MnO-СаО-SiO2. 

Chemical change of frame electron levels of ∆Есв element is directly proportional to the number of valence elec-

trons (n) and nominal degree of oxidation (N): 

Есв= сnN (2) 

It also correlates with the effective charge of atom in a molecule: 

  AxxAсв rqxKqЕ /
, (3) 

where qA and qх are effective charges of A and x, respectively;  

rAх is a distance from electron to the analyzed atom. 

Table 2.1: The binding energy of silicon internal electrons of 2p-level in analyzed samples 

Samples Peak indices of Есв, eV   

 max 1-st 2-d 3-d 4-th O/Si 

Modeled: 

MnO-SiO2 

MnO-SiO2-CaO 

 

Concentrate: 

oxide 

carbonate 

 

Slags: 

charge 

ferrosilicon-

manganese 

metallic manganese 

 

 

102,6 

102,4 

 

 

103,0 

103,2 

 

 

101,6 

102,9 

 

101,6 

 

– 

– 

 

 

101,6 

101,7 

 

 

– 

– 

 

102,0 

 

– 

– 

 

 

102,4 

102,5 

 

 

– 

102,3 

 

– 

 

 

– 

– 

 

 

103,4 

103,5 

 

 

103,8 

103,7 

 

103,6 

 

– 

– 

 

 

103,7 

103,8 

 

 

– 

– 

 

– 

 

3,0 

3,0 

 

 

– 

– 

 

 

4,0 

2,7 

 

4,8 

Proportional dependence can be seen between formal charge and both silicon and silicon-anion [SiO4]
4- effective 

charges. 
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Thus, the authors have calculated the formal charges for some silicate-anion motives which represent the group 

of single and double chain inosilicates, ring and sheet silicates that have the defined value of Есв (Si 2р). The value of the 

formal charge of a single simple tetrahedron (zф) in [SixOy]
z- motive has been defined as z / x relation: zф =z/х. 

4. DISCUSSION 

The calculation of the value of the effective charges for existing silicate motives and systems is quite complex 

due to a range of assumptions that include, first of all, the determination of limits of electron density distribution. For 

the following analysis the similar systems with silicon-oxygen motives have been chosen. They have similar formal 

charge of a simple single tetrahedron where binding energy values Есв (Si 2р) are defined in reference literature. It is as-

sumed that calculated parameters correspond to the accepted similar motives as it is indicated in Table 4.1. Figure 4.1 

shows the dependence of ∆Есв(Si 2р) on the effective charge of [SiO4]
4-silicate-ion 

 эф

SiOz
4  and included in it silicon atom 

 эф

Siz
 for systems with different silicon-oxygen motives. The dependence proves that the criteria used in this article 

are reasonable as linear type of dependence retains. However, for existing multicomponent silicate systems (manganese 

concentrates, slags) the effective charges can be hardly defined. That is why the value of the formal charge (zф) of a 

simple tetrahedron in silicon-oxygen motives has been used for analysis.  

Linear dependence of ∆Есв(Si 2р)and zф (Fig. 4.2) for the bonds and test samples corresponds well with funda-

mentals of quantum chemistry of molecular systems and explains the type of ∆Есв(Si 2р) changes for all test samples.  

 

 
Figure 4.1: The dependence of chemical changes (∆Есв)of Si 2р –levels on the silicate-ion effective charge of [SiO4]

4-(a) 

and included in it silicon atom (б) for such compounds as: 1 - СаMg[SiO4]; 2 - Са2Мg[Si2O7]; 3 - Са3[Si3O9];4 - 

СаМn4[Si5O15]; 5 - СаМg[Si2O6]; 6 - Al4[Si4О10]·(ОН)8·nН20; 7 -α- quartz. 

Table 4.1: Changes in formal and effective charges during the process of polymerization of protonated silicon oxyan-

ions and similar silicate-ions. 

Parameter 
System 

Si(OH)4 Si(OH)3O
-
 Si(OH)2O

2-
 Si(OH)O

3-
 [SiO4]

4-
 

Formal charge (z
ф
) 

Effective charge (z
эф

): 

SiO4 

Si 

O
М 

O
К
 

O
К
/Si Ratio 

Similar motive or system 

 

 

0 

 

-0,856 

+1,348 

-0,551 

– 

0 

Silica 

SiO2 

-1 

 

-1,472 

+1,128 

-0,595 

-0,813 

1 

Sheet sili-

cates 

[Si2O5]
2-

 

[Si4O10]
4-

 

-2 

 

-2,201 

+0,980 

-0,637 

-0,953 

2 

Chain 

inosilicates 

[Si2O6]
4-

 

[Si4O11]
6-

 

Ring 

silicates 

[Si3O9]
6-

 

[Si5O15]
10-

 

-3 

 

-3,053 

+0,877 

-0,674 

-1,084 

3 

Diorthosilicates 

[Si2O7]
6-

 

 

-4 

 

-4,000 

+0,803 

– 

-1,201 

4 

Orthosilicates 

[SiO4]
4-
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The chemical changes of inner electron levels of the element, i.e. structure-forming element of silicon within the 

complex silicon compounds, are determined by the value of the negative formal charge zф together with the other fac-

tors. Polymerization of silicon dioxide SiO2→[SixOy]
z- is accompanied with the charge accumulation within the elemen-

tary silicate-ion, the increase of zф from 0 till -4, and substitution of cross-linking bonds into finishing ones that leads to 

the changes of the binding energy. The defined interrelation of effective charges zэфand zф brings to the following con-

clusion: the changes in the number of external modifiers of Mn, Ca, Mg redistribute the binding electron density and 

pose the atom of oxygen closer to the modifier. 

The changes in the binding energy Есв (Si 2р) of the test samples correlate with the changes of the structural mo-

tive in the process of  SiO2 polymerization with silicate formation that include two-layer stack of kaolinite group 

[Si4О10]
4-; double anion chains [Si4О11]

6- (double chain metasilicates); single anion chains [Si2О6]
4-, both ring silicates 

[Si3О9]
6-and [Si5О15]

10-, and the groups of silicates with isolated tetrahedrons: ortho- and diorthosilicates – [SiO]4-

and[Si2O7]
6-. 

It increases the number of oxygen atoms by 1 silicon atom relatively in a row 2 → 2,5 → 2,75 → 3 → 3,5 → 4  and 

decreases the number of cross-linking oxygen atoms (ОМ): 2 → 1,5 → 1,25 → 1 → 0,5 → 0. 

XPS spectra of modeled samples of МnО-SiO2 and МnО-СаО-SiO2 systems are presented by the peaks where Есв = 

102,6and 102,4 eV relatively (see Figure 3.1) that corresponds to rhodonite and bustamite minerals. Rhodonite comprises 

coordinate group [Si5О15]
10-and is reflected in the structural formula Мn5[Si5О15]. МnО-СаО-SiO2 system sample can cor-

respond to bustamite which is rhodonite-wollastonite group. Bustamite is rhodonite that contains calcium. It is a mineral 

that changes from rhodonite to wollastonite. The difference in Есв (Si 2р) is, first of all, explained by the unequal length 

of the motive that is formed around the modifier. Wollastonite (wollastonite chain) corresponds to the triple tetrahedron 

orientation which means that every third tetrahedron has the equal position according to the axis of symmetry, whereas 

in rhodonite it corresponds to every fifth tetrahedron. 

 
Figure 4.2: The dependence of chemical changes (∆Есв) Si 2р-levels on the formal charge (z

ф
) of a simple tetrahedron 

for the test samples and some compounds: (1-7) - data [17]; 1-СаМg[SiO4]; 2-Са2Мg[Si2O7]; 3-Са3[Si3O9]; 4-

СаМn4[Si5O15]; 5-СаМg[Si2O6]; 6-Аl4[Si4О10]·(ОН)8·n Н2O; 7 -α-cristobalite; received results in the present study:  

-МnО-SiO2; ʘ — МnО-СаО-SiO2; -charge manganese slag;  - metallic manganese slag; - ferrosilicon-

manganese slag; -oxide concentrate;  - carbonate concentrate. 

XPS spectra of oxide and carbonate concentrates represent a complex pattern, as it is seen in Figure 3.1 а, б. The 

results reported in Table 3.1 show that both to the left and to the right of the maximum peak where Есв=103,0 and103,2 

eV for oxide and carbonate concentrates there are peaks that correspond to the definite energy state of the silicon inner 

electron level. It shows that the character of changes in XPS spectra for both concentrates is almost identical. The shift 

of carbonate concentrate peaks towards higher values is explained by the influence of carbonate groups [СО3]
2- that 

cause the increase of Есв. The first peak where Есв =101,6 — 101,7 eV corresponds to the silicates of olivine group with 

ortho- and diortho-silicate-ions [SiO4]
4-and [Si2O7]

6-which are reflected in a general formula R2[SiO4], whereR — Мg2+, 

Fе2+, Мn2+, Са2+. The first three cations form individual silicates (tephroite –Мn2[SiO4]) and isomorphic compounds 

(knebelite – (Мn,Fе)2[SiO4]), calcium forms double salt (monticellite – Са,Мg[SiO4]). 

It is shown in the research [15] that in minerals and slags of Ме2SiO4 (Ме — Ве, Мg, Са, Мn, Fе, Ni, Zn) type 

Ве
2+

 coordination is quaternary; Мg
2+

, Мn
2+

, Fе
2+

, Ni
2+

 is hexad; Са
2+

 and Zn
2+

 is hexad and above. It is noted that 

Ве
2+

, Са
2+

 and Zn
2+

 cannot be isomorphically substituted with other cations. 

Manganese hexad coordination in silicates matches the chosen mathematical model of the cluster that is used by 

the authors for the theoretical analysis as well as the data [18] taken from the theory of chemical elements structure and 

compounds based on statistic model of atom electron composition in the framework of the Periodic system. The peaks 

where Есв = 102,0— 102,1 eV demonstrate that silicon appears in silicate anions with single chains of pyroxene 
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[Si2O6]
6-

, wollastonite [Si3O9]
3-

, rhodonite [Si5O15]
10-

  groups where bustamite is likely to be the leading complex which 

matches modeled samples most of all.  

The maximum peak where Есв = 103,0 – 103,2 eV corresponds with continuous tetrahedron sheets (double chain 

metasilicates) with the anion [Si4О11]
6-

  or dimetasilicates [Si8O22]
12

 of the amphibole group as well as with the silicates 

of kaolinite group with two-layer stacks with anions [Si4О10]
4-

 that is typical for clay gang of manganese ores. 

Anion part of dimetasilicates [Si2O5]·(ОН) forms hexa-rings where silicon can be substituted with aluminium 

that forms alumosilicate ion [(SiАl)4О10]. To the right of the maximum peak there are two other peaks where Есв= 103,4 

— 103,5 and 103,7 — 103,8 eV for oxide and carbonate concentrates, respectively. The first peak reflects the chemical 

changes of silica which is presented by silicon hydroxyls. The second corresponds to quartz, lechatelierite and α-

cristobalite whose existence is proved in the research [19]. Silicon hydroxyl groups can react with manganese hydroxyls 

through adsorption or ОН
-
, Сl, F, [РO4]

3
, [СO3]

2-
 anion exchanges.  

Unclear nature of maximum level for industrial manganese slags shown in figure 3.1 c-e are first of all explained 

by their multicomponent structure as well as forming a range of silicate-ion groups on the basis of two silicon oxyan-

ions: [SiO4]
4-

 and [Si2O7]
6-

 for metallic manganese and charge slags and [Si3O9]
6-

 and [Si2O6]
4-

 for ferrosilicon-

manganese slags. 

Metallic manganese slags are mainly presented (in decreasing order) by the following components that comprise 

silicon: glaucochroite СаМn[SiO4], tephroite Мn2[SiO4], calcium orthosilicate Са2[SiO4], rankinite Са3[Si2O7], and 

stishovite. The basis of charge slag comprises tephroite Мn2[SiO4], monticellite – Са,Мg[SiO4], picrotephroite 

(Мn,Мg)2[SiO4], spessartite Мn3Аl2[SiO4]3, and α-quartz.  

X-ray structural, IR spectroscopic, micro X-ray spectral and differential thermal analyses have proved that in 

slowly cooled industrial slags of ferrosilicon-manganese there appear silicon comprising phases: bustamite 

Мn4Са[Si5O15], rhodonite Мn5[Si5O15], enstatite Мg2[Si2O6], alumosilicate Са1,82Аl3,64Si0,36O8, and α-quartz. The exist-

ence of free SiO2 in metallic manganese slags can be explained by additional decomposition of Са2[SiO4] into molecu-

lar CaO and stishovite (artificial silica) under extremely high pressure created in a closed vessel, that is caused by the 

transformation of β-Са2[SiO4] into γ-Са2[SiO4] accompanied by the increase in the volume by 12,3%.  

As it has been shown [20], the existence of α-quartz and ferrosilicon-manganese slags is explained by the libera-

tion of cristobalite in the process of crystallization. The existence of the peaks at XPS spectra for metallic manganese 

slags where Есв = 103,6эВ eV and ferrosilicon-manganese slags where Есв= 103,8 eV correspondingly is explained by the 

existence of the silica phase. 

5. CONCLUSIONS 

The results of studying binding energy of the silicon frame electron levels  in modeled samples of МnО-SiO2, 

МnО-СаО-SiO2 systems, both manganese oxide and carbonate concentrates, manganese slags alongside with theoretical 

analysis of silicate-ion [SiO4]
4- structure and properties in terms of their electron composition proves that the chemical 

changes of silicon internal electron levels  are affected by transformation of Si-О-Si → Si-O-Si-O-М bonds, i.e. SiO2 → 

[SiХOУ]z; crystal chemical structure changes in a range of SiO2 → [Si4О10]
4- → [Si2O6]

6- → [Si5O15]
10- → [Si2О7]

6- → [SiO4]
4- 

and electron composition of silicon-oxygen tetrahedron. 

The substitution of cross-linking bonds into finishing ones leads to the accumulation of the negative charge on an 

elementary silicate-ion [SiХOУ]z-. It also leads to the increase of its effective and formal charge as well as decrease of 

effective charge on silicon atom. 

The rise in number of external modifiers (Мn, Са, Fе, Мg) decreases the binding energy of silicon frame electron 

levels Есв (Si 2р) resulted from conventional average radius r Si-О changes. Alongside with the increase in the formal 

charge of a simple tetrahedron during SiO2 → [SiO4]
4-transformation the binding electron density redistributes closer to 

the oxygen atom which is oriented towards modifier. 

Electron density redistribution towards silicon atom and the decrease in balance distance (Si-O
K
) in silicate man-

ganese meltings causes extra thermodynamic difficulties in breakages of Si-O-Mn bonds while reducing the cation of 

manganese modifier. It also determines the inevitability of both manganese and silicon reduction as a result of the rela-

tion of final oxygen with the structure-forming element and modifier. The formation of longer manganese-based silicate 

chains compared to magnesium- and calcium-based ones can indicate their immediate disordering affected by various 

factors (like heating, the presence of reductants).  
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ABSTRACT 

Reduction behaviour of South African Mamatwan manganese ore using methane-argon gas mixture was inves-

tigated experimentally in the temperature range of 1000
o
C to 1200

o
C. The effect of changing gas mixture composition, 

time and temperature was studied using a vertical tube furnace. After each test, three representative samples were 

prepared; one was analyzed by X-ray diffraction to determine the progress of phase changes, chemical analysis were 

performed on the second sample to obtain metallization results as a function of each reducing condition for each time 

interval over the total reduction period of two hours. The third sample was mounted, polished and submitted for SEM-

EDAX in order to examine the morphology of the ore and its changes in the course of reduction. It was observed that 

CH4 was an effective reductant as it cracked, supplying the reaction site with hydrogen gas and very fine solid carbon. 

The excess carbon from cracking of methane ensures regeneration of reductants CO and H2 from reaction product 

gases of CO2 and H2O ensuring low partial pressure of oxygen at the reaction site. Hydrogen gas may also be in-

volved in the reduction of iron oxide components of the ore. Moreover, depending upon temperature and CH4/H2 ratio 

in the gas phase the activity of carbon in the system reaches values much higher than unity, shifting the reduction re-

action by carbon to lower temperatures. X rays analysis revealed that manganese ore was reduced primarily to car-

bide Mn7C3 at lower temperature range of the experiments, but at 1200
o
C the dominant reaction product was Mn5C2. 

At higher temperatures extent of reduction was higher reaching over 75% metallization at 1200
o
C. 

Initial results indicate the possibility of rate being controlled by bulk gas mass transfer to the reaction site for 

initial stage which was then followed by ionic diffusion rate control. Further experimental work is to be conducted 

using hydrogen-methane gas mixtures with fixed CH4/H2 ratios in order to study the reduction process where carbon 

activity is fixed (at much higher values than one).  

.1. INTRODUCTION 

Manganese is probably the most versatile additive in the steel industry and has the added advantage of low cost 

and easy availability. Manganese can be added in the form of its ore during iron making or as ferromanganese and sili-

con manganese in the steel making stage. Various types and grades of ferromanganese and silicon manganese, mostly 

containing from 70 to 90 percent manganese, are produced in large submerged arc furnaces by carbothermic reduction 

[1-5]. Operation of the SiMn process is often more difficult than the FeMn process because higher process temperature 

is needed. A process temperature of 1600 to 1650 °C is necessary to obtain metal with sufficiently high content of Si 

and discard slag with low MnO. The FeMn slag has a relatively low melting temperature (about 1250 °C). Accordingly, 

when the Mn ore starts melting at around 1350 °C, it will contain a mixture of solid and liquid phase, where the manga-

nese containing solid phase is MnO. Further heating to 1550 °C or more is necessary before the melting ore will mix 

with the slag and flow freely and for further reduction. The specific power consumption for production of standard 

SiMn from a mixture of Mn-ore, high-carbon FeMn smelting slag and Si rich metallic remelts can typically be 3500-

4500 kWh/ton of metal, depending on the amount of metallic material added to the feed. Each additional 100 kg of slag 

produced will consume an additional 50 kWh of electric energy [6-10].  

This study is investigating solid state reduction of manganese ore by using methane which is likely to contribute 

to the lowering of energy use and carbon footprint [11-15]. Most of the reduction to metallic state for both iron and 

manganese units is expected to take place at solid state reduction temperatures mentioned above which would in princi-

ple require only a final melting stage to separate the valuable metallic ferroalloy phase from the slag. Thus, it was es-

sential to conduct kinetic studies on manganese ores to reveal the mechanism of hydrocarbon reduction and establish 

the rate which determins steps leading to process parameters [16-18].  

2. EXPERIMENTAL 

The South African Mamatwan ore was used for this study. The composition of the ore is presented in Table 1. 

The manganese particle size, class of -150 m + 106 m was chosen for all the reduction tests. 
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Table 1. Chemical Composition of Mamatwan manganese ore. 

Component  (Mass %) 

Mn 37.69 

Fe 4.71 

SiO2 4.51 

CaO 16.51 

MgO 3.29 

Al2O3 0.231 

P 0.0174. 

The reduction experiments were carried out in a molybdenum wound furnace surrounding a thermo gravimetric 

(TGA) system from bottom. Details of the experimental setup and procedure are available elsewhere [19]. However, 

due to the chemical decomposition (cracking) of CH4 gas at about 550
o
C much lower than the temperatures employed 

in this work (1000ºC –to 1200ºC) the TGA could not be used to monitor the reduction reactions. Thus, the progress of 

the reaction was followed by analytically determining the metallization levels (percentages) of the partially reduced 

samples at predetermined intervals simply by quenching and removing the samples from furnace. The rest of the exper-

imental procedure was same to those of the previous work conducted in our laboratories [19]. Technical grade argon 

was used to purge the work tube and acted as a carrier gas for methane. The relative concentration of methane in the 

argon was changed for different tests. The total gas flow rate was maintained at 880ml/min. Only the manganese and 

iron oxides were regarded as reducible components of the ore. After each test, three representative samples of the reac-

tion products were split off. One was analyzed by XRD to determine the phase changes. Chemical analyses were per-

formed on the second sample to determine the individual manganese and iron metallization. The third sample was 

mounted, polished for SEM-EDAX, in order to determine the concentrations (and profile as necessary) of manganese 

and iron in the individual particles. The experimental variables were time, temperature and concentration of methane in 

argon. 

3.RESULTS AND DISCUSSION 

The degree of metallization was calculated using the following equation: 

MetMn (%) = ( Mn
0
 / MnTotal ) * 100  

MetFe (%) = (Fe 
0 
/Fe Total) * 100  

Met .Total (%) = (Mn
0
 + Fe

0
)/ (MnTotal + Fe Total) * 100  

Where Mn Total and Fe Total represent total Mn and Fe in the product expressed as a percent of the total product 

mass, Mn
0
 and Fe

0
 represent metalized Mn and Fe in the product expressed as percent of the total product mass, and 

MetMn, Met Fe, Met Total represent manganese, iron and total percent metallization respectively. 

 

Figure 1: Progress of metallization versus time for tests using 10% CH4in Ar at T=1100ºC. 
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Figure 2: Progress of metallization versus time for tests using 30% CH4in Ar at T=1100ºC. 

 

Figure 3: Progress of metallization versus time for tests using 30% CH4in Ar at T=1200ºC. 

Typical plots shown in Figure 1, Figure 2 and Figure 3 illustrate the progress of metallization as a function of 

time using 10% CH4 in Ar at 1100ºC, 30% CH4 in Ar at 1100ºC and 1200ºC .Utilizing such plots, xrd analysis, the 

results of SEM-EDAX and visual observation the following discussion can be provided on the reduction of manganese 

using a hydrocarbon gas. In 30% CH4 in Ar at 1100ºC showed that Fe metallization decreased with time after first 30 

minutes. This decrease seen on the plots may be due the chemical analysis errors. 1200ºC tests using the same gas com-

position did not reveal such decrease. Further investigation on this issue is in progress. 

Total metallization values achieved after two hours ranged from 21% to 72%. The associated Mn/Fe  metalliza-

tion ratios of 0.19 to 0.69 were much higher than those achieved with ordinary solid state carbothermic reduction. The 

effect of CH4 concentration and temperature did not have a simple direct relationship with the rate and extent of metal-

lization. The most common occurrence was rapid levelling of reduction rate after first 20 or 30 minutes for all CH4 

concentration and temperatures revealing that the process will take 20 to 30 minutes to complete the reactions which is 

much quicker than ordinary carbothermic reduction. It was found that higher reduction kinetics would be achieved 

when using hydrocarbon gas in comparison to classical carbothermic reduction with excess carbon (Burucu ([20]) at a 

given temperature. At 1100
o
C reduction achieved by carbothermic reduction with excess carbon was around 35% as 

reported by Burucu [20], whereas from present work it was noted that metallization reached 70% and above at same 

temperature of 1100
o
C.  

The XRD analysis revealed that manganese ore was reduced primarily to carbide Mn7C3 at lower temperature 

range of the experiments, but at 1200
o
C the dominant reaction product was Mn5C2. 

- The oxide feed material analyzed was detected in the form of: CaMn204 

- The following phases appeared under most conditions: Mn7C3,Fe7C3 and CaMn204. 
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- Specifically, with the progress of metallization, the concentration of the original oxide phase decreased with 

reduction time and a new oxide phase - Ca2FeMnO5  - occured. 

- The Fe7C3 appeared as the predominant iron carbide phase early in the reduction test but with progress of met-

allization, this phase disappeared and was replaced by increasing amounts of Fe3C. 

- Generally, the higher the concentration of methane in the reducing gas, the sooner the Fe3C appeared potential-

ly due to the higher amount of carbon availability from the decomposition of more CH4. 

- Manganese ore was reduced primarily to carbide Mn7C3 at lower temperature range of the experiments, but at 

1200
o
C the dominant reaction product was Mn5C2. 

The extent of reduction required for each phase to appear was dependent on the reaction time and hence on the 

percent metallization the sample had undergone, and on the reducing gas composition, temperature and hence the 

amount of carbon deposited. 

The particle morphologies were studied mainly by means of photomicrographs of the back- scatter images under 

SEM as well as results of the energy dispersive analysis of X-rays (EDAX) across particles under different reducing 

conditions. Figures 4, 5 and 6 compare the resulting particle morphologies using 10% CH4 in Ar, 20% CH4 in Ar, 30 % 

CH4 in Ar at temperatures 1100ºC and 1200ºC at times of 20, 30, 60, 90, 120 minutes for 1100ºC and 20, 30, 60 minutes 

for 1200ºC. The findings are summarized below: 

Changing CH4 concentration had the effect of changing the kinetic rate and extent of reduction/metallization, 

and that the CH4 did not take part directly in the reduction, mainly because it was not stable at these temperatures, 

cracking around 550ºC. 

Time  10 % CH4 in Ar   

 T=1100ºC T=1200ºC 

20 min 

  
30min 
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60 min 

  

90min  

 

 

120 min  

 

 

Figure 4: Comparison of particle morphologies using 10% CH4 in Ar at temperatures 1100ºC and 1200ºC at periods of 

20, 30, 60, 90, 120 minutes for 1100ºC and 20, 30, 60 minutes for 1200ºC. 

Comparison of micrographs in Figure 4 together with metallization data reveal the following at 1100ºC: product 

morphologies of particles reacted under 10% CH4 in Ar showed that the extent of metallization was around 20-30% for 

periods below 60 minutes but increased to above 50% for 90 and 120 minutes and at higher temperature of 1200
o
C the 

extent of metallization was higher as seen in Figure 4 at 1200ºC for the same gas mixture of 10 % CH4 in Ar. 
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Time  20 % CH4 in Ar   

 T=1100ºC T=1200ºC 

20 min 

  
30min 

  
60 min 

  
90min  
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120 

min  

 

 

Figure 5: Comparison of particle morphologies using 20 % CH4 in Ar at temperatures 1100ºC and 1200ºC at periods of 

20, 30, 60, 90, 120 minutes for 1100ºC and 20, 30, 60 minutes for 1200ºC. 

Comparison of micrographs in Figure 5 together with metallization data reveal the following at 1100ºC: particles 

reacted under 20% of CH4 in Ar showed that the extent of metallization was around 40-50% for periods below 60 

minutes but increased to above 50% for 90 and 120 minutes and at 1200
o
C the extent of metallization was higher. 

Time  30 % CH4 in Ar   

 T=1100ºC T=1200ºC 

20  

min  

  
30 

min 
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60 min 

  
90 

min  

 

 

120 

min  

 

 

Figure 6: Comparison of particle morphologies using 30% of CH4 in Ar at temperatures 1100ºC and 1200ºC at periods 

of 20, 30, 60, 90, 120 minutes for 1100ºC and 20, 30, 60 minutes for 1200ºC . 

Comparison of micrographs in Figures 6 together with metallization data reveal the following at 1100ºC: prod-

uct morphologies of particles reacted under 30% CH4 in Ar showed extent of metallization was around 50-60 % for 

periods below 60 minutes but increased to above 70% for 90 and 120 minute and at 1200
o
C the extent of metallization 

was higher over 75% for the same gas mixture of 30% CH4 in Ar. 

Figures 4, 5 and 6 also revealed that the reduction occurred mostly on the particle surface and metallization due 

to the formation and/or existence of cracks or pores were very limited. It can also be deduced from the micrographs 

that at higher temperatures the extent of metallization was higher reaching over 75% at 1200
o
C. 

4. CONCLUSIONS 

This study explored the use of different concentrations of CH4 gas in Ar as the reducing gas medium for better 

understanding of the reduction behaviour of manganese ore at different temperatures. Generally CH4 was an effective 

reductant because it supplied both C and H2 to the reduction site. The reduction sites were limited to the particle surface 

and there were no significant crack and pore formation. Very fine carbon was formed with thermodynamic activity well 

above 1.0 due to cracking of CH4, that ensured the rapid reaction and regeneration of the reductants CO and H2 from 

CO2 and H2O was formed as a result of reduction reactions ensuring the maintenance of a high reduction potential even 
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at lower temperature compared to ordinary carbothermic reduction where maximum carbon activity is 1.0. Manganese 

ore was reduced primarily to carbide Mn7C3 at lower temperature range of the experiments, but at 1200
o
C the dominant 

reaction product was Mn5C2. The higher the concentration of the methane in the gasphase, the higher the resulting reac-

tion rate and extent. It can be also deduced that at higher temperatures the extent of metallization was higher reaching 

over 75% at 1200
o
C. 

5. ACKNOWLEDGEMENT 

Authors wish to thank Bhp-Billiton for partially supporting this research work. 

6. REFERENCES 

[1] Antonov, V. K and Chufarov, G. I. “Reduction of MnO by solid carbon”. Tr. Inst. Met. akad. Nauk SSSR, 

Uralsk. filial, 7, 1961, pp. 101-105. 

[2] De Villiers, J.P.R.“A mineralogical investigation of natural and heated Mamatwan manganese ore”. Johannes-

burg. NIM, technical memorandum, no.1, 1973, 12pp. 

[3] Hahn, W. C and Muan, A. “Studies in system Mn-O. The Mn2O3-Mn3O4 and MnO equilibria”, Am. J. Sci, 

vol.258 (1), 1960, pp. 66-78. 

[4] Jones, R, and Meichack, K. “Thermo. Software for thermodynamic calculations”, Council for Mineral Technol-

ogy, Pyrometallurgy Division, 1990. 

[5] McRae, B. L “The Pre-reduction of Mamatwan-type ores”.NIM. Report - no 2020, 1981, 11pp.  

[6] Pentz, R. D . Msc. Dissertation, Potchefstroom University, 1970. 

[7] Pilter, P. “The Reduction of metallic oxides with solid carbon”, Kohasz.lapok, vol.100, 1967, pp.303-308. 

[8] Pilter, P. “The reduction of manganese oxides in solid state with carbon monoxides and hydrogen”. ko-

hasz.lapok, vol.100, 1967, pp. 492-500. 

[9] Rao, Y. K. Met. Trans, vol.2B, 1971, pp. 1439-1447.  

[10] Samancor.  Brochure describing the manganese and iron ore interests of the Samancor Group of companies, Sa-

mancor, Johannesburg, 1979. 

[11] Ostrovski, O, Anacleto, N., and Ganguly, S.“Reduction of manganese ores by methane containing gas” Proceed-

ings: Tenth International Ferroalloys Congress; 1 - 4 February INFACON X, 2004, pp. 173-183, Cape Town, 

South Africa. 

[12] Ostrovski, O. and Zang, G. “Reduction and carburization of metal oxides by methane containing gas”, AICHE, 

Journal, 52, 2006, pp. 300-310. 

[13] Kononov, R., Ostrovski, O. and Ganguly, S. “Carbothermal reduction of manganese oxide in different gas at-

mosphere”, Metallurgical and Materials Transcations B, 39B, 2008, pp. 662-668. 

[14] Kononov, R., Ostrovski, O and Ganguly, S. “Carbothermal solid state reduction of manganese ores: 1”. Manga-

nese ore characterisation, ISIJ International, 49(8), 2009, pp. 1099-1106. 

[15] Kononov, R., Ostrovski, O.and Ganguly, S. “Carbothermal solid state reduction of manganese ores: 3”. Phase 

Development, ISIJ International, 49(8), 2009, pp. 1115-1122. 

[16] Oslen, S. E., Tangstad, M.and Lindstad, T. “Production of manganese alloys”, 2007, pp. 43-110, Sintef and Ta-

pir Academic Press, Trondheim. 

[17] Turkdogan, E. T. Physical chemistry of high temperature Technology, Academic Press, N.Y, 1980. 

[18] Oslen, S. E., Tangstad, M. “Silico-Manganese production process understanding”, Tenth Ferro-Alloy Congress, 

INFACON X, 2004,pp. 231-238, Cape Town, South Africa. 

[19] Akdogan,G . “Kinetics and mechanism of the solid state carbothermic reduction of wessel type ferromanganese 

ores”.PhD thesis, University of Witwatersrand, Johannesburg, 1992. 

[20] Burucu,E.”Kinetics and mechanism of the reduction of mamtwan managanese ore fines by solid carbon” .M.Sc 

thesis, University of Witwatersrand, Johannesburg, 1991. 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 470  
 

The investigation of phosphorus chemical bond in the manganese-ore 

materials 
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ABSTRACT 

The order of phosphorus chemical bond in the monomineral differences, oxide and carbonate concentrates of 

manganese ores has been investigated using X-ray photoelectron spectroscopy and by means of theoretical analysis 

based on the quantum chemistry. The phosphorus is in four energy states expressed by bond energy: 132.4; 133.3; 134.5 

and 135.8 eV. The chemical shift of Р2р-levels is driven by phosphorus chemical bond with cations being present in 

manganese ores and being in different valence state; formation of island, ring and chain orthophosphates and di-

orthophosphates; transfer of electron density from the phosphorus atom to the central modifying cations. Thus, the pres-

ence of direct chemical bond of phosphorus and manganese in the manganese-ore minerals has been clearly established. 

1. INTRODUCTION 

The order of phosphorus chemical bond in the oxide and carbonate manganese ores determines foremost the 

choice of technology for beneficiation and production of low-phosphorus manganese raw materials using mechanical, 

chemical, hydro- and electrometallurgical methods, as well as the efficiency of their implementation in the production. 

The dephosphorization degree of max 30% is mainly achieved due to the impossibility of complete separation of 

manganese and phosphorus using the existing methods of manganese ore beneficiation (washing, gravity jigging, mag-

netic separation, flotation). However, there is no unambiguous scientific explanation of this fact in literature and further 

thorough examination of fine structure of manganese ore mineral constituents and disclosure of order of phosphorus 

chemical bond in the manganese-ore minerals are of great importance. 

The member of the Academy of Sciences A.G. Betekhtin [1], in his earlier papers, gave suggestions that the ma-

jor part of phosphorus in the manganese ores is bonded with manganese and this bond is distinguished by absorption 

nature.  

The investigations [2-4] established the connection between manganese and phosphorous content in the products 

at all beneficiation stages. The IR spectrometry demonstrated that phosphorus is mainly represented by orthophosphate 

group [РО4]
3–

 with predominant bond with manganese. The inclusions with Р, Са, Fе complex has been revealed in the 

mineral composition differences of psilomelane (МnО·МnО2·nН2О) and pyrolusite (МnО2). The pyrolusite ore compo-

nent includes manganapatite containing (in %) 6.0 Р2О5; 3.90 МnО; 61.01 МnО2; 3.23 СаО; 0.87 МgО; 4.33 SiO2; 1.87 

Аl2O3; 1.98 (Nа2О + К2О); 1.91 СО2; 0.64 F; 3.12 Н2О, in which the isovalent substitution of Са
2+

 by cation Мn
2+

 may 

occur. Mn-containing phosphates are represented by mangan-fluorapatite (Са5-x, Мnx) (РО4)3F and silica-fluorapatite 

(Са10-x, Мnх)(РО4)2 (Si4)3F2. In the gangue, phosphorus appears as francolite Са5 (РО4СО2)3F, fluorapatite Са10 (РО4)6F2 

and hydrohylapatite Са5(РО4)3ОН. The carbonate apatite is the main P-containing mineral in the gangue almost in all 

carbonate manganese ores and bonded with manganocalcite and calcium rhodochrosite [5].  

However, there is a standpoint [6] that the main part of phosphorus is in close association with non-metallic min-

erals, which are located between the crystalline individuals of oxide manganese minerals. 

The analysis of manganese ore beneficiation does not support this argument [6], since the dephosphorization de-

gree does not exceed 30% irrespective of the ore-grain release degree at various beneficiation stages. 

When washing the base ores, phosphorus being under transformation into sludge is represented by calcium 

phosphates, however, over 85% of phosphorus remains in the washed ore, which evidences its close bond with ore 

component. 

During gravity preparation with increase in the density of fractions from 2.4 to 3.2 g/cm
3
, and, consequently, 

with Mn content growth, the phosphorus redistribution is attributed to the ore oxidation degree and the ratio of Mn
P

%
%

 in 

the final product grows, when manganite (МnО·ОН) compound increases in the ores. 

The investigations of magnetic separation products show that considerable part of phosphorus in them is repre-

sented by Mn-containing minerals and its absolute content increases directly proportional to the manganese increase in 

the concentrate. Only up to 15% of phosphorous is removed in tailings. 

The study of possibility to beneficiate mineral differences of manganese ores: carbonate apatite, manganite, py-

rolusite, psilomelane (Са, Мn) СО3 and calcium rhodochrosite (Мn, Са) СО3 using flotation methods demonstrated 
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that pyrolusite, manganocalcite and psilomelane are harder to be beneficiated. Thus, the direct relationship between the 

manganese and phosphorous recovery into marketable products has been evidenced. 

In the paper [6], the correlation relationship between the manganese and phosphorus content in the beneficiated 

and non-beneficiated ore fractions is explained by the mechanical redistribution of phosphate components, mainly relat-

ed to non-metallic grains of the gangue that, in our opinion, is debatable. 

2 EXPERIMENT 

The presence of fine-grained phosphorous in the ores (2-4 µm) imposes restrictions on possibilities of the con-

ventional investigation methods. In the present paper, the order of phosphorus chemical bond has been investigated 

based on the analysis of bond energies of external electron levels of phosphorus atom in different manganese-ore mate-

rials. The samples of the main mineral differences of oxide ores from Nikopol deposits – pyrolusite (β-МnО2), manga-

nite (МnО2·Мn(ОН)2), psilomelane (МnО·МnО2·nН2О), as well as oxide and carbonate concentrates, the chemical 

composition of which is presented in Table 2.1, were used as the investigation objects.  

Table 2.1: Chemical composition of manganese minerals and concentrates, % wt 

Material  

M
n

O
 

M
n

O
2
 

F
e 2

O
3
 

S
iO

2
 

A
l 2

O
3
 

C
a

O
 

M
g

O
 

K
2
O

 

N
a

2
O

 

P
2
O

5
 

L
O

I 

Natural materials: 

 

pyrolusite manganite 

psilomelane  

Concentrates: 

oxide 

carbonate 

 

 

4.6 

31.3 

4.3 

 

8.1 

37.3 

 

 

79.80 

49.20 

62.30 

 

57.15 

- 

 

 

0.9 

1.1 

2.3 

 

6.05 

3.85 

 

 

4.6 

3.4 

9.2 

 

16.1 

11.9 

 

 

0.12 

0.17 

1.15 

 

2.94 

2.00 

 

 

2.12 

13.40 

1.30 

 

2.71 

12.10 

 

 

0.90 

0.20 

1.44 

 

1.05 

2.22 

 

 

0.46 

0.56 

1.04 

 

1.46 

0.31 

 

 

0.33 

0.24 

0.76 

 

0.62 

0.22 

 

 

0.595 

0.612 

0.573 

 

0.530 

0.480 

 

 

9.06 

5.32 

7.36 

 

10.2 

29.6 

The investigations were carried out with electron spectrometer ES-2402, which makes it possible to evaluate the 

electronic structure of solids by energy distribution of electrons emitted under X-ray exposure. The X-ray tube with 

magnesium anode and maximum permitted capacity of 300 W (anode current is 30 mA, anode voltage is 10 kV) was 

used as X-ray source. The vacuum in the analytical chamber of the spectrometer was 1·10
-7

 Pa. 

The absolute spectrometer resolution measured by 4f 7/2-golden peak was 1.2 eV, when the analyzer transmission 

energy Еan is 50 eV and intensity is 5·10
-4

 imp/s. The spectrometer was calibrated by Fermi edge in nickel using mag-

nesium radiation. The bond energies at the extreme points of energy range were Еbond (Аu4f7/2) = 84.0 and Еbond (Сu2р) 

= 932.6 eV. The scanning voltage assigned by the program was set within 0.09 eV at Uscan = 1000 V, which was con-

trolled by digital voltmeter. The reproducibility of Аu4f7/2 line maximum position was ± 0.025 eV. The closed circuit 

with anode cooling by distilled water was used to reduce the leak current of X-ray tube anode. 

The aluminum shields with inlet and outlet openings for X-ray photon beam and photoelectron flux respectively 

were used to eliminate the inequality of the surface charging of the non-conductive specimens in question. С1s-line was 

used as calibration spectrum for recording the surface charging magnitude. The magnitude of maximum bond energy of 

285.0 eV was set for the above mentioned line. The time for one spectrum accumulation was 10-50 minutes. The select-

ed scanning pitch was 0.025 eV. 

The material powders prepared by abrasion of coarse-grained samples in air (in the agate mortar) were employed 

as investigation objects. 
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Figure 2.1: Schematic diagram of X-ray photoelectron spectrometer ES-2402 

The schematic diagram of the above described spectrometer is presented in Fig. 2.1. The ionizing radiation flux 

from X-ray tube 2 is directed to the specimen 1 with the area of 1 cm
2
, fixed on the manipulator in the analytical cham-

ber. The electrons emitted by the specimen enter the electron-optical lens 3, which focuses them onto the entrance slit 4 

and restrains to the transmission energy of electric analyzer 5 equipped with spherical capacitor 6. Using the adjusting 

electrode 7, the electron flow through the exit slit 8 is directed to the detector 9, which is represented by channel elec-

tron multiplier that enables immediate recording of the spectrum and its transmittance to the counter 10, compatible 

with ECM 11, which makes discrete recordings of spectra of emitted electrons. 

The electrons emitted by the sample, entering the hemispherical analyzer, are subjected to the spatial separation 

induced by the electrostatic field, depending on their kinetic energy, and enter the channel electron multiplier (with the 

relevant energy), which is represented by the device with continuous diode surface. The signal is extracted in the single-

electron pulse counting mode. The pulses, from output of the electron multiplier, successfully enter the pulse counter 

through the matching unit, where they are amplified, discredited by amplitude and transmitted to the ECM data entry 

for collection and processing. 

3. RESULTS 

The experimental data obtained during the investigations are presented as spectrograms, which coordinate the in-

tensity I, imp/s at the given point and the bond energy Еbond, eV (Fig. 3.1). 

The X-ray photoelectron spectra of the main levels of phosphorus - Р2р, manganese - Мn2р, calcium - Са2р, sil-

icon - Si2р, potassium - К2р, oxygen - O1s were taken, interpreted and analyzed. The spectrum of the main phosphorus 

level with maximum of Еbond = 285.0 eV used for further adjustments of other spectra in case of deviations of spectrum 

Еbond from the tabulated value, as provided by standard procedure [7, 8] was taken as reference.  

Table 3.1 shows the experimental values of bond energies (Еbond) of electronic 2р-levels of phosphorus for the 

materials in question. 

Table 3.1: Bond energies of internal electron 2р-level of phosphorus of monomineral fractions and concentrates of 

manganese ores  

Material 
Ebond, EV, corresponding to the peaks 

1 2 3 4 

Natural materials: 

pyrolusite  

manganite 

psilomelane 

Concentrates: 

oxide 

carbonate 

 

132.4 

132.4 

132.5 

 

132.4 

132.5 

 

133.3 

133.3 

133.3 

 

133.3 

133.5 

 

134.4 

134.4 

134.4 

 

134.5 

134.4 

 

135.8 

135.8 

135.8 

 

135.8 

135.8 
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Figure 3.1: X-ray photoelectron spectra of electron 2р-levels of phosphorus in the manganese-ore materials: a — pyro-

lusite; b — manganite; c — psilomelane; d — oxide concentrates; e — carbonate concentrate. 

The sequential comparison of spectra for mineral differences and concentrates demonstrated that phosphorus ap-

pears in the main four peaks (1-4), corresponding to Еbond = 132.4; 133.3; 134.5 and 135.8 eV (Fig. 3.1). All four types 

of peaks are most clearly expressed for oxide manganese concentrate (Fig. 3.1 d). 

X-ray photoelectron spectroscopy based on the photo-effect phenomena using monochromatic X-ray makes it 

possible to determine the energy of electron levels of phosphorus atom in question on the basis of the measured kinetic 

energy of photoelectrons. 

The fundamental equation used to describe the photoelectron process is Einstein's equation: 

i

Kkin EEEhv
f


''

, (3.1) 

where, hv  is photon energy; 
iE  is total initial atom energy; 

'

kinE
 is kinetic energy of knock-on electron; 

f

KE
'

 is total atom energy in the final state after electron departure from state with quantum number К: 

r

KK EEE
ff


'

, (3.2) 

where, 
rE  is recoil energy (Er = 0.1 eV for valence lithium electrons and 0.04 eV for sodium at excitation 

energy of hv = 1500 eV) and it can be ignored. Subsequently, the expression (2.1) simplifies to:  

i

Kkin EEEhv
f

 '

, (3.3) 

where, 

i

K EE
f


 is energy required for removal of electron at infinity with zero kinetic energy that char-

acterizes the bond energy level: 

i

KКbond EEЕ
f

)(
, (3.4) 

subsequently: 

'

kinbond EhvЕ 
. (3.5) 
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If we know hv and 

'

kinE
 of knock-on electrodes, we can estimate the bond energy of external electron levels of 

phosphorus atom. As part of the electrostatic model of chemical shift: 

relMadbond EEKqЕ 
, (3.6) 

where, q is effective atom charge in the compound; EMad is Madelung potential describing the interaction of 

electrons of atom in question with nuclei and electrons of the entire molecule; Еrel is relaxation energy describing the 

impact of changes in the atom wave functions after photoelectron removal, as well as redistribution of electron density 

between the atoms in the molecule. 

4. DISCUSSIONS 

Each chemical element has its own specific number of values for Еbond for inner electrons. The changes in the 

charge configuration in the valence shell of element atom attributed to the change in degree of its oxidation, coordina-

tion and bond character result in variations of Еbond of core levels (chemical shift), which is the main source of infor-

mation about chemical bond character. 

As it is known from quantum chemistry [9], the valence serves as a quantitative measure of atom capability to 

form the chemical bonds. However, well-defined bond corresponds to each integral-valued valence state in the mole-

cule. These bonds differ in energy, length, polarity and orientation in space (ϭ -, π -bonds). We can evaluate the charac-

ter of chemical bond accompanied by the recombination of valence electronic atom shell and electron collectivization 

based on the bond energy of internal electron levels of phosphorus as the main characteristic of valence state of phos-

phorus atom in combination. The character of chemical bond is described by chemical structure of molecules (topolo-

gy), spatial structure (nuclei location and motion in space) and electronic structure (orientation and location of electron 

density). 

The chemical shift (∆Еbond) of internal electron levels serves as a characteristic of atom state change during its 

transmission from element into compound (molecule). The bond energy of inner electron in the free atom is composed 

of interaction energy between the electron and atomic nucleus, kinetic energy, энергии interaction energy with other 

electrons and valence electrons. 

In conjunction with electron bond energy in the atom, the bond energy of the mentioned electron with other elec-

trons and nuclei will be added. Since the wave function of inner electron is different from zero in the immediate vicinity 

of its nucleus and overlapping of wave functions of electrons of other atoms is extremely small, the wave function of 

inner atom electron slightly changes during transformation from the atom to the compound. As a consequence, the 

change in bond energy during transformation from the free atom to the compound will be mainly caused by the changes 

in the interaction energy of inner electron with valence electrons [8]. Thus, the value of chemical shift is determined by 

difference of bond energies in the compound and in the atom: 

∆Еbond = Еbond (М) – Еbond (А) (4.1) 

The bond energy of internal electron 2р-levels of phosphorus equal to 130.1 eV [8] was taken as reference one. 

The changes in the bond energy or chemical shift ∆Еbond, as the analysis shows, is primarily attributed to the var-

iation of the valence state of the atom itself and the valence state of atoms of the nearest neighbors, spatial (nuclear) and 

electronic structure of the compound and motives included in it. 

It has been established that chemical shift of inner electrons in the compound depends linearly on the total num-

ber of valence electrons п and formal oxidation level N: 

∆Еbond = CnN, (4.2) 

where, С is a constant. The positive chemical shift of X-ray electron line of the element in the compound has 

the upward trend, when the formal positive oxidation degree increases. However, the ranges of bond energy values for 

different oxidation degrees may be overlapped. The shift of X-ray electron line depends on the formal oxidation degree 

of the element and the negative charge of the complexes. When the positive oxidation degree increases, the electron 

density on the element decreases and the general upward trend of bond energy with oxidation degree level is observed. 

To determine the oxidation degree of the element by chemical shift of X-ray electron line, it is necessary to take 

into account the immediate environment character of the element in question. When the oxidation increases by one unit, 

the line shift increases by about 1 eV, if the anionic complexes remain unchanged [8]. 

Let us analyze the changes in the bond energy (Еbond) and chemical shift (∆Еbond) of internal electron 2р-levels of 

phosphorous in the isoelectronic compounds of type Меп[РхОу]
z-

 in terms of the impact of change in the valence condi-

tion of the nearest neighboring cation Ме and in the charge of phosphorus-oxide complex [РхОу]
z-

. Keeping in mind the 

principles [8] established for oxides [8], it is conceivable that for the phosphate compounds Меп[РО4]
3-

 (Ме is modify-

ing cation; Р is phosphorus-element-structure-forming agent), the shift  ∆Еbond of electron 2р-levels of phosphorus shall 
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increase along with the increase of valence state of modifying cation. With due regard for the complex chemical com-

position of pyrolusite, manganite, psilomelane, oxide and carbonate manganese concentrates in question (Table 2.1), it 

is reasonable to expect that bond energy of internal electron 2р-levels of phosphorus shall vary due to the different va-

lence state of neighboring modifying cations (К
+
, Nа

+
, Са

2+
, Мп

2+
, Мп

3+
, Мп

4+
, Fе

3+
). 

It is usual that phosphorus as element-structure-forming agent forms the orthophosphate motive [РО4]
3- 

with 

all the modifying cations. The linear dependence ∆Еbond-nN (Fig. 4.1) meets the regular changes ∆Еbond of electron 

2р-level of phosphorus in the compounds with various modifying cations of II period. In such a case, the following 

compounds
   3

43 POK
,

   3

24

2

3 POCa
, 

   3

4

3 POFe
, 

   3

24

2

3 POMn
, 

   3

4

3 POMn
,

   3

44

4

3 POMn
 are 

formed. It is evidence that there is a direct bond of phosphorus with manganese in the valence state Мn
2+

, Мn
3+

, 

Мn
4+

, the presence of which has been established upon the obtained results of spectra of electron 2р-levels of manga-

nese. 

 

Figure 4.1: The relationship between the chemical shift of Р2р-levels and formal oxidation level of modifier in the 

compounds: 1 — Аg3РО4; 2, 3 — К3РО4; 4 — Nа3РO4; 5 — Са3(РO4)2; 6 — FеРO4; 7 — Мn3(РO4)2; 8 — МnРО4; 9 

— Мn3(РO4)4. 1, 2, 4, 6 — the present papers [8]; 3, 5, 7-9 — the results of the present paper. 

The peaks of bond energies of core electron levels of phosphorus of high intensity for mineral differences of 

pyrolusite, manganite, and psilomelane identify the presence of its crystal-chemical bond with 3d-transition metals 

Мn
2+

, Мn
3+

, Мn
4+

, Fе
3+

 and cannot be explained only be gangue presence, as evidenced in the paper [6]. 

As noted previously, the chemical shift of the internal electron levels of element-structure-forming agent of 

phosphorus in combination with the same modifying elements is also determined by the negative charge (z) value of 

complex anion [РхОу]
z-

. 

The basis of spatial coordination of dimeric phosphorous oxide Р4О10 is represented by molecule-cell with tet-

rahedral packing of four oxygen atoms around one phosphorous atom at six bridging oxygen atoms О
M

, bonding the 

phosphorous atoms and four unbound oxygen atoms O
O
. If the phosphorus oxide dimer is polymerized by modifying 

cations Мn
2+

, Мn
3+

 и Мn
4+

 the phosphorous-oxide motives of island [РO4]
3-

, ring [Р3O9]
3-

 and chain [Р3О10]
5-

 types 

and diorthophosphate [Р2O7]
4-

 (Fig. 4.2) may be released. 
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Figure 4.2: Topology (structure formula) of dimeric phosphorous oxide molecule and spatial structure of phospho-

rus-oxide motives of tetrahedral coordination: a — island orthophosphate motive [РО4]
3-

; b — ring motive [Р3О9]
3-

; c 

— dimer Р4О10; d — chain motive [Р3О10]
5-

; e — diorthophosphate motive [Р2О7]
4-

; 1 — phosphorus atom; 2 — un-

bound oxygen (О
O
); 3 — bridge oxygen (О

M
); 4 — end oxygen (О

K
). 

Table 4.1: Chemical shift of 2р-levels of phosphorus for various phosphorus-oxide motives in the compounds with Na 

[8] and Мn (data indicated in the present paper) 

Metal 
∆Еbond, eV for motive 

[PO4]
3-

 [P3O9]
3-

 [P2O7]
4-

 [P3O10]
5-

 

Na 2.2 2.3 3.0 4.0 

Mn 3.1 3.1 4.4 5.7 

The comparison of calculated values ∆Еbond, phosphorus of 2р-levels (Table 4.1) for manganese phosphate with 

literature data for analogous sodium phosphates shows that regular increase of shift ∆Еbond is observed with increase in 

the negative charge (Z) of anion [РхОу]
z-

 with change in the valence state of neighboring modifying cation from  Nа
+
 to 

Мn
4+

. In such a case, the more the cation valence is, the greater the value of ∆Еbond, phosphorus of 2р-levels is. The 

reason for change in the bond energy of each atom in the compound is a redistribution of electron density between the 

modifier atoms and the structure-forming agent atoms in the complex anionic motives. In these conditions, when the 

chemical shift of internal electron levels of atom in the compound increases, the electron density for the atom is 

reduced. 

Thus, the increase in the bond energy of 2p-levels of phosphorus, which is observed after coordination of phos-

phorus-oxide motive by transition metal (Мn) shows the transfer of density from the phosphorus atom to the central 

atom. When the negative charge (z) anion [РхОу]
z-

 in the row [РO4]
3-

 → [Р2O7]
4-

 → [Р3О10]
5-

 changes, the number of 

oxygen atoms is decreased by 1 phosphorus, from 4 to 3.5 and 3.3 respectively and the number of bridging oxygen at-

oms increases from 0 to 1 and 2. 

The bridging oxygen atoms (O
M

) in the anionic motives are more stably bonded than the end ones (О
K
) and the 

bond energy О
M

 in the complexes is greater than bond energy O
K
.  

Relying on theoretical analysis of experimental and literature data and considering the complex chemical com-

position of natural manganese minerals, oxide and carbonate concentrates, it is possible to state that four energy states 

of internal electron 2р-levels of phosphorus are attributed to the difference of valence conditions of the nearest neigh-

boring modifying cations К
+
, Nа

+
, Са

2+
, Fе

3+
; manganese presence in three valence states (Мn

2+
, Мn

3+
, Мn

4+
); change 

of structural motive [РO4]
3-

 within one coordination group in the form of ring [Р3О9]
3-

 and chain [Р3О10]
5-

 ortho- and 

diorthogroups [Р2О7]
4-

 with increase in the bridging oxygen portion; transfer of electron density from the phosphorus 

atom as a structure-forming agent to the central modifying atom - manganese. 

In X-ray photoelectron spectrograms, the peaks 1 and 2 (Fig. 3.1) complies with orthophosphates К3РO4, 

(КNа)3РO4 with Еbond = 132.4 and Са3(РO4)2 with Еbond =133.3 eV, in which the island tetrahedrons [РO4]
3-

 have no 

common bond; the bridging oxygen O
M

 is not available at three end oxygen atoms O
K
 (Fig. 4.2). This energy state of 
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internal electron 2р-levels of phosphorus in the specimen in question is attributable to the phosphorus inclusion in the 

mineral composition of apatite, hydrohylapatite, fluorapatite, carbonate apatite and manganapatite. In the apatite struc-

ture, the calcium and oxygen (fluorine) atoms are combined into rhombohedral prism of two types, which are bonded 

with РO4-tetrahedrons. The last one can be interchanged in the carbonate apatite: [РO4]
3-

 ↔ [СO3OН ]
3-

. 

The peaks 3 and 4 (Fig. 3.1) are attributable to the formation of diorthophosphates (Еbond = 134.5 eV) on the ba-

sis of phosphorus-oxide motives [Р2O7]
4- 

with one bridging oxygen atom O
M

 and four end oxygen ions О
K
, transferring 

the electron density from the phosphorus atom to the central atom on the basis of 3d-transition metals Мn
2+

, Fе
3+

, which 

form the complexes of type [Мn2Р2O7], [(Мn,Fе)2Р2O7], [Fе4(Р2O7)3]. The peak 4 (Еbond = 135.8 eV) distinguishes the 

formation of diorthophosphate [Р2O7]
4-

 and chain fluorophosphates motives [Р3О10]
5-

 on the basis of Мn
2+

, Мn
3+

, Мn
4+

. 

The high bond energy of the third and fourth energy states of internal electron 2р-levels of phosphorus complies with 

formation of phosphate complexes on the basis of manganite МnO2·Мn(OН)2 and psilomelane МnO· МnO2·Н20, in 

which the absorbed phosphorus can replace the hydroxyl groups ОН. 

The investigations dedicated to the order of phosphorus chemical bond in the manganese concentrates and 

monomineral differences of manganese ores made it possible to line out the route of transformation P4O10→[PO4]
3-

 [10-

11], which, with due regard to the carbon reduction processes, can be represented by the sequential row Mn[P3O9]2→ 

Mn5[P3O10]2→ Mn2[P2O7]→ Mn3[PO4]2 according to the equations: 

1,5P4O10 + 3MnO = Mn3[P3O9]2 (4.3) 

Mn3[P3O9]2 + 18C = 3MnP2 + 18CO (4.4) 

1,5P4O10 + 5MnO = Mn5[P3O10]2 (4.5) 

Mn5[P3O10]2 + 20C = Mn5P6 + 20CO (4.6) 

1,5P4O10 + 6MnO = 3Mn2[P2O7] (4.7) 

Mn2[P2O7] + 7C = 2MnP + 7CO (4.8) 

1,5P4O10 + 9MnO = 3Mn3[PO4]2 (4.9) 

Mn3[PO4]2 + 8C = Mn3P2 + 8CO (4.10) 

The changes in the manganese-phosphorus ratio in the course of sequential polymerization P4O10→[PO4]
3-

 , as 

well as carbon quantity per phosphorus unit, required for neutralization of excess charge, are presented in Table 4.2. 

Table 4.2: The changes in the ratios of Р
Mn

 and Р
С

 for reactions (3.3-3.10) 

Parameter  
Polymerization and reduction reactions 

(3.3-3.4) (3.5-3.6) (3.7-3.8) (3.9-3.10) 

Р
Mn

 

0.5 0.833 1.0 1.5 

Р
С

 

3.0 3.33 3.5 4.0 

5. SUMMARY 

As can be seen from the above, the experimental investigations of bond energy of internal  electron 2р-levels of 

phosphorus in the pyrolusite, manganite, psilomelane, oxide and carbonate concentrates and theoretical analysis of the 

obtained results made it possible to establish that phosphorus is in four strongly pronounced energy states. This is at-

tributable to the following factors: presence of chemical bond between phosphorus-oxide motives [РO4]
3-

 and modify-

ing cations – the main components of manganese ores in various valence state: К
+
, Na

+
, Са

2+
, Мn

2+
, Fе

3+
, Мn

3+
, Мn

4+
; 

formation of more complex ortho- and diorthophosphate motives [Р3O9]
3-

, [Р2O7]
4-

 и [Р3О10]
5-

, directly connected with 

modifying cations Мn
2+

, Мn
3+

, Мn
4+

; transfer of electron density from the phosphorus atom – structure-forming agent 

to the central atom of transition metal (Fе, Мn) – modifying element. 

The analysis of the identified model of manganese and phosphorus co-reduction during carbon reduction melting 

of ferromanganese using flux-free method with simultaneous production of marketable alloy and charge manganese 

slag demonstrates that for each phosphorus unit for its removal from anionic skeleton of enhanced negativity it is re-

quired to increase the input of acceptor atoms of carbon reduction, the quantity of which per unit of phosphorus in-

creases from 3 to 4. The priority accompanying condition is a mandatory manganese reduction, which increase as long 

as the phosphorus concentration in the slag decreases. 
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ABSTRACT 

Carbothermal reduction of silica in silicomanganese production includes the dissolution of silica in slag and the 

reduction of silica from the slag. In industrial production of silicomanganese, with 17 – 20 wt% Si, the slag contains 

38-44 wt% SiO2, which is below the saturation level in equilibrium with quartz. On the other hand, the partitioning of 

silicon between metal and slag is generally close to equilibrium. This implies that the dissolution of quartz into the slag 

is the rate limiting step in the reduction process.  

The dissolution rate and solubility of quartz in silicomanganese slags were studied in the temperature range of 

1400 -1550 °C under argon. The dissolution rate of silica was measured using a rotating rod technique; the silica solu-

bility was determined in static experiments using the drop-quench technique. The solubility of silica was also calculated 

using the Multiphase Equilibrium (MPE) thermodynamic software developed by CSIRO. The effects of additives (CaO, 

MnO, SiO2 and Al2O3) on the quartz dissolution rate and solubility were also examined. 

Under the experimental conditions employed the dissolution rate of quartz was controlled by mass transfer of 

silica in the slag. Silica diffusion coefficient in silicomanganese slag varied from 0.9x10
-7

 to 1.3x10
-6

 cm
2
/s, depending 

on temperature and slag composition.  Activation energy for the diffusion of silica in the slag was found to be 367 

kJ/mol.  The addition of 10 wt% CaO decreased the activation energy to 115 kJ/mol, while the addition of 10 wt% Al2O3 

increased the activation energy to 430 kJ/mol. The effect of slag composition on silica diffusivity is discussed in relation 

to the structure of molten slags. 

The carbothermal reduction of silica from the mixture of manganese ore and quartz at 1600 
o
C in CO atmos-

phere was also studied. The experimental results are compared with equilibrium data calculated using FACTSage.  

Introduction 

SiMn alloy is produced in the temperature range of 1600-1650°C. Excavation of SiMn furnace [1] has revealed 

the presence of coke, liquid metal, slag and unreacted quartz in the reduction zone adjacent to the coke bed. Reduction 

of silica includes two processes; dissolution of quartz into the molten slag and reduction of dissolved silica to the metal-

lic phase. Concentration of silica in SiMn slag is 38-44 wt% [1], which is much lower than the silica-saturation value 

[2]. This trend implies that the reduction of silica from SiMn slags is faster than the dissolution of quartz (cristobalite) 

into molten slag; therefore dissolution of silica into SiMn slag could be a rate limiting process in production of SiMn 

alloy. 

Knowledge of the rate of dissolution of quartz into the slag is important for developing understanding of the re-

duction reactions. No data on the dissolution rate and diffusivity of silica in industrial SiMn slag were found in litera-

ture. 

Dolan and Johnston [3] studied diffusion of Mn, Fe, Ca and Si in molten silicate slag (Al2O3, SiO2, CaO) over 

the temperature range of 1400-1600°C using the semi-infinite capillary method. They found a relationship between 

“molecular structure” of melts and diffusivity. A decrease in the average size of the silicate anions resulted in increasing 

diffusivity of all species. Silicon exhibited the lowest effective diffusivity (10
-6

 cm
2
/s) among the examined species [3]. 

Liang et al. [4] used an isotope tracer method to measure self diffusion of calcium, aluminum, silicon and oxy-

gen in molten CaO-Al2O3-SiO2 at 1500 °C and 1 Gpa. According to their results, the self diffusion coefficients of spe-

cies increased with the decreasing melt viscosity. They also found that self diffusion coefficient of silicon was the low-

est (1.8-39.2 Χ 10
-8

 cm
2
/s) while calcium had the highest self diffusivity. 

Keller and Schwerdtfeger [5] also used the capillary technique to measure the tracer diffusivity of Si in CaO-

SiO2 melts at 1600 °C. According to their results, the diffusivity of Si decreased with increasing silica content. 

Mellberg and Lundstrom [6] studied the transfer of Si between a liquid Fe-Si alloy and molten CaO-Al2O3-SiO2 

slags with a small amount of CaF2 at 1350°C and 1450°C using the electrochemical galvanostatic method. They found 

that the rate of transfer of Si was controlled exclusively by diffusion in the slag. According to their report, chemical 

diffusivity of silica in the slag increased from 10
-7

cm
2
/s at 1350°C up to 10

-6
 at 1450°C. 

The relationship between the structure of melts and their transport properties was examined by a number of in-

vestigators [7-11]. Mills [11] examined the relationships between structure of silicate slags and their viscosity, diffusivi-
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ty and density; he demonstrated a good correlation between transport properties of melts and the depolymerisation pa-

rameter in such melts.  

The present paper studied dissolution rate and diffusivity of silica in industrial SiMn slag at temperatures in the 

range of 1400 to 1550°C. Carbothermal reduction of silica from the manganese ore-quartz mixture was also examined 

at 1600
 o
C in CO atmosphere.   

2. Experimental  

2.1 Dissolution rate 

The master slag supplied by Tasmanian Electro Metallurgical Company (TEMCO), was crushed and then kept in 

oven at 150 °C overnight to remove moisture. Table 1 shows the chemical composition of the slag determined using 

XRF. The liquidus temperature of the master slag was estimated to be 1320°C.  

Table 1. Chemical composition of industrial SiMn sla 

Component K2O MgO MnO CaO Al2O3 SiO2 

Content, wt% 2.7 5.5 15.3 19.2 12.4 44.9 

The dissolution experiments were conducted in a vertical tube furnace manufactured by the Ceramic Engineering 

Pty Ltd. The furnace consisted of three U-shaped MoSi2 heating elements and an alumina tube (50 mm ID and 800 mm 

long). The temperature inside the furnace was monitored by a type R thermocouple located outside the furnace tube. 

Both ends of the furnace tube were sealed with water cooled fittings.  

In rotating experiments, fused quartz rods (20 mm diameter and 200 mm long ) in tolerances of ±1.5%, with a 

purity of >99% supplied by Technical Glass Products, Inc., USA were used. Figure 1 shows a schematic of the experi-

mental set-up. In each experiment, about 130 grams of crushed slag was contained in a Mo crucible (30 mm OD, 60 

mm high) sitting on a platform which was placed on an alumina tube. The alumina tube had the provision for a type-R 

thermocouple. 

During the process of furnace heat-up with rate of 300 °C/hour, the tip of the quartz rod was located in the center 

of hot zone while the Mo crucible containing slag was positioned about 10 mm below the quartz rod. After reaching the 

target temperature, the slag was allowed to homogenize for 2 hours. Argon with flow rate of 0.3 L/min was passing 

through the system during experiment. 

The Mo crucible was then raised manually to immerse 25-40 mm of quartz rod in molten slag and then quartz 

rod started rotating. For sampling at different time intervals, Mo crucible was lowered down to the initial position and 

slag was sampled using a cold Mo strip (2 mm wide). The Mo strip was dipped into molten slag from top of the furnace, 

then quickly removed and rapidly quenched in cold water. The slag samples were dried in an oven overnight and 

crushed for XRF analysis. 

 

Figure 1. Schematic of rotation experiment set up 
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The solubility of silica in SiMn slag was measured by reaction between quartz crucible and slag under static condition. 

In each experiment, about 1 gram of slag was contained in the crucible (10 mm ID and 30 mm high) which was attached 

to a long alumina tube using Pt/Rh wire. Alumina tube with silica crucible was introduced to the furnace from top. Sili-

ca crucible was placed in the hot zone of the furnace and heated to the target temperature with rate of 300°C/hr. After 

reaching the experimental target temperature, crucible was kept in the hot zone for required reaction time.  

In order to quench the sample, alumina tube was lowered down; the crucible was unattached from alumina tube to drop 

in a bucket of cold water placed under the furnace. The silica crucible with its content was cut and mounted in resin 

followed by polishing for SEM-EDS analysis. 

2.2 Reduction experiments 

The quartz rod used for dissolution rate experiment was grinded down to the size of 1-2 mm and then mixed with 

crushed manganese ore (106-200 µm) supplied by GEMCO (Groote Eylandt Mining Company). XRF analysis of the 

ore is given in Table 2. Carbothermal reduction of manganese ore-quartz mixtures with ratios of 2 to 1 and 1 to 1 with 

30 wt% excess carbon was studied at 1600°C. The experimental set-up for the carbothermal reduction was presented 

elsewhere [12].    

Table 2. Chemical composition of manganese ore 

Component Fe2O3 SiO2 Al2O3 MnO2 K2O Na2O MgO 

Content, wt% 2.4 11.1 5.5 75.0 2.2 0.5 0.2 

3 Experimental results 

3.1 Static experiments 

The quenched samples from static experiment were analysed using SEM/EDS anlysis. Table 3 represents the 

average EDS data of the bulk slag reacted with silica for 360 minutes at temperatures of 1400, 1450 and 1500°C. 

Table 3: EDS analysis of the bulk slag in static experiments 

 

Slag temperature °C 

Slag composition (wt%) 

SiO2 Al2O3 CaO MgO MnO 

1400°C 64.0 8.6 13.3 3.9 9.7 

1450°C 64.8 8.1 12.4 3.6 9.1 

1500°C 68.8 7.4 11.2 3.3 8.3 

Thermodynamic modeling was carried out using CSIRO’s Multi-Phase Equilibrium (MPE) model [13] to calcu-

late solubility of SiO2 in the slag of given composition (Table 1). Experimental results were in a very good agreement 

with MPE data which shows that in static experiments slag was close to equilibrium with quartz. 

3.2 Rotating rod experiments  

Effect of the rotation speed on the dissolution rate of quartz in the industrial SiMn slag was studied at the tem-

perature of 1500°C in the range of 40 to 100 revolutions per minute (RPM). The rate of silica dissolution was calculated 

using the following equation [14]: 

60**100

*

A

Wslope
rate   

(1) 

Where slope (wt%/min) is the slope of SiO2 concentration curve versus reaction time, which was obtained by fit-

ting a straight line through experimental concentration data. W (g) is the mass of slag and A (cm
2
) is the total area of 

silica rod in contact with molten slag. Silica rod used in this experiment was considered as consisting of a disk at the 

bottom and cylinder at the wall. The cylinder height was assumed to be the depth of immersion of the rod into molten 

slag. Consequently total area was assumed to be the area of disk and cylinder in contact with slag.  

3.3 Reduction experiments 

Weight losses measured after 60 minutes carbothernal reduction of manganese ore-quartz mixtures in ratios of 2 

to 1 and 1 to 1 were 38.9 % and 24.8%, respectively. 

Figures 2 and 3 show XRD spectra of reduced manganese ore-quartz mixtures when they were mixed in ratio of 

2 to 1 and 1 to 1, respectively. In reduced manganese ore-quartz mixture with ratio of 2 to 1, no cristobalite was detect-

ed by the XRD analysis. However XRD spectra of the reduced mixture with ratio of 1 to 1 included cristobalite peaks.  
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Figure 2. XRD pattern of the manganese ore-quartz 

mixture with ratio of 2 to1 reduced at 1600°C for 60 

minutes 

 
Figure 3. XRD pattern of the manganese ore-quartz 

mixture with ratio of 1 to1 reduced at 1600°C for 60 

minutes 

The XRD analysis of the reduced samples identified manganese-iron silicides, which were formed during 

process of cooling and solidification. EPMA results showed that the alloy phase formed in the 60-min reduction of 

manganese ore-quartz mixture with ratio of 2 to 1 contained 20.6 wt% Si, 74 wt% Mn and 6.4 wt% Fe; in the reduction 

of the manganese ore-quartz mixture with ratio of 1 to 1, the alloy contained 18.8 wt% Si, 74.1wt% Mn and 6.5 wt% 

Fe. 

When manganese ore and quartz were mixed at a ratio of 1 to 1, different slag phases were formed. Results of 

EPMA of the slag phases formed in carbothermal reduction of manganese ore-quartz mixture with ratio of 1:1 for 60 

minutes reaction times are shown in Table 4. In average, silica content of the slag phase formed during carbothermal 

reduction of Mn ore-quartz mixture with ratio of 1:1 was higher than in the reduction of the mixture with 2:1 ratio. This 

confirms that in the case of manganese ore-quartz mixture at a ratio of 1:1, silica concentration in slag reached the 

saturaion level, while in the reduction of the mixture with 2:1 ratio, all quartz was dissolved in the slag; no cristobalite 

was detected by SEM/EDS and XRD analyses. 

Table 4: EPMA analysis of slag phase in the manganese ore-quartz mixture with ratio 1 to1 reduced at 1600°C (wt%) 

for 60 minutes. 

A: Slag1 

Al Si O Mn K 

1.2 31.0 43.9 23.2 0.7 

1.7 31.9 45.6 19.9 0.9 

1.4 26.7 54.2 17.0 0.6 

B: Slag 2 

Al Si O Mn K 

2.6 36.2 49.3 9.8 2.0 

2.5 35.7 49.1 10.8 1.9 

2.2 35.9 48.8 11.1 1.9 

2.1 35.6 48.7 11.8 1.7 

2.0 35.2 48.4 12.6 1.7 

1.3 35.5 49.1 13.0 1.3 

1.0 35.1 51.5 11.4 0.9 

1.1 36.1 49.2 12.6 0.9 

C: Slag3 

Al Si O Mn K 

8.3 30.8 49.9 7.0 3.9 

8.2 30.8 50.3 6.7 3.9 

5.1 36.2 51.5 4.0 3.2 

4.3 36.6 52.0 4.0 3.1 

4.0 36.7 51.3 4.8 3.2 

3.6 36.9 51.4 5.0 3.1 
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SEM images of reduced samples are presented in Figures 4 and 5. SiC was observed in the reduced samples, although 

it was not detectable by the XRD analysis. 

 

Figure 4: SEM images of manganese ore-quartz mixtures (ratio 2 to1) reduced in CO at 1600°C for reaction time of 60 

minutes.   

 

Figure 5: SEM images of manganese ore-quartz mixtures (ratio 1 to1) reduced in CO at 1600°C for 60 minutes.   

4 Discussion  

4.1 Silica diffusivity in the SiMn slag 

The chemical diffusivity of silica in slags was determined from experimental data on the rate of quartz dissolu-

tion obtained using the rotating rod technique. Mass transfer from the rotating silica rod consisted of two fluxes from 

disk side and cylindrical side of the rod. Mass transfer from the disk and cylinder sides of the silica rod can be described 

by Levich-Cochran [15] and Kosaka et al. [16] correlations, respectively. The following equation for the total mass 

transfer coefficient (
totalk (cm/s)) was derived based on the mass flux from disk and cylinder sides of the silica rod: 

12/54/32/13/26/12/13/2 )(055.0
2

2
)(621.0

2 







 rD

hr

h
D

hr

r
k total





  

(2) 

where   (rad/s) is angular velocity of the disk ).( rV  , r is the radius of the silica rod and h  is the length of the 

rod immersed in the slag; ρ, µ and D are slag density, slag viscosity and diffusivity.  

The total mass transfer coefficient can be calculated using the experimental rate of dissolution, according to the 

following equation: 

slagbs

total
CC

rate
k

).( 
  

(3) 

where 
sC  and 

bC  are concentrations of SiO2 (wt%)  at silica-slag interface and in bulk slag, respectively. Slag density 

slag  was estimated by a model proposed by Mills and Keene [17]. Chemical diffusivity was calculated using equa-

tions (2) and (3). 

According to equation (2) total mass transfer coefficient is proportional to the rotation speed with power of 0.5 

for disk and 0.75 for cylinder. In the case in which the dissolution is controlled by mass transfer in the liquid slag, it is  

expected that the dissolution rate of a disk increases linearly with the square root of rotation speed [18] and, when a 

rotating cylinder is used, the increase in the rate is proportional to the rotation speed in the power of 3/4 [19]. Figure 6 
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shows a linear dependence of dissolution rate of silica in molten SiMn slag on the 0.5
th

 and 0.75
th

 power of rotation 

speed at 1500°C, respectively.This implies that under experimental conditions in this work, mass transfer in the liquid 

phase controls the dissolution rate of silica. 

Dissolution rate and diffusivity were measured in the temperature range of 1400-1550 °C with a rotation speed 

of 60 RPM. At 1400°C, dissolution rate and diffusivity were found to be 3.2×10
-6 

(g.cm
-2

s
-1

) and 1.1×10
-7

(cm
2
/s) re-

spectively. With increasing temperature to 1550°C, the dissolution rate and diffusivity increased to 2.5×10
-5 

(g.cm
-2

s
-1

) 

and 1.2×10
-6

 (cm
2
/s). The uncertainty in estimation of the diffusivity was about ±36 % which is deduced from errors/ 

uncertainties in calculation of the slope of SiO2 concentration data, weight of molten slag, contact area between the 

quartz rod and slag and dissolution rate data.  

 

 A: square root ration 

 

         B: 0.75
th 

ratio 

Figure 6. Dependence of the dissolution rate of silica in SiMn slag on the rotation speed at 1500°C; A: in the power of 

0.5, and B: in the power of 0.75, 

To investigate and quantify the effects of additives on the rate of quartz dissolution and diffusivity of SiO2 in in-

dustrial slag, SiO2, Al2O3, CaO or MnO were added to the master slag in the amount of 10 wt%. The deduced results 

obtained over the temperature range of 1450-1550°C are listed in Table 7. The viscosity of these slags was predicted by 

the MPE software package. The results summarized in Table 7 show the increase in the silica dissolution rate and diffu-

sivity with increasing temperature, and additions of MnO and CaO. Addition of Al2O3 and SiO2 decreased the dissolu-

tion rate and diffusivity.  

Table 7: Measured dissolution rate and diffusivity of SiO2 in the slag with 10 wt% addition of SiO2, Al2O3, CaO and 

MnO  

Slag Initial Slag Composition 

wt% 

Temperature °C Dissolution rate 

(gr.cm
-2

.s
-1

) 

Diffusivity 

(cm
2
/s) 

Master slag SiO2(40.8), Al2O3(11.3), 

MnO(13.9), CaO(17.4), 

MgO(5), K2O(2.4) 

1450°C 1.1×10
-5

 8.2×10
-7

 

1500°C 1.6×10
-5

 8.4×10
-7

 

1550°C 2.5×10
-5

 1.2×10
-6

 

Master slag+10% 

Al2O3 

SiO2(40.8), Al2O3(20.4), 

MnO(13.9), CaO(17.4), 

MgO(5), K2O(2.4) 

1450°C 4.4×10
-6 

9.4×10
-8 

1500°C 8.1×10
-6 

1.9×10
-7 

1550°C 1.8×10
-5 

4.9×10
-7 

Master slag+10% 

CaO 

SiO2(40.8), Al2O3(11.3), 

MnO(13.9), CaO(26.5), 

MgO(5), K2O(2.4) 

1450°C 2.2×10
-5 

8.4×10
-7

 

 1500°C 2.9×10
-5 

1.1×10
-6 

1550°C 4.3×10
-5

 1.3×10
-6

 

Master slag+10% 

SiO2 

SiO2(49.9), Al2O3(11.3), 

MnO(13.9), CaO(17.4), 

MgO(5), K2O(2.4) 

1450°C 2.7×10
-6 

1.5×10
-7 

1500°C 5.9×10
-6

 3.9×10
-7

 

1550°C 1.2×10
-5

 6.4×10
-7

 

Master slag+10% 

MnO 

SiO2(40.8), Al2O3(11.3), 

MnO(13.9), CaO(17.4), 

MgO(14.3), K2O(2.4) 

1450°C 1.8×10
-5 

7.3×10
-7 

1500°C 2.4×10
-5

 9.5×10
-7

 

1550°C 3.3×10
-5

 1.3×10
-6

 

Feichtinger et al. [20] measured diffusivity of silica in slag containing 54.6 wt% SiO2, 34.1 wt% CaO, and 

10.6 wt% Al2O3: diffusivity of silica was found to have a magnitude of 10
-7

 cm
2
/s, which is in a good agreement with 
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the experimental data of the present work for SiO2 dissolution in the industrial slag with addition of 10 wt% CaO at 

1450 °C.  

The observed effects of additives such as CaO on the diffusivity of SiO2 at 1450 °C in the SiMn industrial slag 

are in a good accord with published data [21] on self diffusivity of Si in slag containing 21 wt% Al2O3- 39% CaO-40% 

SiO2 at 1430°C.  

Silicate melts have a complex structure. With increasing silica content of the melt, the 
4

4

SiO  tetrahedra anions 

are linked together to form large-size silicate anions and gradually develop into network structure. In this structure, 

nearly all oxygen atoms act as bridges between two silicon atoms [22]. 

Addition of basic oxides (CaO, MnO and others) to silicate melts results in break down of silicate network and 

formation of non-bridging oxygen ions. Such oxygen ions are bonded to both network modifying metal cations (Ca
2+

, 

Mn
2+

) and tetrahederally coordinated cations (Si
+4

) in the silicate network [21]. 

Additions of SiO2 and Al2O3 to the slag slowed down the dissolution rates and diffusion of SiO2 in the slag. Ad-

dition of SiO2 to the slag decreased the number of non-bridging oxygen while the number of bridging oxygen increased. 

Expansion of a network of
4

4

SiO  tetrahedra slowed the movement of anions leading to a slower diffusion of SiO2 in 

slag. Since the original master slag contains high amount of silica, the number of non-bridging oxygen is so limited.  

The effect of Al2O3 on physical and transport properties of the slag at a given silica content depends upon the ra-

tio of alumina to metal cations such as Ca
2+

, Mn
2+

, K
+
  (R=alumina/metal oxide) [23-27]. In the slag studied in the pre-

sent work, the number of charge compensators is higher than the number of AlO4
5-

 tetrahedra (R<1). With addition of 

10 wt% Al2O3 to the industrial slag, alumina acts as a network former causing increase of the slag viscosity and slowing 

silica diffusion. 

Effect of temperature on the diffusion of silica can be described by the Arrhenius equation [14]: 

)exp(0
RT

Q
DD


  

(11) 

where 
0D  is constant; Q is activation energy for diffusion (J/mol) and R is the universal gas constant (=8.3144 J.mole

-

1
.K

-1
). The chemical diffusivity of silica in the slags versus reciprocal of temperature is shown in Figure 7.  

 

Figure 7. Variation of the diffusivity of silica in the slags with reciprocal of temperature  

The activation energy for silica diffusion in the SiMn slag (367 kJ/mol) decreased considerably with the addition 

of CaO (115 kJ/mol) and MnO (132 kJ/mol). However the addition of Al2O3 and SiO2 had the opposite effect. With the 

addition of 10wt% Al2O3 to the SiMn slag, the activation energy increased to 430 kJ/mol.  

4.3 Reduction of the manganese ore-quartz mixtures 

Chemical composition of equilibrium phases formed in carbothermal reduction of manganese ore-quartz 

mixtures at 1600°C in CO atmosphere were calculated using FACTSage software Version 6.2. Tables 5 and 6 show the 

equilibrium chemical composition of the slag in the reduction of manganese ore-quartz mixtures with ratios of 2 to1 and 

1 to 1, respectively. 

Stoichiometric amounts of graphite for reduction of iron, manganese and silicon oxides to carbides (Fe.Mn)7C3 

and SiC in 100 gr of the mixture of manganese ore-quartz in ratios of 2 to 1 and 1 to 1, were 46 and 41 g, respectively. 

The calculated equilibrium chemical compositions by FACTSage are in a good accord with EPMA results. 

The results predicted by FACTSage for carbothermal reduction of  the ore-quartz mixtures show the effect of the 

amount of graphite added to the mixture on equilibrium phases and chemical composition of phases.  
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Calculation of equiibrium phases confirmed that in the reduction of the ore-quartz mixture with ratio 2:1, all 

quartz was dissolved into the slag phase before the reduction started; neither quartz nor crisobalite were observed in the 

reduction experiments with this mixture. When the ore-quartz ratio was 1:1, cristobalite was in equilibrium with the slag 

phase; experiments showed that the silica concentration in the slag was close to saturation.  

In the presence of excess carbon, calculations showed that all silica was reduced to the metallic phase and SiC. 

However, in experiments with the ore-quartz mixture with 1 to1 ratio, cristobalite was observed even after 60-min 

reduction; equlibrium was not reached. 

Concentration of silicia in the slag from the laboratory reduction experiments was close to the saturation level. 

However, in industrial production of SiMn, silica concentration in the slag was well below the saturation. The 

difference bewteen the results of the reduction experiments and industrial data can be attributed to the difference in the 

quartz-slag contact area. In the laboratory experiments, slag and quartz (1-2 mm particles) were well-mixed and had a 

high contact area. In the excavation of the silicomanganese furnace, observed quartz lumps (up to 50 mm) had a limited 

contact with the slag phase. Dissolution of quartz in the rotating rod experiments, controlled by the mass transfer of 

silica in the slag, was also slow. In these experiments, the surface area of the quartz rod immersed into the molten slag 

was relatively small but the molten slag was well agitated and mixed by the rotating rod. In the static experiments in 

which dissolution of quartz crucible into the molten slag was examined, slag in the vicinity of the crucible was saturated 

with silica within relatively short reaction period, however the bulk slag was not at saturation after 30, 60 or 90 minutes 

of reaction; it reached the saturation level after 180 minutes. 

Table 5: Equilibrium chemical composition of liquid slag (wt pct) in the process of reduction of manganese ore (98.7 g, 

Table 2) -quartz (50 g) mixture at 1600 
o
C calculated using FACTSage 

Amount of graphite 

added to the mix-

ture, g 

SiO2 / 

aSiO2 

MnO/ aMnO Al2O3 FeO K2O Na2O MgO 

0 45.5/0.552 45.5/0.100 4.09 2.81 1.59 0.368 0.149 

25 59.4/0.855 30.2/0.0.0471 7.71 1.72x10
-3

 1.84 0.560 0.278 

50 40.6/0.377 26.2/0.0222 28.7 6.76x10
-4

 0.418 2.18 1.84 

75 - - - - - - - 

Table 6: Equilibrium chemical composition of liquid slag (wt pct) in the process of reduction of manganese ore (98.7 g, 

Table 2) -quartz (100 g) mixture at 1600 
o
C calculated using FACTSage 

Amount of graph-

ite added to the 

mixture, g 

SiO2 / 

aSiO2 

MnO/ aMnO Al2O3 FeO K2O Na2O MgO 

0 57.9/0.963 35.1/0.0569 3.16 2.17 1.25 0.286 0.115 

25 66.7/0.963 24.0/0.0431 6.48 1.6x10
-3

 2.08 0.512 0.234 

50 78.7/0.886 8.11/0.0255 8.76 4.4x10
-6

 3.33 0.756 0.304 

75 45.1/0.495 28.2/0.0229 24.0 9.8x10
-4

 0.468 1.41 0.910 

5 Conclusions 

Dissolution rate of fused silica rod in the SiO2-CaO-MnO-Al2O3-MgO-K2O slags was measured at temperatures 

between 1400 and 1550 °C under argon using the rotating rod method. The dissolution rate increased with addition of 

CaO and MnO to silicomanganese slag, while addition of SiO2 and Al2O3 to the slag resulted in slower dissolution rate. 

The solubility of silica in silicomanganese slag was also studied through a series of static experiments as well as 

through thermodynamic modeling using the MPE model. The experimental data were found to be in a good agreement 

with calculated values.  

Experimental data on quartz dissolution rate and silica solubility were used to calculate silica diffusivity in sili-

comanganese slag with addition of 10 wt% of SiO2, Al2O3, CaO and MnO. The diffusivity coefficient varied from 

0.9x10
-7

 to 1.3x10
-6

 cm
2
/s, depending on temperature and slag composition. Activation energy for the diffusion of silica 

in silicomanganese slag was found equal to 367kJ/mole; it decreased significantly to 115kJ/mole with the addition of 10 

wt% CaO. Al2O3 had an opposite effect increasing the activation energy to 430kJ/mole. 

Carbothermal reduction of manganese ore and quartz mixtures in the ratios of 2 to1 and 1 to1 were conducted in 

CO gas atmosphere at temperature of 1600ºC. Reduced manganese ore-quartz mixture with ratio of 1:1 contained cris-

tobalite and iron-manganese silicides which were formed in cooling process. SiC was also detected in SEM/EDS analy-

sis of reduced samples. No cristobalite was observed in reduced manganese ore-quartz mixture with ratio of 2 to 1. Sili-

ca content in the slag in reduction of the ore-quartz mixture with 1:1 ratio was close to the saturation level. 
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ABSTRACT 

Based on the calculations and analysis of МnO-SiO2-CaO-MgO system, it was found that magnesium oxide ad-

dition in the charge for ferrosilicon manganese melting (as compared to CaO) contributes to the thermodynamic char-

acteristics of carbothermic process, allows to improve physicochemical properties of molten slag and kinetics of man-

ganese and silicon co-reduction from it. 

INTRODUCTION  

It is known [1, 5] that manganese and silicon are reduced from silicate melts under electric melting conditions. 

Thermodynamic calculations show that both magnesium oxide and calcium oxide addition in the ferrosilicon manga-

nese charge results in silication; however, magnesium silicates are characterized by lower thermodynamic strength 

compared to the calcium silicates so that silicon reduction and its recovery in the alloy is simplified. As such, necessity 

for determination and comparison of Gibbs energy values of carbothermic reduction reactions in the charge containing 

magnesium and calcium oxides becomes apparent. 

1. Studies 
 

The most probable reactions during ferrosilicon manganese melting were studied using the data on thermody-

namic preferability of compounds formation in binary and ternary systems that were obtained by the studiers. In such a 

case, the ratio of MnO : SiO2 = 1.5 in the initial mixture for all reactions remained constant, which was equivalent to 

their ratio in the charge for marketable ferrosilicon manganese melting, while МnО and СаО quantities were changed to 

obtain real basicity for industrial (0.2) and test (0.5) charge. The results of calculations performed for ferrosilicon man-

ganese melting temperature range (1573-1873 K) demonstrate that minimal changes in Gibbs energy are observed for 

reaction 5 (Table 1), i.e. for manganese and silicon reduction by carbon in the presence of МnО, when the charge basic-

ity is 0.2. 

Table 1 Thermodynamic characteristics of MnO and SiO2 mixtures reduction reactions in case of MgO and CaO addi-

tions 

  ⌂G
0

T=H
0

298-T⌂S
0
298 T,K at 

⌂G
0
T=0 

No. Chemical equation kJ/mole  

1 0.75 Мn2SiO4 + 0.25 SiO2, + 3.5C = 1.5 Мn +Si + 

3.5CO 

1148.69—0.615Т 1868 

2 0.75Мn2SiO4+ 0.25 Са2SiO4 + 2.5 С = 1.5 Мn+ 0.5Si + 

0.5СаSiO3++1.5 СО 

793.60—0.443Т 1791 

3 0.75 Мn2SiO4 + 0.1 Са2SiO4 + 0.15 SiO2 +3.1С=1.5Мn 

+ 0.8Si + +0.2СаSiO3 + 3.1 СО 

996.52—0.552Т 1805 

4 0.75 Мn3SiO4 + 0.25МgОSiO4 + +2.5С=1.5Мn+ 0.5Si + 

0.5МgSiO3+ 2.5 СО 

791.10—0.448Т 1766 

5 0.75 Мn2SiO4+ 0.1Мg2SiO4 + 0.15SiO2 + 3.1 С = 1.5 

Мn + 0.8Si + + + 0.2 МgSiO3 + 3.1 СО 

999.87—0.573Т 1744 
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Consequently, this reaction is predominant. Magnesium oxide addition decreases theoretical reduction start tem-

perature (Table 1) by 124 K as compared to the reaction 1. For the reaction 2 (basicity is 0.5 as a result of СаО addition) 

theoretical reduction start temperature was 1791 K and 1766 K when СаО was replaced with МgO. 

Furthermore, theoretical reduction start temperature of manganese and silicon is markedly affected by active concentra-

tion of oxides in the molten slag. The studiers examined compositions of ferrosilicon manganese molten slag, the basici-

ty of which varied in the range of 0.22-1 using the method described in paper [3] to evaluate the activity. According to 

the data provided in the paper [2], activity of slag component is expressed by formula ά(i) = C(i)ψ(i), where C(i) is com-

plete analytic element concentration in slag expressed in atomic fractions: ψ(i) = (Σ С(i) е
εij/RT

)
-1

 is atomic activity coeffi-

cient, where K is total number of slag components (number of atom qualities); εij = 
1
/2(Нij

1/2
 — Нj

1/2
) is exchange ener-

gy; НiНj are atomic parameters of i and j elements [2]. 

 

Fig. 1. Relation between activity аМn0 and basicity В of molten slag of МnО-SiO2-МgО (СаО) system at N MgO / NSiO2 

(————) and NCaO/NSiO2(----------) and МnО molar fractions of 0.25 (1); 0.20 (2), 0.17 (3) and 0.11 (4) 

 

Fig. 2. Relation between silica activity άSiO2 and molar fractions of magnesium oxide NМgO (1) and calcium oxide NСаO 

(2) in molten slag of system МnО-SiO2-МgО (СаО). 

2. RESULTS 

The obtained calculated data on changes in the molten slag activity at addition of magnesium and calcium oxides 

(Fig. 1) demonstrate that when the basicity grows within the range of 0.2-1, МnО activity increases by 0.11 and 0.15 

respectively, when МgO and СаО are added. 

As can be seen from Fig. 2, when NCaO increases from 0.22 to 0.32, the silica activity decreases from 0.665 to 

0.580, i.e. by 0.085, and at the same changes from 0.695 to 0.620, i.e. only by 0.075.  

Therefore, it can be assumed that during ferrosilicon manganese melting from charges containing magnesium 

oxide, the silica reduction conditions will be more preferable. 

It is reasonable to consider the results of thermodynamic calculations together with equilibrium diagram patterns. 

The melts formed as a result of ferrosilicon manganese melting can be described based on МnО-SiO2-СаО-МgO qua-

ternary system study. The above mentioned system was studied with thermodynamic and diagram method [4] using the 

data on thermodynamic stability of compounds formed in the oxide mixtures. The Gibbs-Roozeboom triangle was plot-

ted with imaging points of МnО-SiO2-МgO, МnО-SiO2-СаО, SiO2-СаО-МgО compounds existing in the ternary sys-

tems and stable at the temperatures of the process being discussed. Negative change in Gibbs energy for reactions, in 

the equations of which equality sign uncouples the substances, defines stable co-existing phases. On diagram they are 

connected with conoid, so called line of co-existing phases. 
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Fig. 3. Compounds coexistence regions in МnО-SiO2,-СаО-МgO system: 

I-III are sectional planes, when MgO content in slag is 5, 10 and 15% respectively; 1-3 are points corresponding 

to the compositions of intermediate manganese melts during ferrosilicon manganese melting; 4-6 are points correspond-

ing to the final slag compositions, when MgO content in slag is 5, 10 and 15%. 

As can be seen from the above, the quaternary system under study was split into 7 tetrahedron compounds co-

existing in the equilibrium (Fig. 3): С-Мn-С2S-М; С2S-Мn-М-М2S; C2S-Мn-М2S-Мn2S; С2S-Мn2S-СS-М2S; СS-

Мn2S-МnS-М2S; СS-МnS-М2S-МS; СS-МnS-МS-S (generally accepted identification of oxides: МnО-Мn; SiO2-S; 

СаО-С; МgO-М). 

Table 2 Chemical composition of slag being studied, % wt 

Slag No. 

 

MnO SiO2 CaO MgО Al2O3 

1 52.0 34.0 6.0 2.0 3.3 

2 40,4 38.6 8.1 2.9 3.8 

3 27.6 48,4 9.4 3,4 4.9 

4 20.1 49.2 15.7 4.5 6.4 

5 16.0 48.0 17.0 9.0 6.3 

6 15.5 45.0 16.0 13.5 6.0 

The intermediate slag (Table 2, slag 1-4) taken by the furnace horizons [5, 1] and magnesia slag (Table 2, slag 5-

6) collected during the test campaign was used to describe the reduction process mechanism. 

Using the relevant scaling method, the compositions of studied slag were plotted on the quaternary system and 

the direction of changes in its chemical composition during reduction (Fig. 4) was determined for the following reac-

tions: 

(МnS-С2S-М2S-СS) _→ 2 (М2S-Мn2S-МnS-СS) → 3 (МnS-М2S-МS-СS) → 4 (МnS-МS-СS-S) → 5 (МnS-

МS-СS-S) → 6 (МnS-МS-М2S-СS). 

The analysis of Мn-S-С-М system tetraedration show that points corresponding to the compositions of interme-

diate manganese and ore melts (1-3, Fig. 4) during ferrosilicon manganese melting are located in the space limited by 

planes Мn2S-С2S-М2S on the side of line МnО-СаО and МnS-СS-МS on the side of angle SiO2.  
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Industrial ferrosilicon manganese slag (4, Fig. 4) crosses МnS-СS-МS plane, which is characterized by equilib-

rium between silicate melt and SiO2. The presence of free silica in slag demonstrates that reduction process capabilities 

are not employed in fill under industrial conditions. This is probably connected with low kinetic conditions of reduction 

and unsatisfactory physical properties of melts. 

% wt 

Fig. 4. Direction of changes in chemical composition of slag being studied during their carbothermic reduction. 

 

Fig. 5. Private sections of МnО-SiO2-СаО-Мg0 diagram by lines ВF (а), В1F1 (b) and В2F2 (c) (see Fig. З) for various 

MgO content in slag. 

The equilibrium state during SiO2 reduction from magnesia melts (5, 6 Fig. 4) will be also defined by МтS-СS-

МS plane, which shifts toward melts with leaner MnO content (inclination to SiO2 top), when MgO content increases in 

the slag. Moreover, the reduction in thermodynamic strength of magnesium silicates as compared to the calcium sili-

cates predetermines additional energetic preconditions for more complete silica reduction. When MgO content (10%) 

increases in the slag, its imaging point (5, Fig.5, b) shifts closer to the line (i.e. approaches the equilibrium line) and slag 

content is determined by ratio of МS-МnS-СS-S compounds. At the point 6, СS disappears completely, but С replace-

ment with М allows changing profoundly the ratio of М2S-МS phases towards М2S formation that contributes to in-

crease in the process temperature and disruption of silica oxygenic anions, which reduces the viscosity. 

As can be seen from the above, the performed calculations and analysis of МnO-SiO2-CaO-MgO system demon-

strated that MgO additions (as compared to CaO) in the charge for ferrosilicon manganese melting  contribute to the 

thermodynamic characteristics of carbothermic process, allow to improve physicochemical properties of molten slag 

and kinetics of manganese and silicon co-reduction from it. 

SUMMARY 

The thermodynamic calculations of carbothermic co-reduction of manganese and silicon from melts of MnO-

SiO2-CaO, MnO-SiO2-MgO systems, considering the preferable formation of silicate compounds, showed that process-

es of manganese and silicon co-reduction by carbon from silicate melts containing MgO proceed significantly better at 

lower temperatures. If CaO and MgO are replaced in equal molar ratios, the silica activity is increased by 6-8%.  

The thermodynamic and diagram method shows diagram space of MnO-SiO2-CaO-MgO system corresponding 

to the compositions of initial oxide melts and final slag of ferrosilicon manganese production. 

It was established that region of their coexistence is limited by planes formed by conoids Mn2S-M2S, M2S-C2S 

and С2S-Mn2Sс from the angle of MnO and MnS-MS, MS-CS, CS-MnS from the angle of SiO2. The equilibrium during 
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SiO2 reduction from high magnesia slag is determined by MnS-CS-MS plane, which shifts toward lower MnO concen-

trations in silicate melts, when MgO increases. 
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ABSTRACT 

The studies on determination of thermophysical and electric properties of ferrosilicon manganese slag estab-

lished that magnesium oxide addition in its composition contributes to the viscosity reduction in homogeneous region 

by 10%, viscous flow activation energy up to 61.4 kJ/mol. This allows improving process parameters of ferrosilicon 

manganese production owing to the intensification of reduction processes and improvement of interphase interaction on 

slag, reducing agent and metal interfaces. 

INTRODUCTION 

Manganese reduction from slag and its final composition to a large extent depend on the temperature in the fur-

nace, which is determined by the charge and slag melting temperature. The papers [1, 2] demonstrated that raise in fer-

romanganese melting process temperature by 200 K reduces the manganese equilibrium concentration in slag sevenfold 

and increases the silicon content in the melt. As such, the study of magnesium oxide influence on ferrosilicon manga-

nese slag melting temperature is attractive. 

1. STUDIES  

The experiments were carried out with high-temperature microscope that provides the automatic temperature re-

cording. The semi-synthetic slag produced by magnesium oxide addition in the industrial slag of marketable ferrosilicon 

manganese manufacture was used as study object (slag (1), Table)  

Table 1. Influence of MgO content on slag melting temperature 

The use of semi-synthetic slag provided obtaining the samples, which did not differ from real slag in terms of 

additions. Statistical processing of the obtained results was carried out by 120 test measurements of semi-synthetic slag 

melting temperature. After that, the groups of slag with magnesium oxide concentration close to the value indicated in 

the table were distinguished. In such a case, the total of slag components remained more or less unchanged and giving 

due consideration to Fе203 (0.5-0.8%), R20 (3.5-4.5%), S (0.8-1.2%) was 98-99%. The slag samples were placed on 

molybdenum base and heated with constant rate of 20 K/min. The changes in sample shape were observed with optical 

system. The temperature, at which the sample is shaped into the drop, was considered to be equal to the liquidus tem-

perature Тliq. The accuracy of its determination was ± 5 K. 

2. RESULT 

The obtained results (see Table) demonstrate that magnesium oxide influences dramatically on melting tempera-

ture of the slag being studied. It was established that it is 1483 K for initial slag (I) containing 4.5% of МgО and 1626 K 

for slag (5) containing 22.8% of МgO, i.e. by 141 K more. The analytic dependence between magnesium oxide in ferro-

silicon manganese slag and its melting temperature (K) was obtained using mathematical processing of test data: 

Tliq = [(%MgO)/600.15(%MgО) + 329.45] × 10
6
; R = 0.99  

Slag No. 
Chemical composition, % wt 

МnО SiO2 СаО МgО Al2O3 Tliq, K 

1 17.3 50.8 12.1 4 5 8.4 1485 

2 17.1 48.6 13.0 8.8 7.9 1568 

3 14.8 47.9 11.8 11.6 7.8 1590 

4 13 3 43.6 11.2 169 7.6 1614 

5 12.9 39 8 10.6 22.8 7 2 1626 

6 17.2 42.8 18.8 4.8 7.7 1541 
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High correlation coefficient (R) value demonstrates statistical confidence of the obtained dependency. The slag 

(6) with high СаО content has also higher melting temperature (1541 K) as compared to the initial slag. 

The quantitative influence of magnesium and calcium oxides additions on slag melting temperature can be as-

sessed using concentration gradients. Comparison of temperature concentration gradients values for МgО (Тliq/МgО %) 

and СаО (Тliq/СаО %) shows that at addition of magnesium oxide in slag composition this parameter equals to 10.4 

K/МgО %, whereas the same СаО quantity leads to the gradient reduction up to 8.8 K/СаО %. As can be seen from the 

above, the results of conducted studies allow making important conclusion for practical purposes that СаО replacement 

with МgO in ferrosilicon manganese production slag increases its melting temperature and, consequently, ferrosilicon 

manganese melting process temperature. 

During the electro-thermal process, substantial quantity of heat for oxides reduction is generated by the current 

passing through the liquid phase and depends on its electrical conductivity, which has a great influence on electric mode 

of melt process. A series of papers was dedicated to the studies of molten slag electrical conductivity; however, influ-

ence of magnesium oxide on its changes in the acid slag has been studied insufficiently that results in the necessity for 

additional studies. 

The slag 1-5 (see Table) was used as study object. The experiment was carried out by AC bridge method, in the 

zero diagonal of which the indicator F = 510 providing for bridge sensitivity of at least 0.66*10
-5

%/mm was included. 

 

Fig. 1. Relation between electric conductivity logarithm (H) of ferrosilicon manganese slag and reciprocal temperature, 

when МgО content, % wt, is as follows: 1 - 4.5; 2 - 8.8; 3 - 11.6; 4 - 16.9; 5 - 22.8. 

It was found that increase in МgО content in the temperature range being studied (1523-1823 K) results in am-

bivalent changes in the slag electrical conductivity. Thus, with MgO increase up to 22.8% and МnО decrease, it is re-

duced by 19.85 as compared to the base slag. This is especially noticeable below the temperature of 1630 K that equals 

to the slag melting temperature and its transition temperature in the heterogeneous region, as evidenced by line 5 bend 

(Fig. 1). At high temperature region, the electric conductivity of all slag increases, whereas simultaneous decrease of 

MnO content in it (slag (4), (5)) results in the electric conductivity reduction by 1.0-1.7% as compared to the initial slag 

(1). 

Viscosity is an important characteristic of metallurgical molten slag. Its value has a significant effect on tempera-

ture distribution, movement of charging materials in the ferroalloy furnace (charge descent), kinetics of reduction pro-

cesses, value of metal and slag losses and other process factors [2]. 

The studies on slag viscosity h were carried out using vibration method based on the change determination of rod 

forced oscillations during its immersion in the viscous medium. The obtained results are presented in Fig. 2. The viscos-

ity values at 1723-1823 K, which correspond to the slag temperature at ferrosilicon manganese tapping at the industrial 

electric furnaces, are of particular interest. Thus, at 1773 K the viscosity of slag (5) containing 22.8% is 0.36 pas with 

temperature increase. 
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Fig. 2 Dependence of magnesia slag viscosity (pas) on temperature (T), when MgO content, % wt, is as follows: 1 - 4.5; 

2 - 8.8; 3 - 11.6; 4 - 16.9; 5 - 22.8. 

The viscosity of slag (5) is reduced by about 10% up to 1823 K. Further increase in the temperature is slightly 

influences on its viscosity; however, it has lower value than slag (1) viscosity. The prominent feature of ferrosilicon 

manganese slag with high MgO content is a sharp increase in its viscosity at the temperature below 1673 K, which de-

notes at narrow temperature range of its crystallization. The activation energy of viscous flow Еп for the slag being stud-

ied was calculated according to the known equation:  

η = A×e
En/(RT) 

where, η is slag viscosity; А is pre-exponential factor; R is Boltzmann constant; Т is temperature. 

The processing of test data in the coordinates Lgη-f(1/Т) was carried out using the following equation: 

Lgη = А + В/Т, 

based on which the activation energy of slag viscous flow in the homogeneous region is determined. The activa-

tion energy of initial slag (1) is 106.7 kJ/mol, whereas аt the increase in magnesium oxide concentration up to 16.9%, 

the activation energy reduces and is 91.4 kJ/mol. However, when MgO content (slag (5)) is 22.8%, the increase of Еfl up 

to 219 kJ/mol is observed, as can be explained by presence of relatively high-melting compounds of Мg2SiO4 (Тliq = 

2163 K). Consequently, MgO content in the ferrosilicon manganese slag exceeding 16.9% is undesirable.  

As can be seen from the above, МgО addition in the ferrosilicon manganese slag contributes to the viscosity re-

duction in the homogeneous region by 10% and its temperature increase by 140 K more. In such a case, slag electrical 

conductivity remains more or less unchanged (it is reduced by about 1.5-2.0%). The improvement of slag physical char-

acteristics contributes to the intensification of manganese and silicon co-reduction processes, as well as enhances slag 

and metallic phase separation conditions.  

SUMMARY 

As a result of studies, the quantitative influence of magnesium and calcium oxides additions on slag melting 

temperature concentration gradients was established. An important conclusion for practical purposes was made that 

СаО replacement with МgO in ferrosilicon manganese production slag increases its melting temperature and, conse-

quently, temperature conditions of simultaneous processes, manganese and silicon co-reduction in the alloy. The results 

of laboratory test were proved under industrial conditions during melting of ferrosilicon manganese using magnesia slag 

in the furnace of 75 MVA. In such a case, owing to the process temperature increase by 80-120 K, the electric furnace 

capacity was increased by 2.8-3.0% and specific consumption of manganese raw materials and electric power was de-

creased by 37.8 kg/t and 49.6 kWh/t, respectively. 
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ABSTRACT 

Silicomanganese (SiMn) was melted in induction furnace under synthetic slag containing MnO, FeO, and CaO, 

together with N2 blown from the bottom of furnace through the Tinject breathable-piston device. TiN particles, both 

formed during the refining and came from the original TiN and TiC inclusions, were captured by the N2 blow. Then the 

bubbles of N2 rose to the surface and resulted in the decrease of Ti content.The experimental results showed that the Ti 

content in alloys decreased to less than 0.06% and even down to 0.023% when temperature was below 1623K. The av-

erage removal ratio of Ti reached 84.75%, and the N content in alloys was as low as 50ppm after blowing.  

Keywords: silicomanganese, titanium removal, nitrogen blowing refining, titanium nitride. 

1. INTRODUCTION 

A new technical requirement for silicomanganese (SiMn) products used during the production of the tire cord 

steels or bearing steels is that SiMn contains a very low content of titanium (Ti). There are generally two specifications 

of these low Ti silicomanganese, ≤0.05 mass% and≤ 0.03 mass% Ti. However, the SiMn alloy supplied in China cannot 

meet these requirements and some steel plants have to use metal manganese or electrolytic manganese and high purity 

ferrosilicon to replace SiMn. SiMn alloys were usually supplied with Ti content above 0.30 mass% because the mixed 

manganese ores used for producing SiMn contains more than 0.15 mass% Ti. The mixture ores mentioned here usually 

contain many manganese-rich slags in China. Therefore, it is important to find a method to remove Ti from SiMn. 

The secondary refining technique of blowing chlorine or oxygen was widely used to produce high-purity grade 

ferrosilicon or silicon. The aluminum content of silicon decreases to less than 0.01 mass% with blowing chlorine to the 

deep part of molten silicon by using graphite tube, meanwhile, Ti content decreases by 40% to 50%
[1,2]

.The de-

aluminum ratio is up to 75% by blowing air with the pressure of 0.02~0.05MPa for 15 minutes, and the aluminum con-

tent of ferrosilicon decreases to less than 0.5 mass%
[3]

. 

L.B.Hu 
[4]

 analyzed the production process of low-Ti high-carbon ferrochrome, and presented two assumptions 

for decreasing Ti. They were refining the metal with oxygen blowing and reducing Ti through de-sulfur refining at heat 

preservation in induction furnace.  

But there is no report published on the production technology of low Ti-contained silicomanganese. In this pa-

per, the Tinject breathable-piston was installed at the bottom of the induction furnace, and experiments for decreasing 

Ti content of SiMn were made in the furnace by blowing N2 from the bottom of the furnace. The experimental results 

show that it is a highly efficient way for the removal of Ti and nitrogen (N). 

2. FUNDAMENTAL ANALYSIS 

2.1. State Of Ti In Simn Alloy 

When carbon is mixed with ores containing TiO2 in the submerged arc furnace, a possible reaction is: 

 
-1

2(s) (s) (s) (g) 1TiO +3C TiC 2CO , 528937 337.23 (J mol )G T       (1) 

According to the standard Gibbs free energy of Reaction (1), TiC can be generated when temperature is higher 

than 1569K which is lower than the real melting temperature of silicomanganese. It means that TiC is formed and re-

mains in the products from the thermodynamic aspect. However, the product TiC(s) has a certain solubility in ferrous 

alloys whose solution equilibrium reaction can be shown as Eq. (2). The thermodynamic data in Mn based melts is lack, 

mailto:13317827630@163.com
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so that the Gibbs free energies of Ti, C, N and other element dissolved in Fe have to be used to replace that in Mn with 

the standard state of 1 mass% solution. 

 
-1

(s) Fe,1% Fe,1% 2TiC =[Ti] +[C] ; 184121 101.46 (J mol )   G T  (2) 

When there is nitrogen atmosphere within the furnace, the Ti dissolved can further react with nitrogen, which has 

been described detailed in literatures
 [5-8]

: 

 
-1

Fe,1% Fe,1% (s) 3[Ti] +[N] = TiN ; 315774 115.34 (J mol )    G T  (3) 

 
3log 16494.94 / 6.02K T    

Combine Eq.(2) with Eq.(3), the reaction between TiC and N dissolved in ferroalloy can be expressed as fol-

lows: 

 
-1

(s) Fe,1% (s) Fe,1% 4TiC +[N] = TiN +[C] ; 131653 13.88 (J mol )G T      (4) 

 
4 4,1873K 4,1573Klog 6877.10 / 0.73; 874.39; 4384.95K T K K     (5) 

As shown in the Eq.(5), the equilibrium constant of equation (4) is very large. Therefore, TiC, as the product of 

reduction reaction in submerged arc furnace, is certain to transform into TiN until Ti, N and C in liquid reach equilibri-

um at the same time. Ti exists mainly as the inclusions in the form of TiN in the final alloy product, except a little dis-

solved in the alloy melt. 

2.2. Dependence Of The Ti Content Of Simn Melt On Temperature  

According to Eq.(3), the relationship between the Ti content and temperature at equilibrium can be calculated 

with different N contents of 0.001 mass%, 0.002 mass% and 0.005 mass% respectively. In the calculation, it is assumed 

that Ti and N content can satisfied with Henry’s Law because they both are very low. The results are shown in Fig.1. 

Although Fig.1 actually shows the thermodynamic data of Fe liquid, its trend is not much different from that in the ac-

tual Mn liquid (This can be proved by Fig.6). From Fig.1， the content of Ti dissolved in SiMn decreased apparently 

with the increase of temperature, and the effect of N on Ti content was significant especially at high temperature. The 

Ti content decreased with the increase of N content at the same temperature.  
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Fig.1: Relationship between Ti content and temperature at different N content (Based on the thermodynamic data of 

iron liquid) 
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2.3 Characterization of TiN in silicomanganese alloy 

Fig.2 showed the SEM (Scanning Electron Microscope) image of silicomanganese. The silicomanganese sample 

was etched by 5% nital. TiN inclusion with approximately size of 4~7μm was found in the SEM image and it was 

marked by A in Fig.1. The morphology characterization of TiN was cubic, which was the same as the TiN inclusions in 

steels.  

 

Fig.2: SEM image of silicomanganese (Etched by 5% nital) 

The melting point of TiN and TiC were 3223K and 3423K respectively, which is higher than the melting tem-

perature of silicomanganese. Thus, TiN and TiC precipitate as solid in molten alloy. Besides, the density of TiN and 

TiC are 5.10 g/cm
3 

and 4.25 g/cm
3
 respectively, lower than the density of silicomanganese. Therefore, they can be re-

moved by the floating-separation method. 

In a word, Ti exists in the liquid alloy mainly as the form of solid TiN, and dissolved Ti can be removed by the 

formation of TiN. The solubility of Ti decreases significantly with decreasing temperature, and the content of Ti in al-

loy can be below 0.05% or 0.03% when the N content in alloys is more than certain values. Therefore, in theory, the Ti 

silicomanganese can be removed by blowing N2 at low melting temperature. 

3. EXPERIMENTS 

According to the fundamental analysis on Section 2, some experiments were conducted to remove the Ti in 

SiMn with blowing N2. 

Apparatus——The experimental apparatus was presented in Fig.3. This consisted mainly of a 50 kg medium-

frequency induction furnace with a Tinject breathable-piston in the bottom. The structure of Tinject breathable-piston 

was shown in Fig.4. Besides, the furnace is connected with N2 gas supply system. Temperature was measured using 

platinum rhodium-platinum thermocouple. 

 

Fig.3: Induction furnace used to remove Ti from silicomanganese melts 
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Fig.4: Structure of Tinject breathable-piston 

Raw materials——Silicomanganese, N2 and synthetic slag are used. The synthetic slag is able to absorb inclu-

sion of TiN and TiC. The composition of synthetic slag and silicomanganese were shown in Table 1. 

Table 1: The compositions and granularity of raw materials for experiment 

Raw materials Composition  (%) Granularity 

Silicomanganese 
Mn Si P C Al Ti 

≤80 mm 
65.5 17.5 0.2 1.8 0.05 0.3 

Slag 
MnO CaO SiO2 Al2O3 CaF2 FeO 

≤5 mm 
9.43 26.91 21.29 11.37 11.27 1.04 

N2 gas purity≥98 — 

Procedure——A batch of raw materials included 30 kg silicomanganese and 2.0~3.3 kg slag in each run of ex-

periment. Silicomanganese was melt with blowing N2 gas at the rate of 7~10 liter per minute (L/min) before the end of 

the last minutes of refining. When the alloy was completely melted, one sample was taken as the initial sample. Then 

the refining process continued for about half an hour with the N2 gas rate of 1~2 L/min. The N2 pressure was within the 

range of 0.02 MPa~0.025 MPa. At the end of refining, another sample of silicomanganese was taken using vacuum 

sampler. 

4. RESULTS AND DISCUSSION 

The content of Ti in silicomanganesedecreased to less than 0.059 mass% and even down to 0.023 mass% in 

some run of experiment after refining with the N2 blowing. The average removal ratio of Ti is about 84.75%. At the 

same time, the content of N also decreased from the original 0.022 mass% to 0.0041 mass% averagely. In contrast, the 

reference experiment without blowing N2, Ti content only decreased to 0.173~0.191 mass%, and the average Ti removal 

ratio was 32.51%. The results are shown in Table 2. 
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Table 2: Experimental results of Ti removal for silicomanganese 

Heat  

number 

Ti (%) De-Ti rate 

(%) 

N (%) Temp. 

(K) 

Expt. time 

 (min) 

N2 

(L) 

Slag 

(kg) Begin Final Begin Final 

No.1 0.267 0.033 87.64 - - 1568 70 585 3.0 

No.2 0.252 0.059 76.59 - -- 1543 57 440 2.0 

No.3 0.273 0.052 80.95 - - 1581 50 220 2.0 

No.4 0.228 0.023 89.91 0.025 0.0025 1530 67 320 3.3 

No.5 0.264 0.030 88.64 0.018 0.0057 1503 68 184 2.3 

Average 0.257 0.039 84.75 0.022 0.0041 1545 62 350 2.5 

No.6 0.262 0.173 33.97 - - 1746 70 0 2.0 

No.7 0.277 0.191 31.05 - - 1723 60 0 2.0 

Average 0.270 0.182 32.51 - - 1734 65 0 2.0 

4.1. Effect Of Refining On Nitrogen Content 

The result in the Table 2 illustrated that the total nitrogen content in alloys decreased from 0.025 mass% and 

0.018 mass% to 0.0025 mass% and 0.0057 mass% after blowing N2 respectively. It decreased by about 80.93%, which 

is very efficiently. 

According to the chemical analysis and SEM detection shown in the Fig. 1, the total N content (
T[%N] ) included 

the N that dissolved in the alloys (
d[%N] ) and the N in TiN (

TiN[%N] ). The relationship between 
T[%N] , 

d[%N]  

and 
TiN[%N]  is as shown 

 
T d TiN[%N] = [%N] +[%N]  (6) 

Therefore, the N content in alloys will decrease with the removal of TiN after melting in induction furnace. 

In the same way, the total Ti content (
T[%Ti] ) also was composed with the dissolved Ti (

d[%Ti] ) and the Ti that 

existed as the form of TiN (
TiN[%Ti] ), expressed as: 

 
T d TiN[%Ti] = [%Ti] +[%Ti]  (7) 

It can be assumed that inclusion of TiN in the initial silicomanganes would be all removed by stirring from elec-

tromagnetic force and absorbed by slag in induction furnace without blowing N2. Therefore, the total Ti content of the 

metal sample (No.6 and No.7, shown in Table 1), which is the sample after the refining without blowing N2, can be seen 

as the dissolved Ti. It means that the average initial content of dissolved Ti (
d,initial[%Ti] ) in the silicomanganese be-

fore refining was that: 

 
d,initial T,average of final sample of No.6 and No.7[%Ti] = [%Ti] = 0.182  (8) 

On the basis of Eq.(3), the relationship between dissolved Ti and dissolved N at the equilibrium condition can be 

gives. 

 
16494.94/ 6.02

1
[% N]

[% Ti] 10 T 



 (9) 

Therefore, according to Eq.(9), the content of N in silicomanganese under fully-melted condition 

(T=1734K,
d,initial[%Ti] = 0.182 ) and refined condition with blowing N2 (T=1545K,

d, final[%Ti] = 0.039 ) can be 

calculated and the respective results were: 

The initial N content in silicomanganese: 
d,initial[%N] = 0.00177  

The final N content dissolved in alloy after refining: 
d,final[%N] = 0.00057  

Compared to the data in Table 2, the average content of N (0.0215%) before refining was much higher than the 

initial content of N dissolved in alloy. It is further illustrated that a lot of TiN inclusions that existed in alloy were ex-

creted from the melt after blowing N2. The content of N that dissolved in the alloys decreased after refining with blow-

ing N2.  

Both the initial TiN in the silicomanganese before refining and the regenerate TiN during the refining process 

will float up to the surface of liquid alloy and react with the absorbing slag 
[9-10]

.  

(s) in slag in slag in slag 2 in slag (l) (l) 2(g)TiN +(CaO) +2(FeO) +2(MnO) =(CaO TiO ) +2Fe +2Mn +1/2N  (10) 
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In the refining process, the initial and formed TiN(s) were capatured by N2 bubble and then rose up to the sur-

face. The reaction of Eq. (10) happened in the interface of slag and metal and the N in TiN transformed to N2, which 

would be discharge into the atmosphere. Therefore, the N content in the alloys at the end of refining will be not more 

than that in the alloys before refining process because of the blowing N2. 

4.2 Effect Of Refining Time On Titanium Removal 

The experiment proved that [%Ti] will generally decrease to the range of 0.15 mass%~0.19 mass% after melting 

process and continually decrease to lower level after 10 minutes refining process. However, the effect of the blowing 

time on the decreasing rate of Ti content is not pronounced. Fig.5 gives the result of a run of experiment. The first point 

of the left in Fig. 5 showed the initial Ti content of alloy from submerged arc furnace, and the second point showed the 

Ti content of the sample after melting in the induction furnace without blowing refining. From the figure, the content of 

Ti would decrease to 0.167 mass% when the alloys were remelt in the induction furnace, and continually decreased to 

0.038 mass% after the refining with 8 minutes. After this, there was no more large change in the composition of the 

alloys. 
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Fig.5: Relationship between Ti content and refining time (Expt. No. 4) 

4.3 Effect Of Refining Temperature On Titanium Removal 

Fig.6 showed the relationships between temperature and the content of Ti in experiments, some of which were 

shown in Table 2. The temperature played an important role on controlling the content of Ti in silicomanganese at the 

end of refining. When the temperature was below 1580K, the content of Ti in alloys scattered in the range of 0.023 

mass%~0.059 mass%. While, the content of Ti increased obviously with the increasing of temperature when the tem-

perature was above 1580K. 
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Fig.6: The relationship between 
final[%Ti] and temperature 
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As shown in Fig. 6, the calculated value of solubility of Ti in liquid iron was apparently lower than experimental 

value at the same temperature. In the calculation, the content of N in alloy melt was assumed as 0.004 mass%, which 

was similar to the average of final content of N in the experiments shown in Table 2. The reason could be explained in 

two aspects. Firstly, some Ti-containing inclusions of TiN and TiC were not excluded. Secondly, the content of Ti in 

silicomanganese was lower than that of Si so as to Ti and Si were combined as TiSi2, which can prevent the formation 

of TiN and TiC. The standard Gibbs free energy of TiSi2, TiN, TiC at 1580K were –115.45 kJ/mol, -113.54 kJ/mol, -

23.81 kJ/mol respectively. Besides, the melting point of TiSi2 is about 1753K and it will be dissolved in silicomanga-

nese at the high temperature. Therefore, the gap of Ti content between experimental value and calculated value was 

larger at high temperature than that at low temperature. 

4.4 Effect Of N2 Quantity On Titanium Removal 

Table 2 showed that the highest N2 quantity is 585 L and the lowest is 184 L, however, Ti contents at the end of 

refining were 0.033 mass% and 0.030 mass% respectively which were almost the same. The reason is that the theoreti-

cal value of N2 required by titanium removal was much less than the quantity that was factually blown into the liquid 

and the N2 bubble during refining mainly played a role of capturing inclusions. 

When the initial content of Ti before refining is 0.182 mass%, which has been described in section 4.1, the finial 

content of Ti will be 0.03 mass%, and the initial content of N was neglected. According to Eq.(11), the requirement of 

N2 (
2NV )for removing Ti from 30 kg silicomanganese was only 106 L as that was calculated by Eq. (12), which is 

smaller than the quantity of N2 actually blown in the experiments. 

 
2(g) ( )[Ti]+1/ 2 N = TiN s

 (11) 

2

initial final

N

Ti

100 ([Ti] -[Ti] )1
22.4

2

alloym
V

M

 
    

1 1000 30 (0.182%-0.030%)
22.4 10.6

2 48
L

 
     (12) 

where 
TiM  was used to express molar mass of Ti. 

5. CONCLUSIONS 

(1) The occurrence state of titanium in silicomanganese is mainly the TiN phase and it can be expelled by blowing 

of N2 during refining. 

(2) By the refining with blowing N2, the content of Ti and N in silicomanganese would decrease together by the av-

erage ratio of 84.75% and 80.93% respectively, which produced the silicomanganese product with the maximum 

Ti content of 0.03 mass% or 0.05 mass%。 

(3) The final content of Ti in alloy increased with increasing refining temperature. The Ti content in alloys scattered 

in the range of 0.023 mass%~0.059 mass% when temperature was below 1580K. 

(4) When N2 was blown into the melt, the proper refining period was 10~15 minutes and the further longer refining 

did not cause more Ti removed. 
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ABSTRACT 

To test the conclusion that SiC formation through reduction of SiO2 in tapped slag and dissolution of carbon by 

tapped metal can be responsible for refractory wear in the tap-hole of a SiMn furnace, plant data over a 4 month period 

were analysed in more detail. Thermodynamic calculations were conducted in FACTsage 6.4, for a temperature of 

1600°C. The majority of the daily average metal compositions were unsaturated in C and therefore had the potential to 

dissolve C-based refractory materials. A minority of metal compositions were unsaturated in SiC. All of the daily aver-

age slag compositions had the potential to consume C-based refractory materials through the formation of SiC by reac-

tion of SiO2 with carbon, at 1600°C. The calculated entrained metal content in the slag samples ranged between 1-6% 

by mass. 

Keywords: tap-hole, silicomanganese, submerged arc furnace, refractory wear, FACTSage 

1. INTRODUCTION 

A study [1] was conducted to determine to what extent chemical reaction between slag (and metal) and refracto-

ry materials would be responsible for tap-hole refractory wear in the tap-hole of a SiMn furnace where slag and metal 

are tapped typically at 1600°C through a single level tap-hole.  

It was found that reaction between silicomanganese slag and carbon-based tap-hole refractory is possible. Predic-

tions by thermodynamic calculations were supported by laboratory-scale experiments with nominally pure materials as 

well as industrial materials. As reaction products SiC and SiMn droplets formed.  

When C-based refractory reacts with slag, if the SiC reaction product were to form an in-situ refractory layer at 

the slag/refractory interface, the potential for refractory wear by chemical reaction would be reduced [2]. However, in 

all experiments conducted, the SiC that formed detached from the surface of the carbon-based refractory [1] as was 

found by others [3].  

Chemical reaction between carbon-based refractory in the tap-hole and silicomanganese slag and metal is there-

fore a potential wear mechanism. 

During excavation of a 48 MVA submerged arc furnace used for SiMn production, it was found that the tap-hole 

area was one of two high refractory wear areas; the other was the furnace hearth [1]. In both high wear areas carbon-

based cold ramming paste formed the crucible of the lining. Thermodynamic calculations predicted that chemical reac-

tion between carbon-based refractory and silicomanganese slag and metal was a potential wear mechanism. Mass trans-

fer calculations indicated that it would not be the only wear mechanism applicable.  

The thermodynamic calculations in the study [1] were based on published slag and metal compositions as well as 

plant data where the average slag and metal compositions were calculated for daily compositions over a 4 month period 

– Table 1 and Table 2.  

Table 2: Compositions of tapped SiMn alloy (mass percentages): typical alloy [4] and industrial alloy [1] (averages, 

with standard deviation in parenthesis where applicable).  

 %Mn %Si %C %Fe 

Typical [4] 68 20 2 10 

Industrial [1] 66.3 (0.5) 17.1 (0.8) 1.8 (0.2) 14.8 (0.6) 
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Table 3: Compositions of tapped SiMn slags (mass percentages): typical slag [4] and industrial slag [1] (averages, 

with standard deviation in parenthesis where applicable). 

 %MnO %SiO2 %Al2O3 %CaO %MgO %FeO 

Typical [4] 9 45 16 21 9 0 

Industrial [1] 11.9 (1.8) 48.3 (0.8) 6.3 (0.7) 27.1 (1.0) 6.4 (0.4) 0 

Based on these calculations, the slag can react with graphite to form solid SiC, liquid metal and gas, at 1600°C. 

MnO is reduced to form Mn in liquid metal and in gas; SiO2 is reduced to form solid SiC, Si dissolved in liquid metal 

and SiO in the gas. Carbon would dissolve in the Mn-Si-C product. 

The potential for reaction of metal with carbon was assessed by using the FSstel database in FactSage. It was 

found that the carbon solubility predicted with FactSage is very similar to that predicted by Tang and Olsen [5], if 

slightly lower (see Figure 1). Most importantly for this discussion, the silicon content at double saturation of the metal 

(saturation with both graphite and silicon carbide) is essentially the same (see Table 3). Metal containing more silicon 

than required for double saturation would tend to dissolve carbon and precipitate silicon carbide, if the metal were to 

come into contact with carbon. At 1600°C, the silicon concentration at double saturation is approximately 16.3% (by 

mass); as Table 1 indicates, typical industrially produced silicomanganese contains more silicon than this, and hence 

would be expected to dissolve carbon-based refractory. 

Table 4: Comparison of the silicon concentration (mass percentage) in Mn5Fe-Si-C melts at double saturation, as re-

ported by Tang and Olsen [5], and calculated with FactSage. 

Temperature (°C) 

[%Si]-double saturation 

Tang&Olsen FactSage 

1530 15.7 15.9 

1630 16.6 16.6 

 

Figure 12:  Carbon solubility in Mn-Fe-Si-C alloys with Mn:Fe = 5, at 1530°C and 1630°C, calculated with 

FactSage 6.4 (FSstel database; black lines), and by Tang and Olsen [5] (grey lines). 
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To test these observations (possibility of SiC formation through reduction of SiO2 in tapped slag; dissolution of 

C into tapped metal), the plant data for which the averaged compositions were reported in Table 1 and Table 2 was ana-

lysed in greater details.  

2. METHODOLOGY 

The received daily average slag and metal analyses were normalised.  

To correct the slag composition for entrained metal, it was assumed that all Fe reported in the slag analysis was 

present as entrained metal droplets, and that these droplets had the same composition as the daily tapped bulk metal 

(mainly containing Fe, Si, Mn and C). The assumption was previously validated by SEM EDS analysis on an industrial 

slag sample obtained from the same plant [6]. Mass balance calculations were conducted to correct the reported slag 

composition for FeO (recalculated to be zero), SiO2 and MnO (recalculated, based on entrained metal mass, to be low-

er). As part of this calculation, the mass of metal entrained per 100g slag was estimated. 

Thermodynamic calculations were conducted in FACTSage 6.4, using the FToxid, FSstel and FACTPS data-

bases. 

3. CARBON AND SILICON CARBIDE SOLUBILITY 

To test whether the metal would tend to dissolve carbon, the activities of carbon (graphite reference state) and 

silicon carbide in the metal were calculated. The calculations were mainly performed in two ways. First, the metal was 

taken to be fully liquid (allowing no precipitation of solids); in this case, activities of SiC and graphite could exceed 1. 

Second, precipitation of solids (graphite or SiC, in this case), and changes in composition and saturation conditions 

were noted. Calculations were performed for 1600°C and 1550°C. In these calculations, the analysed concentrations of 

Si, Mn, Fe and C were used. 

To give a more general indication, a graphite / silicon carbide saturation diagram for 1600˚C was also calculated 

for a Mn:Fe mass ratio of 4.47 (the average mass ratio of the daily average tapped metal compositions); see Figure 2. 

The dual saturation point at 1600˚C was found to be 2.04%C and 16.26% Si for the Si-Mn-Fe-C alloy with a Mn:Fe 

mass ratio of 4.47. Superimposed onto the metal saturation diagram in Figure 2 are the daily average tapped metal com-

positions for the 4 month period.  

 

Figure 2: Carbon solubility in Mn-Fe-Si-C alloys with Mn:Fe mass ratio of 4.47 at 1600°C, calculated with FactSage 

6.4 (FSstel database); compositions given as mass percentages. For silicon contents below the inflection in the curve, 

the stable solid phase at saturation is graphite; SiC is the stable phase at saturation for higher silicon contents. The sym-

bols show reported daily average silicomanganese compositions over a four month period.  

Figure 2 indicates that, as was the case for the average metal composition [1], many of the metal compositions 

were supersaturated in SiC and not saturated in C. To illustrate this differently, the calculated activities of C (with re-

spect to graphite) and SiC are reported in Figure 3 (for the case where precipitation of solids was suppressed). 
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Figure 3: Activity of SiC (solid SiC as reference state) and activity of C (solid graphite as reference state) in Mn-Fe-

Si-C alloys at 1600°C, calculated with FactSage 6.4 (FSstel database) for the daily average tapped metal compositions 

(Precipitation of solids suppressed). 

Based on the calculated activities of SiC and C, for the case where precipitation of solids was suppressed, 67% 

of the metal taps had SiC activities greater than 1, whereas only 20% of the taps were supersaturated in graphite. In the 

cases where solid precipitation was allowed to proceed to equilibrium, the proportion of graphite-saturated melts was 

even smaller (Table 4); this is because SiC precipitation (which would occur in SiC-saturated melts) would remove car-

bon from solution, moving the metal composition even further from graphite saturation. 

It is worth noting that the predicted proportion of graphite-saturated melts remained low even at a lower tem-

perature of 1550°C (Table 4). This is mainly because the silicon content at double saturation does not change much up-

on cooling to the lower temperature (as also indicated by Figure 1). This means that lowering the metal temperature (or 

slight cooling of the tap block) would not necessarily help to avoid chemical wear of carbon tap blocks by silicomanga-

nese. This contrasts with the potential for reaction of SiO2 in the slag with carbon (next section), which would be elimi-

nated by cooling to 1550°C. 

Table 5: Calculated proportions of metal taps which remained supersaturated with SiC or graphite after solids were 

allowed to precipitate in the metal, for temperatures of 1550°C and 1600°C.  

Temperature (°C) aSiC = 1 aC = 1 

1550 92% 10% 

1600 66% 4% 

4. ACTIVITY OF SLAG SPECIES 

The driving force for SiC formation according to reaction 1 depends on the activity of SiO2 in the slag, assuming unit 

activity for all other components.  

COSiCCSiO 232    (1) 

Should the activity of SiO2 in the slag be higher than the equilibrium activity (calculated to be 0.17 at 1600°C; 

reference state cristobalite), chemical attack of carbon refractory by SiO2 in the slag would be possible. Calculated SiO2 

activities (for 1600°C) are reported in Figure 4: for all slag compositions the activity of SiO2 was higher than the equi-

librium activity of SiO2 for SiC formation with C at 1600˚C i.e. all slag compositions had the potential to chemically 

react with C-based refractory materials. However, a decrease in temperature to 1550°C would render SiO2 non-reactive 

towards carbon (Figure 4). (SiO2 activities in the slag do change with temperature; these activities were also recalculat-

ed for 1550°C, but were found to be only slightly different from the 1600°C values shown in Figure 4.)  

Figure 4 also illustrates the effect of variation in slag composition on the activity of SiO2 in the slag for a con-

stant SiO2 content (mass percentage), and the expected increase in SiO2 activity with increased SiO2 content of the slag.  
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Figure 4: Activity of SiO2 (solid SiO2 [cristobalite] reference state) at 1600°C, calculated with FactSage 6.4 (FTox-

id database) as a function of SiO2 content for the daily average tapped slag compositions. The broken lines give the 

equilibrium SiO2 activities for possible reaction with carbon, at 1550°C and 1600°C. 

In Figure 5 the SiO2 contents of the tapped slag and the Si contents of the tapped metal are summarised (daily 

average; mass percentages) to illustrate variations in both. The Si content of the metal for dual saturation at 1600˚C 

(Mn:Fe ratio of 4.47; broken line) is also indicated in Figure 5, emphasising that most metal compositions have silicon 

concentrations greater than dual saturation. 

 

Figure 5: SiO2 contents of the tapped slag (heavier line) and Si contents of the tapped metal (thinner line) (daily aver-

age mass percentages); also shown is the Si content of the metal for dual saturation at 1600˚C (Mn:Fe ratio of 4.47) 

calculated with FACTSage 6.4 (Fsstel database) (broken line).  

5. METAL ENTRAINMENT 

The velocity and diffusion boundary layers that are taken into account in mass transfer calculations [1] would 

develop near the wall inside a tap-hole due to the effects of viscosity. Muller [7] demonstrated that metal entrained in 

the slag phase has an effect on the effective viscosity and therefore also on the volumetric flow rate through a tap-hole. 

Both factors would influence the rate at which SiO2 is transferred to the slag / refractory interface where chemical reac-

tion between slag and metal would occur.  
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In Figure 6 the entrained metal concentration (g per 100g slag) in slag samples, calculated for the daily average 

tapped slag compositions, is presented. A distinct shift in entrainment is observed after 45 days of production (for un-

known reasons).  

 

 

Figure 6: Calculated entrained metal (g per 100g slag) in tapped slag, calculated from % Fe reported in daily average 

tapped slag compositions.  

6. CONCLUSIONS 

During excavation of a 48 MVA submerged arc furnace used for SiMn production two high wear areas were 

found: the tap-hole area and the furnace hearth. Carbon-based refractory material formed the hot face refractory. Analy-

sis of daily average tapped slag and metal compositions produced in the four months prior to excavation confirmed the 

potential for refractory wear through C dissolution in the metal, and SiC formation by chemical reaction with SiO2 in 

the slag. Similar analysis of production data from other SiMn smelters would be useful.    

7. ACKNOWLEDGEMENTS 

Oleg Ostrovski and Merete Tangstad for discussions around activity of C and SiC in metal and SiO2 in slag pro-

duced in SiMn smelters. 

Management at Transalloys, specifically Johan Gous, for supply of plant data. 

8. REFERENCES 

[1] J. D. Steenkamp, “Chemical wear of carbon-based refractory materials in a silicomanganese furnace tap-hole,” 

University of Pretoria, 2014. 

[2] W. E. Lee and R. E. Moore, “Evolution of in Situ Refractories in the 20th Century,” J. Am. Ceram. Soc., vol. 81, 

no. 6, pp. 1385–1410, 1998. 

[3] H. Mølnås, “Compatibility Study of Carbon-Based Refractory Materials utilized in Silicomanganese Production 

Furnaces,” Norwegian University of Science and Technology, 2011. 

[4] S. E. Olsen, M. Tangstad, and T. Lindstad, Production of manganese ferroalloys. Trondheim, Norway: Tapir 

Academic Press, 2007, pp. 1–247. 

[5] K. Tang and S. E. Olsen, “Computer simulation of equilibrium relations in manganese ferroalloy production,” 

Metall. Mater. Trans. B, vol. 37, pp. 599–606, 2006. 

[6] J. D. Steenkamp, P. C. Pistorius, and M. Tangstad, “Chemical wear analysis of a tap-hole on a SiMn production 

furnace,” J. South. African Inst. Min. Metall., vol. TBA, no. TBA, p. TBA, 2015. 

[7] J. Muller, “Evaluation of HCFeMn and SiMn slag tapping flow behaviour using physicochemical property 

modelling and analytical flow modelling,” University of Pretoria, 2014.  



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 511  
 

ACTIVATION ENERGY OF NITRIDING 0.23%C 

FERROMANGANESE 

S. Ghali*
1
, M. Eissa

2
 & H. El-Faramawy

3
 

1, 2, 3
 Steel Technology Department, Central Metallurgical R & D Institute (CMRDI), P. O. Box 87 Helwan, Egypt 

*Corresponding author e-mail: a3708052@yahoo.com 

ABSTRACT 

This article aims at studying the kinetics of the reaction between nitrogen and 0.23%C ferromanganese through 

gas – solid reaction. The nitriding process of fine ferromanganese was carried out at temperature range of 1073 K – 

1223 K, under nitrogen and hydrogen gas pressure of 16-18 bar and at time range up to 360 min. Sample weight was 

150 gm nitrided in cylindrical chamber with inner diameter of 56 mm and length of 2000 mm. The change in nitrogen 

pressure was taken as an indication for nitrogen pickup. The weight gain i.e. nitrogen pickup in kilograms per surface 

area (m
2
) was determined with time at different temperatures. Nitriding rate constants were calculated and the activa-

tion energy of nitriding process was derived from Arrhenius equation. The nitriding rate constant was found to be in-

crease by increasing temperature of the reaction. The activation energies of nitriding process of fine ferromanganese at 

time range from 0 sec. to 2700 Sec. and from 5400 sec. to 21600 sec. were around 60.8 KJ/mol and 41.8 KJ/mol respec-

tively. 

KEY WORDS: kinetics, nitriding, ferromanganese, gas - solid reaction, activation energy 

1 INTRODUCTION 

Nitrogen was considered for a long period to be in the same category as certain undesirable residual elements in 

steel, which are generally harmful due to its properties. Recently, it was noticed that nitrogen has significant effect on 

mechanical properties, phase stability, corrosion behavior and oxidation resistance [1-11]. 

Nitrogen became promising alloying element in steel where nitrogen alloyed different steel grades have applica-

tions in different fields such as transportations, environment technologies, industrial plants civil engineering and 

equipment, etc. [6]. 

Ferroalloys bearing nitrogen are considered the main source in manufacturing different steel grades containing 

nitrogen. Ferromanganese nitrogen is considered one of the most important one as a source of nitrogen in manufactur-

ing stainless steels especially [12]. Many techniques for nitriding ferroalloys were described in the literature [13 - 15]. 

One of these techniques is gas solid reaction between nitrogen gas and ferromanganese. The rate of reaction between 

nitrogen gas and manganese in fine ferromanganese was found to be dependent on the surface area, reaction tempera-

ture and carbon content in the ferromanganese [13, 14, 16]. At the same time, several studies [15-17] showed that the 

maximum nitrogen content contained in nitrided ferromanganese depends mainly on the temperature, nitrogen pressure 

of the nitriding process, grain size of ferromanganese and its carbon content. 

This work aims at evaluation the activation energy of nitriding process of 0.23%C ferromanganese through ni-

triding fine ferromanganese with the size of 0.1 – 0.25 mm by nitrogen gas in gas solid reaction. 

2 EXPERIMENTAL 

Nitriding process was carried out using fine 0.23%C ferromanganese with size 0.1 – 0.25 mm. The nitriding pro-

cess was carried out at four different temperatures; 1073 K, 1123 K, 1173 K, and 1223 K using 0.150 kg sample of this 

ferromanganese contained in alumina boat. The apparatus used in nitriding is given in Figure 1. It consists mainly of 

two parts. The first part is gas purification system to eliminate oxygen and humidity from gases to be introduced in the 

second one (nitriding system). The second part is the nitriding system which consists of an electric resistant tube fur-

nace with maximum temperature of 1473 K and a heat resisting steel reaction tube with endings from both sides by 

valves for inlet and outlet of the gas. The reaction tube has inner diameter of 56 mm, and length of 2000 mm. A pres-

sure gauge is connected to the inlet side. Nitrogen gas together with hydrogen gas constitutes the source of nitrogen for 

the nitriding process. The nitriding gas, nitrogen and hydrogen with pressure of 8 and 2 bars respectively, at room tem-

perature was injected into the reaction tube at 673 K after flushing it by hydrogen, to prevent oxidation of the alloy. The 

temperature is then gradually raised to the selected reaction temperature. About 1800 seconds is needed to reach the 

required temperature. The readings of the pressure gauge were taken after 300, 600, 1800, 2700, 5400, 10800 and 

21600 seconds for each of the four selected temperatures. By the end of the experiment, the nitriding system was 

flushed by hydrogen and left to cool under hydrogen atmosphere. The boat with the sample, after cooling, was detached 
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from the furnace and was grinded then analyzed to determine its nitrogen content using Kjheldal method and carbon 

content was determined.  

 

A: H2 gas cylinder B: N2 gas cylinder C: Dryers D: Tube furnace with cupper turnings  

J : Valves E: Pressure gauge F : Boat containing sample 

Figure 1: Schematic diagram of nitriding apparatus 

3 RESULTS AND DISCUSSIONS  

Nitriding of ferromanganese in gas solid reaction pass through three stages. The first stage is transportation of ni-

trogen gas molecules and adsorbed physically at the solid surface of fine ferromanganese. The second stage is the 

change of physical adsorption into chemical adsorption and therefore chemical reaction takes place at the surface of fine 

ferromanganese particles, and the concentration of nitrogen atoms set up on the surface. The third stage is the transfer of 

nitrogen atoms from the surface and its diffusion inside the particles. Each of these steps has its own specific kinetics 

that contributes to the global rate of nitriding reaction. By definition, the slowest step determines the rate of the total 

process. It has been shown that the diffusion in the solid state is the step that controls the process [18] 

The determination of chemical composition of the fine ferromanganese used was found to contain 0.23%C, 

83.8% Mn and 0.61%Si. Its size is in between 0.1 – 0.25 mm. The surface area of 0.150 kg ferromanganese fines was 

found to be about 0.69498 m
2
. 

Based on the dimensions of the reaction tube its volume was calculated to be 4.926*10
-3

 m
3
. The weight equiva-

lent of each one bar of nitrogen gas at each reaction temperature is given in Table (1). Table (2) shows the results of 

measured pressure change of gas with reaction time in the range of 300 – 21600 seconds for each working temperature.  
 

Based on the results given in Tables (1-2), the total weight gain (kg) and weight gain (kg) per m
2
 were calculat-

ed at different temperatures. Figure 2 represents the relation between the nitrogen weight gained by 0.150 kg fine fer-

romanganese and time at different temperatures of nitriding process. The weight gained, at different temperatures, rela-

tive to the surface area with time is shown in Figure 3. These figures clarify that the rate of reaction increases with the 

reaction temperature. The reaction rate between nitrogen and the ferromanganese fines is high at the first, then slow 

down gradually at all working temperatures (1073 K -1223 K). The rate of reaction is extremely slow after 10800 sec. 

However the amount of nitrogen gas gained at the end of experiment i.e. at 21600 seconds is greater the higher 

the nitriding temperature. These calculated nitrogen contents were confirmed by the results obtained from chemical 

analysis of nitride samples at temperatures of 1073 K, 1123 K, 1173 K and 1223 K after 21600 seconds and represented 

in Figure 4. 

The mechanism of the nitriding process of fines low carbon ferromanganese is controlled by diffusion mecha-

nism according to Torchane et al. [18]. In this case the kinetic is said to be parabolic behaviour. The rate determining 

step is expected to be the diffusion of nitrogen inward the ferromanganese. The rate of nitriding with time is inversely 

proportional with the nitrogen content in ferromanganese as given in equation (1). 

x
k

t

x 1





 (1) 

Where, x  is the nitrogen content in ferromanganese, k is the parabolic rate constant which may be related to the 

diffusion coefficient as illustrated in equation (2).  

x 2
 = 2kt + constant, or (∆m) 

2
 = 2kt + constant (2) 
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Figure 5 shows the variation between (∆m)
2
 and time. It is clear that this figure has high regression values at 

temperatures 1073 K, 1123 K, 1173 K and 1223 K at two time regions. This means that the nitriding process of ferro-

manganese is controlled by diffusion mechanism with different activation energies at two time regions. The slopes of 

these lines represent the reaction rate constants of the nitriding process at different temperatures. It is clear that the 

slopes of time region II (5400 – 21600 Sec.) is lower than that of time region I(0 – 2700 Sec.). This is due to the nitro-

gen pickup taken by fine ferromanganese and hence the rate of nitriding process decreases gradually as a result of con-

centration gradient of nitrogen in ferromanganese. 

Figure 6 shows the Arrhenius
, 
plots of the nitriding process of fine ferromanganese based on the Arrhenius

, 

equation as given in equation (3)[19]: 
RTEaAek

/
  (3) 

Where: k is expressed as reaction rate constant, Eα is activation energy of diffusion (kJ /mol), A is the frequency 

factor, R is universal gas constant (8.314 JK
-1

mol
-1

) and T is absolute temperature in Kelvin (K) 

The slope of the plot between lnk and 
T

1
 is equal  - Eα/R.  The values of Eα were found to be about 60.79 KJ 

mol
-1

 and 41.78 KJ mol
-1

 for time region I (0 – 2700 Sec.) and time region II (5400 – 21600 Sec.), respectively. It was 

found that the activation energy of time region II is smaller than the activation energy of time region I. This may be 

attributed to the lower carbon content. During nitriding process at high temperature occur dusting for carbon i.e. diffu-

sion of carbon outward ferromanganese. It was found that carbon content after nitriding process decreases as tempera-

ture increases. The carbon contents after nitriding process were 0.13%, 0.12%, 0.11% and 0.10% at nitriding tempera-

tures 1073 K, 1123 K, 1173 K and 1223 K, respectively. This description is confirmed by the previous work [16] where 

it was found that the activation energy of 1 % C is 140 KJ/mol. 

Table 1: The equivalent gas pressure of 10 bar at different temperatures. 

Temp., 
o
C 

Calculate 

pressure, 

bar 

Actual  

pressure, 

bar 

Temp., K 
Number of mole 

(n) 
Wt.,  gm 

Wt. of  gas in 

every 1bar 

400 10 10 673 0.8921 24.9788 2.4978 

800 15.94 15.5 1073 0.8921 24.9788 1.5667 

850 16.68 16.1 1123 0.8921 24.9788 1.4969 

900 17.42 16.8 1173 0.8921 24.9788 1.4331 

950 18.17 17.4 1223 0.8921 24.9788 1.3745 

Table 2: Measured pressure at different time at different temperatures 

Time, sec. 

Pressure at different temp., bar 

1073 K 1123 K 1173 K 1223 K 

0 15.9 16.7 17.4 18.1 

300 14.8 14.9 14.5 14.2 

600 13.5 12.9 12.6 11.5 

1800 12.3 11.7 11.4 10.5 

2700 11.2 10.3 10.1 9.3 

5400 10 9.3 8.7 7.9 

10800 9 8.3 7.5 6.4 

21600 8.9 8.1 7.4 6.3 
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Figure 2: The variation of nitrogen weight gain – by 0.150 kg 0.23%C ferromanganese – over time at temperatures 

1073 K, 1123 K, 1173 K and 1223 K 
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Figure 3: The variation of weight gain (kg) per m
2
 over time at temperatures 1073 K, 1123 K, 1173 K and 1223 K  



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 515  
 

Temperature, K

1060 1080 1100 1120 1140 1160 1180 1200 1220 1240

N
it

ro
g

e
n

 c
o

n
te

n
t,

 w
t.

 %

7.0

7.5

8.0

8.5

9.0

9.5

10.0

10.5

11.0

Actual nitrogen content

Calculted nitrogen content

 

Figure 4: The variation between calculated and actual nitrogen content over nitriding time 21600 sec. at different tem-

peratures. 
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Figure 5: Variation of mass gain square with time of the nitriding of 0.23%C ferromanganese at temperature range of 

1073 K- 1223 K up to 21600 Sec. 
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Figure 6: Arehenius plot, lnK against (1/T) of nitriding process of 0.23%C ferromanganese in time region I(0 – 2700 

Sec.) and time region II(5400 – 21600 Sec.) 

4 CONCLUSIONS  

The nitriding of 0.23%C ferromanganese by nitrogen gas is controlled by diffusion mechanism. The rate of reac-

tion is dependent on temperature and region time of nitriding process. The activation energy of nitriding process of 0.23 

%C ferromanganese by nitrogen gas in time region (0 – 2700 Sec.) is 60.79 K Jmol
-1

, while in time region ( 5400 – 

21600 Sec.) it is 41.78 K Jmol
-1

. Carbon retard nitriding process of ferromanganese and increase the activation energy 

of nitriding process. 
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ABSTRACT 

In extraction of nickel from laterite ores, nickel has to be reduced to metallic form in pyrometallurgical process-

es. This paper studied the reduction of a garnieritic laterite ore in order to establish the extents and rates of reduction of 

nickel, cobalt and iron oxides under different conditions, reduction mechanisms, and the optimum conditions for selec-

tive reduction of nickel and cobalt oxides over iron oxides. The reduction of the garnieritic ore was examined at 700-

900°C in the CO-CO2 gas mixtures containing 20-70 vol% CO; the gas flow rate was varied in the range of 350-1050 

mL/min.  

A ferronickel alloy was formed by reduction of the metal oxides in the ore. The extent of reduction of nickel oxide 

increased with increasing temperature to 740 °C and then decreased with further increasing temperature. The extents of 

reduction of cobalt and iron decreased slightly with increase in temperature. Increase in CO concentration also pro-

moted reduction of the metal oxides. When CO content was lower than 60 vol%, the extent of reduction of iron oxides 

was below 20%. Increase in CO concentration to 70 vol% sharply increased iron metallisation (>50%). Gas flowrate 

above 350 mL/min had a negligible effect on the ore reduction. The effect of ore size on the reduction of the metal oxides 

was insignificant. The optimal conditions for selective reduction of the laterite ore included temperature 740 °Cand 60 

vol% CO in the CO-CO2 gas mixture. 

1 INTRODUCTION 

Nickel finds numerous applications, e.g., in stainless steel production and manufacture of industrial reactors, jet 

engines, cutlery, utensils, coinage, batteries, and catalysts [1]. Among these applications, nickel in stainless steel pro-

duction accounts for nearly two thirds of global nickel production [1-2]. In recent years, rapid development and urbani-

zation in developing countries have largely promoted nickel demand [3]. Currently, approximately 60%of nickel is pro-

duced from sulphidic ores, and 40% from laterite ores [4-6].Nickel sulphide ores are increasingly depleted due to long-

term exploitation and continuously decline in grade. Deeper underground mining increases the nickel production cost. 

On the other hand, nickel in laterite ores takes up nearly 70% of world nickel reserve [5-6]. The capital weakness of 

sulphide ores and the predominance of nickel laterites reserve make laterite ores the increasingly important nickel 

source in the future. 

Conventional processes in industrial nickel production include pyrometallurgical smelting processes, hydromet-

allurgical HPAL process, and Caron process [7]. Pyrometallurgical processes are more suitable for processing of sapro-

litic (serpentinic or garnieritic) laterite ores with high silica and magnesia content [8], in which nickel is concurrent with 

iron and magnesium in lattices of silicates. By contrast, hydrometallurgical and Caron technologies target processing of 

limonite laterites, in which nickel is mostly associated with goethite and relatively easy to be recovered. HPAL is supe-

rior in nickel and cobalt recoveries and has a good flexibility of feed ores. However, shortcomings of HPAL process are 

also known. High corrosion of autoclaves by leaching liquor necessitates the use of expensive construction materials 

such as titanium-lined or lead-lined autoclaves and causes extensive and expensive maintenance. The process consumes 

a considerable amount of sulphuric acid and generates liquid wastes whose disposal causes environmental concern. Sul-

phuric acid after leaching needs neutralization. A large amount of magnesium sulphate produced from digestion of hy-

drous magnesium silicates must be disposed of. Leaching liquor must be drained away into the ocean or precipitated 

and stored on land [9]. Smelting processes also achieve satisfactory production of nickel and cobalt but have been chal-

lenged by intensive energy consumption [9]. The average energy needed for nickel production from laterite ores is 

about 6.2-8.7 GJ per dry metric tonnage ore [4,10], which is regarded as costly for per unit nickel due to low nickel con-

tent of laterite ores (< 2%). Caron process which consists of both pyrometallurgical and hydrometallurgical processes, 

uses ammoniacal solution to leach out metals with a limited attack on silicates; therefore, the process can tolerate higher 

amount of magnesium. Its drawbacks such as low nickel recovery (~ 80%), intensive energy consumption, as well as 

the generated waste chemicals like ammoniacal solutions cannot be neglected [5,8]. 
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Significant efforts have been devoted to technological advancement of nickel production from laterite ores. A 

modified Caron process was developed at BHP Billiton Yabulu refinery [7]. In this process, feed laterite ores are sub-

jected to roasting reduction followed by ammoniacal leaching. Metallic iron formation is controlled so that nickel pre-

cipitation with iron hydroxide can be minimized resulting in Ni recovery improvement. Purwanto et al. [11] extracted 

Ni from selectively reduced laterite ore by sulphuric acid leaching; they reported that selective reduction can accelerate 

nickel extraction but suppress iron digestion. Kim et al. [12] concentrated nickel by roasting low-grade laterite ore sepa-

rating the calcined ore with a magnetic separator. Li et al. [6] employed roasting reduction-magnetic separation to up-

grade nickel and iron from laterite ores and received 83% nickel recovery for laterite reduced with sodium sulfate. Simi-

larly, Zhu et al. [13] recovered ~92% nickel from a laterite ore reduced by coal with addition of 6% calcium sulfate to 

promote the growth of nickel metallic particles. These studies show that selective roasting reduction improve the effi-

ciency of nickel recovery. However, the existing technologies have many challenges, including environmental concerns 

related to chemical wastes formation, deposition and energy consumption. Alternative technology for nickel production, 

examined in this project, includes selective reduction of laterite ores and carbonylation of reduced ores to extract nickel 

and cobalt. This paper studies reduction of laterite ore with the aim to determine the optimal conditions for selective 

reduction of nickel and cobalt oxides. 

2 EXPERIMENTAL 

2.1 Material 

The ore for which reduction was studied in this paper was an Australian garnieritic laterite ore; two size ranges 

were tested: 53-200 μm and < 53 μm. The chemical X-ray fluorescence (XRF) analyses of the ore in these size ranges 

are presented in Table 1. The phases existing in the raw material were chlorite (Mg, Fe, Ni)3(Si, Al)4O10(OH)8, talc 

(Mg, Fe, Ni)3Si4O10(OH)2, quartz SiO2, and hematite Fe2O3. 

Table 1: Chemical analysis of garnieritic laterite ores 

Ore size (μm) Concentration (wt%) 

Ni Mg Si Fe Co Al Cr Mn LOI (%) 

<53 1.66 13.0 19.4 11.7 0.045 2.1 0.5 0.2 13.3 

53-200 1.35 12.6 20.5 10.4 0.038 2.2 0.5 0.2 12.6 

2.2 Reduction and Br-CH3OH leaching  

Ore reduction was examined in isothermal experiments at temperatures between 700 and 900°C, in the CO-CO2 

gas mixture with CO partial pressures of 0.2, 0.4, 0.6 and 0.7 atm. Reaction time was 60 min for most experiments ex-

cept those examined the effect of flow rate on reduction; this duration was chosen because nickel and cobalt oxides re-

duction could be ensured to complete particularly in mild reducing atmospheres. 

The reduction of the laterite ore was carried out in a horizontal tube furnace. Approximately 0.6 g of ore sample 

was contained in a ceramic boat and loaded into the cold end of an alumina tube. When the temperature reached the 

designated level, the system was flushed with argon (HP, > 99.99%) and the boat with the sample was pushed to the hot 

zone using a stainless steel wire. The temperature was monitored by a sheathed K-type thermocouple. After reduction, 

the sample was pulled out to the cold end and the CO-CO2 gas was switched to argon.  

The reduced ore samples were leached in a Br-CH3OH solution, in which metallic nickel, cobalt, and iron were 

attacked by the leachant whereas unreduced oxides retained in the solid phase. Approximately 0.5 g of reduced ore was 

added to 50 mL Br-CH3OH leaching solution containing 2.5 mL of bromine and 47.5 mL of anhydrous methanol [14]. 

Leaching was performed isothermally in a water bath at 70 °C for 90 min. 

2.3 XRD identification  

The change in the phase composition of reduced samples was examined using Philips X’pert Multipurpose X-ray 

Diffractometer with Cu Kα radiation. The XRD spectra were recorded at angles (2) between 4 and 64°. The XRD data 

were processed using Highscore Plus 3.0 in combination with ICDD Powder Diffraction File 2 Database (2008), ICDD 

Powder Diffraction File 4+/Minerals 2013 RDB and American Mineralogist Crystal Structure Database (September 

2013).  
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2.4 SEM/EDS analysis  

The morphology and elemental composition of phases in the reduced samples were observed by a Hitachi 3400 I 

scanning electron microscope (SEM) equipped with a Bruker Quantax 400 energy dispersive spectrometer (EDS). The 

instrument was operated at a 20 KV accelerating voltage and a 60 mA probe current. The reduced samples were mount-

ed into epoxy resin, and the cross-sections were ground, polished and then carbon coated for the analyses. 

2.5 ICP-AES measurement  

Concentrations of nickel, cobalt and iron in solutions resulting from leaching of reduced samples were measured 

by ICP-AES (Perkin Elmer 7300DV). The relative standard derivation (RSD) of all the ICP-AES measurements of iron, 

nickel, and cobalt remains within 1-2% and their corresponding detection limits are 40 ppb, 8 ppb, and 5 ppb, respec-

tively. The extent of reduction of Ni, Co and Fe, (Ri), Ni and Co grade(Gi) and selectivity (Si) of nickel and cobalt ox-

ides reduction were defined by Equations (1), (2), and (3) as follows: 

 * * % / * /  100i i iR C n W m V  (1) 

 * * % / * 100i i i i iG W R W R  (2) 

( )/ i i Fe i FeS R R  (3) 

where:i represents Ni, Co and Fe;Ci (ppm or mg/L) isthe concentration of element I measured by ICP-AES; n= 10is the 

dilution times; Wi is the content of I in the original ore as shown in Table 1; m is the mass of the leached reduced sam-

ple; V=0.25L is the volume of the solution. 

3 RESULTS AND DISCUSSION  

3.1 XRD and SEM/EDS phase analyses of the reduced ore 

The XRD patterns of the ore component 53-200 μm reduced with 700 mL/min gas containing 60 vol% CO-40 

vol% CO2at 740 and 850 °C for 60 min are presented in Fig. 1. Both reduced samples contain talc and quartz as present 

in the original samples and new phases olivine (Mg, Fe, Ni)2SiO4, pyroxene (Mg, Fe, Ni)SiO3, wustite FetO and ferro-

nickel Fe-Ni. The sample reduced at 740 °C contained partially dehydrated chlorite (Mg, Fe, Ni)3(Si, Al)4O10(OH)2O3 

which disappeared after reduction at 850 °C. 

 

Figure 11: XRD analysis of 53-200 μm ore reduced at 740 and 850 °C in 60 vol% CO-40 vol% CO2 

Fig. 2 shows the BSE micrographs of the reduced laterite samples. Fig. 2(a) and (b) are the overview with lower 

magnifications. The phases present in the reduced ore are consistent with those determined by XRD, including talc, 

partially dehydrated chlorite, pyroxene, olivine, quartz and wustite. Alloy particles could not be observed in the over-

view images (210) but are visible at higher magnifications (Fig. 2(c), (d) and (e)). These fine ferronickel alloy particles 

at nano-scale size (around 100-300 nm) disperse throughout the silicate (pyroxene) matrix, suggesting simultaneous 

reduction of iron and nickel (cobalt) from the lattice of the solid solution of siliceous phases. Although EDS quantitative 
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analysis of these fine bright particles with submicron size was inconclusive, Fe-Ni alloy identified by XRD combined 

with similar observations on Fe-Ni particles distributed in silicate phases by Bunjaku et al. [15] and Li et al. [16] sup-

port the presence of the metallic product. 

 

Figure 12: (a) and (b) overview of BSE images of phases in the reduced ore. 1 wustite, 2 modified chlorite, 3 oli-

vine, 4 pyroxene, 5 talc, and 6 quartz. (c), (d) and (e) embedded Fe-Ni particles at higher magnifications of 1,000, 

5,000, and 12,000. 

Detailed morphologies of the other phases, both nickeliferous minerals and non-nickel carriers are presented in 

Fig. 3. After reduction, numerous tiny pores were created across the modified chlorite particles (Fig. 3(a)) as a result of 

removal of combined water in chlorite structure, which brought about significant changes in the surface area, pore size 

and volume. Pyroxene particles, shown in Fig. 3(b), exhibited a more porous structure with larger pores and cracks on 

the surface and in the interior of the mineral. This may mean that nickel and cobalt within this phase are easier to be 

accessed by the gaseous reductant. However, a compact structure of olivine (Fig. 3(c)) with much lower porosity means 
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less likelihood of nickel and cobalt yield from this mineral phase. Talc particles, slightly more heat-resistant, maintained 

its structure and morphology after reduction (Fig. 3(d)).Quartz remained a dense structure while the iron oxide inclusion 

in the silicate matrix seem not to change significantly in morphology while being reduced to wustite (Fig. 3(e) and (f)). 

 

Figure 13: Morphology of major phases in the reduced laterite; (a) chlorite, (b) pyroxene (c) olivine, (d) talc, (e) 

quartz and (f) wustite inclusion 

The EDS analyses of these major minerals in the ore, presented in Table 2, indicate that all of the silicate phases 

contain magnesium, iron and nickel, which suggests that these three elements coexist in silicate lattices to form solid 

solutions. EDS examination on quartz reveals the average composition approaches to its stoichiometry, which implies 

there is no reduction occurring to this mineral. For iron oxides embedded into silicate matrix, the constituents after re-

duction fit to wustite; this shows that iron metallization from this oxide inclusion was inhibited in selective reduction.  
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Table 2: Average compositions of major phases in reduced laterite ore (at 740 °C in 60 vol% CO) 

Element 

Phase 

O Mg Al Si Fe Ni 

wt% at% wt% at% wt% at% wt% at% wt% at% wt% at% 

quartz 50.2 63.9 - - - - 49.6 36.0 - - - - 

wustite 23.9 52.2 - - - - - - 76.1 47.8 - - 

olivine 38.5 53.6 25.3 22.1 0.7 0.7 20.5 16.3 12.5 6.3 2.5 1.1 

pyroxene 42.2 56.8 19.8 17.4 3.7 3.0 24.6 18.9 6.3 2.5 2.0 1.0 

talc 42.3 58.4 16.0 14.1 4.2 3.4 27.8 22.0 7.3 2.9 2.1 0.8 

chlorite 41.9 55.8 26.1 22.8 0.4 0.3 23.5 17.8 5.8 2.3 2.3 0.9 

3.2 Effect of gas flow rate   

The effect of gas flow rate on Ni, Co, and Fe metallization in laterite reduction at 700 °C is given in Fig. 4. It is 

seen that at 700 °C the rate of Ni, Co and Fe oxides reduction (change in the extent of reduction per unit time) did not 

depend on the gas flow rate. It can be noticed that at this temperature, completion of reduction of nickel and iron oxides 

required longer time (at least 60 min) than that of cobalt oxide reduction at all gas flow rates in the reduction experi-

ments. Overlapping of the reduction rate curves of a specific metal oxide at the experimental flow rates suggests that 

external mass transfer of gaseous reactants did not contribute to the reduction rate control at 700 °C. 

 

 

Figure 14: Effect of reducing gas flow rate on reduc-

tion of Ni, Co and Fe oxides in the ore 

Figure 15: Correlation of Ni, Co, Fe metallisation with 

CO partial pressure of reducing gases 

Flow rate experiments at 800 and 900 °C further confirmed that increase in the gas flow rate from 700 to 1050 

mL/min had little effect on the rate and extent of reduction. Li [17] reported that maintaining CO/CO2 gas mixture (25 

vol% CO-75 vol% CO2) at flow rate higher than 2200 mL/min ensured the external mass transfer would not be the rate 

controlling step in reduction of pelletized laterite ore. This gas flow rate threshold was much higher than the value ob-

tained in the current study, and the difference may be due to the different ore compositions and particle sizes (e.g., 

powder versus pellet) and reactor dimensions. Using gas flow rate above these thresholds means shifting the rate deter-

mining step to other factors such as intrinsic reactions and/or internal diffusion. Thus, gas flow rate of 700 mL/min was 

used in experimental study of the effects of temperature and other parameters on the reduction of laterite ore. 

3.3 Effect of CO partial pressure  

The effect of CO partial pressure on the reduction of laterite ore was studied at 740 °C. In these experiments, the 

ore with 53-200 μm was used and CO concentration in the CO-CO2 gas mixture was adjusted at 20, 40, 60 and 70 vol%. 

The reduction extents of Ni, Co and Fe in 60-min experiments at different CO partial pressures are shown in Fig. 5.The 

reduction extents of nickel, cobalt and iron at CO partial pressure of 0.2 atm were 70, 83 and 7%, respectively. Increase 

in the CO partial pressure to 0.6 atm increased these figures correspondingly to 85%, 99% and 16%. Further increase in 

the carbon monoxide partial pressure to 0.7 atm did not facilitate reduction of nickel and cobalt oxides, but had a strong 

effect on iron oxides reduction of which the extent increased to approximately 55%. The significant increments in 

nickel and cobalt metallisation between 0.2 and 0.6 atm of CO partial pressure shows that 20 - 40 vol% CO in the CO-
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CO2 mixture was not high enough for disirable nickel and cobalt extraction, though 10 vol% CO in reducing gases is 

theoretically favourable in theromdynamics to the reduction of their oxides at the temperature of interest.  

The XRD patterns of the samples of 53-200μm laterite ore reduced at 740 °C at different CO partial pressures 

are presented in Fig. 6. All reduced samples contain ferronickel (Fe-Ni-Co alloy), quartz, pyroxene, olivine, chlorite and 

talc. Magnetite was only detected in the ore reduced by the gas with 20 vol% CO; wustite was not observed in the ore 

reduced by 70 vol% CO–30 vol% CO2 gas, but exists in the XRD spectra of other samples. Peaks of Fe-Ni alloy 

strengthen with increasing the partial pressure of CO. When the ore was reduced in the gas atmosphere with 20 vol% 

CO, reduction of hematite mostly proceeded to magnetite. Wustite was not observed in the ore reduced in this 

atmosphere and peaks of the metal phase are weak. In reduction of the ore by the gas containing 60 and 70 vol% CO, 

iron oxides were partially reduced to metallic iron (Fe-Ni-Co alloy), whose peaks in the XRD spectra become stronger. 

The Fe-Ni peak at 2=44.3 was gradually shifted to lower diffraction angle as CO concentration increased from 20 to 

70 vol%. This change was caused by increased iron content in the Fe-Ni-Co alloy. 

 

Figure 16: XRD patterns of samples reduced at 740 °C in CO/CO gas mixtures with different CO content 

Antola et al. [18] indicated that gas composition is a decisive parameter affecting reduction degree of 

nickeliferous ores and diluted CO concentration in reducing gas retards the nickel reduction from low-grade nickel 

laterite ores. There seems to be a difference between the theoretical gas concentration and experimental reducing power 

of the gas. The discrepancies between theoretical prediction and reality of reduction of nickel and cobalt oxides in the 

laterite probably result from the fact that nickel and cobalt do not occur as pure oxides in the ore but as solid solutions 

with iron and magnesium in silicates. Magnesium and/or iron partially substitute nickel in octahedral positions, forming 

complex silicateisomorphism that can be more difficult to reduce in mild reducing conditions. However, high CO 

partial pressure in a reducing gas was verified by Antola et al. [18] to forward metallic iron precipitation, and slightly 

lower reduction potentials and prolonged time have been advised to choose for nickel production from oxidic nickel 

ore. In this study, higher CO partial pressure than 0.60atm did not strengthen nickel and cobalt reduction,suggesting that 

60 vol% CO is optimal for Ni and Co extraction from the ore.  

3.4 Effect of reduction temperature  

The effect of temperature on reduction of 53-200 μm laterite ore was studied in the temperature range 700-900 

°C with CO partial pressure of 0.6 atm. The extents of reduction of nickel, cobalt and iron oxides at different tempera-

tures for 60 min are presented in Fig.7. The reducibility of nickel oxide increased with increasing temperature from 700 
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to 740 °C but decreased with further increasing temperature to 800 °C and above. As a result, the extent of reduction of 

nickel oxide reached the maximum of 85% at 740 °C. The reduction of cobalt oxide was close to 100% at 700-800 °C 

and gradually dropped to about 90% with increasing reduction temperature to 900 °C. Iron metallization monotonically 

decreased with increasing temperature from 700 to 900 °C. The maximum reduction of iron oxides, 23%, was produced 

at 700 °C.  
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Figure 17: The effect of reduction temperature on 

reducibility of garnieritic laterite ore 

Figure 18: Effect of ore particle size on reduction of  Ni, 

Co and Fe oxides in the ore 

Saha et al. [18] found maximum nickel extraction from a reduced siliceous laterite ore was achieved at 750°C 

and nickel metallization decreased significantly as reduction temperature further increased. It is noteworthy that the 

drop of reduction extent of nickel oxide at high temperatures was greater than cobalt and iron counterparts. This may 

imply that nickel is easier to consolidate into silicate solid solutions than cobalt. Further increase in temperature im-

pedes the metallization, causing only approximately 60% of nickel extracted at 900 °C. Very similar trend in nickel 

productivity was obtained by Li [17] in serpentine laterite ore reduction.   

Table 3 shows that increase in temperature improves nickel and cobalt grades of ferronickel alloy in reduced ores 

and reduction selectivity of their oxides. The increasing nickel grade of alloy at elevated temperatures is consistent with 

that predicted by Rhamdhani et al. [20]. Selective reduction of the ore at 740 C obtained 41.3% and 2.3% of nickel and 

cobaltgrade, respectively. Surprisingly, reduction at 850 and 900 °C reached higher metallic grade and selectivity, 

though the reduction extents of their oxides were significantly affected. The trends in metallic grades and the selectivity 

of reduction over temperature seem to be paradoxical with the changes of reduction extents of nickel and cobalt oxides. 

Li [17] also noticed the different tendencies in nickel grade and its production over temperature, which was mistakenly 

attributed to experimental error.  

Table 3: Effect of temperature on Ni and Co grade of ferronickel alloy and selectivity of reduction 

A low extent of iron metallization was achieved by controlling the CO partial pressure not exceeding the bound-

ary for wustite reduction in CO/CO2 (~60 vol%~70 vol% CO in CO2).The drop in nickel production over increasing 

temperature indicates that the reduction of nickel oxide is hindered by high temperature; this is probably caused by sub-

stantial formation of olivine and recrystallization of this phase up to 810 °C following Equations (4) and (5). The for-

mation of olivine tends to integrate nickel into the silicate lattices to form solid solutions [21]. The activity of nickel 

oxide in the silicate solid solutions negatively deviates from ideal solutions [22],which impairs its reducibility. 

(Mg, Fe, Ni)3Si2O5(OH)4= 2(Mg, Fe, Ni)O + (Mg, Fe, Ni)Si2O5+2H2O (4) 

4(Mg, Fe,Ni)O+2(Mg, Fe,Ni)Si2O5= 3(Mg, Fe, Ni)2SiO4 + SiO2 (5) 

As shown in Fig. 1, the phases in the reduced ore at 850 °C are similar to those reduced at 740 °C, including talc, 

olivine, pyroxene, wustite, quartz, and ferronickel. The distinction is that partially dehydrated chlorite was found in the 

sample reduced at 740 °C but not at 850 °C. This change has been found to associate with complete decomposition of 

chlorite between 700 and 800 °C [23-24]. Besides, talc retained at 850°C but its 006 peak (228.7) disappeared dur-

Temperature (°C) GNi (%) GCo (%) SNi SCo 

700 31.0 1.9 3.5 7.6 

740 41.3 2.3 5.6 10.9 

800 44.8 3.0 6.6 15.8 

850 56.0 5.4 11.1 37.8 

900 59.1 6.0 13.0 47.0 
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ing reduction at this temperature; this peak has been reported by Yang et al. [24] to survive up to 900-1000 °C in the 

annealed laterite, suggesting talc is less heat-resistant in reducing atmosphere than in inert gases. Weakened ferronickel 

peaks at 850 °C imply that nickel, iron and cobalt metallization particularly the former two from their oxides were 

weakened at higher temperatures, which conforms to the ICP-AES analyses of reduced ores given in Fig. 7. More im-

portantly, olivine reflections were reinforced at 850 °C, and therefore more nickel suffers from consolidation of this 

conservative phase from which it is difficult to reduce.  

3.5 Effect of ore particle size  

The effect of particle size on the ore reduction was studied using samples of two sizes, 53-200 μm and < 53 μm 

at 740 °C and 850 °C in the 60 vol% CO-40 vol% CO2 gas mixture. The extents of reduction of nickel, cobalt and iron 

oxides are presented in Fig. 8. 

The extents of reduction of nickel and iron oxides were inversely affected by ore particle size; finer ore (< 53 

μm) had higher yields of nickel and iron, although the effect of the ore size on iron oxide reduction was not as signifi-

cant as nickel oxide reduction. More than 90% nickel oxide was reduced from the finer ore but the coarser ore (53-200 

μm) achieved lower (85%) extent of reduction at 740 °C. The effect of the ore size on the iron oxide reduction was not 

strong, as the extent of iron oxide reduction was low. The extent of reduction of cobalt oxide in the coarse ore was 

higher than in the fine ore. 

3.6 The mechanism of laterite ore selective reduction  

The extraction of nickel and cobalt from garnieritic laterite ores consists of dehydration of hydrous silicates and 

selective reduction reactions. At lower temperatures, nickeliferous chlorite commences dehydrating from about 600 °C 

and gradually decomposes to amorphous forsterite and enstatite, in which loosely bonded nickel and cobalt oxides and 

their silicates are readily reduced. During reduction, a small amount of iron oxide is reduced to metallic state. Metal-

lized nickel and iron form solid ferronickel alloy. Production of the alloy lowers the activity of iron which is favourable 

to further reduction of wustite [21]. Iron oxide reduction from fayalite (Fe2SiO4) is thermodynamically infeasible under 

the experimental conditions of this investigation. Nickel and cobalt containing minerals are reducible in the form of 

amorphous metasilicates and orthosilicates resulting from dehydration at lower temperatures before being transformed 

to crystalline solid solutions. 

When temperature is increased up to 800 °C, reduction reactions are affected by the phase transformation and 

crystallization. Proximate ionic radii of magnesium, iron, and nickel increase the occurrence of Mg-Fe-Ni solid solution 

[21].The activity of nickel oxide in Mg2SiO4-Ni2SiO4 solution has strong negative deviations from the ideal (Raoultian) 

solution [22]. As temperature is elevated, more nickel is incorporated into the solid solutions, resulting in a higher frac-

tion of nickel oxide unreducible. This has been verified by decrease in the extent of nickel oxide reduction with increas-

ing temperature above 740°C.  

4 CONCLUSIONS 

The reduction of an Australian garnieritic laterite ore was examined at different conditions. It was found that the 

optimal reduction conditions were temperature at 740°C and 60 vol% CO in the CO-CO2 gas mixture. Gas flow rate did 

not show visible effect on the ore reduction in the range of 350 – 1050 mL/min. The reducibility of nickel and cobalt 

oxides decreases with increasing temperature above 800 °C. The metallization of Ni, Co and Fe increased with CO par-

tial pressure; the reduction of iron oxide sharply increased when CO concentration was above 60 vol% which made 

reduction of nickel and cobalt oxides nonselective. Olivine formation, recrystallization and integration of nickel into the 

lattice at high temperatures (800 °C and above) render nickel and cobalt oxides less reducible, causing decreased yields 

of these metals. The selection of the reduction conditions may need to compromise between maximum nickel and cobalt 

production and the selectivity of reduction of nickel and cobalt oxides to reach best benefit from laterite ore processing. 
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ABSTRACT 

In the previous study, the authors have presented a new method to produce 300 series stainless steel using elec-

tro-silicothermic process and it might be an innovation for stainless steel and ferronickel industry. In the new process, 

lateritic nickel ore was used to produce different ferronickel alloys with high silicon content (Si＞5.0 wt%) and was 

named nickel-silicon ferroalloy. The solubility of carbon in molten iron-nickel-silicon (Fe-Ni-Si) alloy is an important 

design consideration for producing nickel-silicon ferroalloy. A new experimental apparatus was developed in the pre-

sent study. The molten metal in equilibrium with a graphite crucible, which was kept by an insulated crucible outside, 

was quenched in a copper mold in order to obtain the solubility of carbon at experimental temperature as accurate as 

possible. Solubility of carbon in Fe-Ni-Si alloy with different nickel/iron (Ni/Fe) ratio was measured under the tempera-

ture of 1773K and 1823K, respectively. The relationship between the solubility of carbon and silicon content between 0 

wt% and 15 wt% in molten Fe-Ni-Si alloy at 1773K could be expressed as a function as follows. 

 Ni/ Fe = 0.09, [%Si] =16.72 - 2.01 [%C] -10.72 lg[%C]  

 Ni/ Fe = 0.27, [%Si] =15.36 -1.65 [%C] -14.03 lg[%C]  

The results showed that the solubility of carbon decreases with an increase in Ni/Fe ratio at the same silicon 

content in the molten Fe-Ni-Si alloy. A second solid phase appears at silicon content from around 18 wt% to 2 0wt%. 

The second solid phase was SiC which can be detected by scanning electron microscope. 

KEYWORDS: iron-nickel-silicon alloy, solubility of carbon, lateritic nickel ore, stainless steel, electro-

silicothermic 

1 INTRODUCTION 

In the previous study, the authors have presented a new process to produce 300 series stainless steel, and the 

electro-silicothermic metallurgy method was used in the new process
[1]

. One of the characteristics of electro-

silicothermic metallurgy was that the issue of carbon content of the final product was solved by intermediate product. 

Hence, in order to obtain the primary stainless steel with low carbon content and reduce the decarburization load of 

AOD or VOD, it is necessary to control the carbon content of nickel-silicon ferroalloy which was the intermediate 

product to less than 3.0wt% or 1.5 wt%. Authors have developed the experiment method to research the solubility of 

carbon in molten Fe-Ni-Si alloy which has different composition under the temperature of 1773K and 1823K, respec-

tively. 

In the past years, some investigations of the solubility of carbon in molten Fe-Si, Fe-Ni and Ni-Si alloys have 

been carried out. In 1950s~1970s Chipman
[2][3][4][5]、Elliott

[6][7]、Darken
[8]、Lupis

[9]、Kazuhiro
[10]

 et al
[11][12][13] 

carried 

out many researches on the effect of other element on the solubility of carbon in molten iron, for example, the respec-

tive effect of nickel and silicon element alone. Their works were summarized by Sigworth and Elliot et al.
[14] 

and the 

data of first-order interaction coefficients was calculated, which was the fundamental data for thermodynamic study of 

iron molten system. However, Fe-Ni-Si alloy also is the iron-based alloy, there was no study on the combined effect of 

nickel and silicon on the solubility of carbon in this type of molten iron. The authors would like to show in this paper 

the effect of Ni/Fe ratio on the solubility of carbon in the molten iron with different silicon content. 

2 EXPERIMENTAL 

The experiment was carried out by equilibrating Fe-Ni-Si melt sample with graphite. The apparatus used for the 

experiment is pictured in Fig. 1. A resistance furnace used molybdenum-silicon heating units and the temperature was 

held constant at 1773±1 K or 1823±1 K with PtRh30-PtRh6 thermocouple through an automatic controller. A graphite 
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crucible with a graphite cover was used for experiment and it was kept by an insulation crucible outside this resistance 

furnace chamber. The details of crucible assembly were shown in Fig. 2. In order to ensure that the temperature does 

not decrease during the period of sampling process and to obtain an immediate quench, they were both drawn out of the 

furnace chamber promptly at the end of experiment and the melt was quenched in copper mold (as shown in Fig.3) 

quickly. The time taken for the sampling process was within 20s. Materials used for the preparation of Fe-Ni-Si alloy 

samples were shown in Table 1. The samples with different composition were smelt in an induction furnace with the 

capacity of 10 kg. About 100 g alloy mixture in the graphite crucible was melted up to 1773 K or 1823 K and main-

tained at this temperature for 4h by a current of purified Ar in each run of experiment. The duration to establish the at-

tainment of an equilibrium state was about 1h, which confirmed in preliminary tests, and the quenching in copper mold 

was the best cooling method of the sample. The results of preliminary experiments were shown in Fig. 4 and Table 2. 

As shown in the Table 2, when the melt was quenched with copper mold, the solubility of graphite in molten iron meas-

ured by the apparatus described above was more approximate to the value measured by [2], which is in remarkably 

good agreement with other researchers. The value was 5.21 wt% in this experiment and it was higher than value of 5.15 

wt% from the literature [2].  

 

Fig.1. Resistance furnace used for the equilibrium test between Fe-Ni-Si-C melts and graphite 

 

Fig.2. Crucible assembly (A. Graphite cover; B. Graphite crucible; C. Insulation crucible) 
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Fig. 3. Copper mold used for quenching 

Table 1. Raw materials used for Fe-Ni-Si melt 

Materials 
Composition/wt% 

Fe Ni C Si Mn P S Cr Ni Cu Al Ca 

Pure iron 99.90 / 0.02 0.003 0.02 0.0065 0.005 0.01 0.01 0.01 0.01 / 

Pure nickel ≤0.30 ≥99 ≤0.02 ≤0.02 ≤0.35 / ≤0.01 ≤0.2 / ≤0.25 / / 

Silicon 0.5 /  ≥99 / 0.16 / / / / 0.5 0.3 
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Fig. 4. The dissolved carbon content in iron molten changes with equilibrium test time at 1773K 

Table 2. Comparison of solubility of graphite in molten iron at 1773K with different cooling method 

Sample cooling Carbon content, (wt%) Error 

Quenched in the copper mold 5.15
[2]

 - 

Quenched in the copper mold 5.21 1.17% 

Sampling by quartz tube and then quenched in water 4.56 -11.46% 

Melt with graphite crucible quenched in water 5.37 40.70% 

3 RESULTS 

The results of fifteen experiment runs are shown in Table 3 and Fig.4. As shown in Fig.4, for each set of solubili-

ty of graphite in molten Fe-Ni-Si alloy, the solubility was decreased with the increase in silicon content, where [% C] 

and [% Si] was 100 times of the mass fraction of carbon and silicon, respectively. The solubility was also decreased by 

increasing the Ni/Fe ratio when the silicon content was at the same value. The solubility of carbon in molten Fe-Si alloy 

was measured by Chipman
[2]

 and the molten Fe-Si can be seen as a special system of Fe-Ni-Si with Ni/Fe=0. Similarly, 

Ni-Si alloy
[15] 

can be seen as another special system of Fe-Ni-Si with Ni/Fe=﹢∞. So that the value of the solubility of 

carbon in molten Fe-Ni-Si alloy was between that in molten Fe-Si alloy and that in molten Ni-Si alloy when they had 

the same silicon content. Additionally, the carbon content in the Ni-Si ferroalloy produced by lateritic nickel ores in the 

new process will be between the value of solubility of carbon in molten Fe-Ni-Si alloy (Ni/Fe=0.09) and that in molten 

Fe-Ni-Si alloy (Ni/Fe=0.27) because the Ni/Fe ratio in lateritic nickel ores was between 0.09 and 0.27. Hence, to ensure 

the carbon content of the primary stainless steel in the electro-silicothermic process was less than 3.0 wt% or 1.5 wt%, 

the silicon content of Ni-Si ferroalloy should be higher than 7 wt% or 12 wt%. However, the solubility of graphite in 

molten Fe-Ni-Si alloy was increased by increasing the temperature. When the temperature increased to about 50 K, the 

carbon content increases to about 8%. The smelt temperature could be controlled and kept at a 1773±100 K generally. 

In order to assure that the carbon content in the Ni-Si ferroalloy was less than 1.5 wt% and satisfied with the require-

ment of carbon content required in primary stainless steel production, the silicon content of Ni-Si ferroalloy might be 
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higher than 15 wt%.  

Table 3. Chemical analysis of Fe-Ni-Si-C alloy samples 

Run No Temp.(K) %Fe %Ni %Si %C Ni/Fe Run No Temp.(K) %Fe %Ni %Si %C Ni/Fe 

1 1773 86.55 8.03 0.94 4.36 0.09 9 1773 68.27 17.92 12.51 1.17 0.26 

2 1773 83.46 8.00 4.41 3.43 0.10 10 1773 65.43 17.66 15.99 0.73 0.27 

3 1773 80.87 9.30 6.91 2.61 0.11 11 1773 64.60 17.31 17.32 0.62 0.27 

4 1773 78.97 7.24 12.04 1.45 0.09 12 1823 74.04  20.69  0.40  4.18  0.28  

5 1773 78.51 7.12 12.79 1.28 0.09 13 1823 65.99  17.64  15.44  0.79  0.27  

6 1773 77.38 7.00 14.37 1.08 0.09 14 1823 63.90  16.66  18.61  0.37  0.26  

7 1773 74.71 6.70 17.71 0.62 0.09 15 1823 63.21  16.16  19.98  0.29  0.26  

8 1773 74.35 20.8 0.46 3.96 0.28        
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(b) The effect of temperature on the solubility (Ni/Fe=0.27)  

Fig. 4. The relationship between silicon content and carbon content in the molten Fe-Ni-Si alloy 

A very interesting observation was made during run No.7, No 11 and No 15. The charge contained 22 wt% of 

silicon but the samples contained only 17.71 wt% to 20 wt%. These three samples presented the limiting silicon concen-

tration which can remain in stable equilibrium with graphite. Analogous behaviours were observed in the Fe-Si-C equi-

librium series
[2]

. Chipman considered that it was because during the second phase it dissolved out from the alloy and he 

thought it was β-SiC but did not provide the direct proof. Some analysis of the precipitations dissolved out from the 

alloy in the graphite crucible was carried out and shown in the Fig.5 and Fig.6. The second phase in the equilibrium 

experiment was confirmed as the SiC.  

 

Fig. 5. SEM analysis of educt in the run No.7 of the experiment 

SiC 

Graphite 

Graphite 

Graphite 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 532  
 

10 20 30 40 50 60 70 80 90

0

2000

4000

6000

8000

10000

12000




 SiC (2 2 2)

SiC (3 1 1)
SiC (2 2 0)

In
d
tn

s
it
y

2Theta

SiC(1 1 0)


 

 

 

Fig. 6. XRD analysis of educt in the run No.7 of the experiment 

4 DISCUSSION  

The solubility of solute refers to the amount of solute in the solvent when the solid solute is equilibrating with 

the solvent at a certain temperature, so the solubility of solute in molten alloy is always expressed as weight percent. 

According to the difference of the solid phase during which it dissolved out from the molten alloy, the solubility of car-

bon can be divided into the solubility of graphite and the solubility of carbide. The investigation of the authors and 

Chipman
[2][16]

 showed that there were two solid phases of graphite and SiC dissolved out from the molten Fe-Ni-Si-C 

alloy when it was equilibrating with graphite. So the solubility of carbon in the molten Fe-Ni-Si-C alloy can be divided 

into the solubility of graphite and the solubility of silicon carbide. The carbon content measured in this paper was the 

solubility of graphite in the molten Fe-Ni-Si-C alloy. Therefore, the chemical equilibrium reaction of these experiments 

can be expressed as eq.(1) 

 Graphite sat. %
C =[C] ，  (1) 

The activity of carbon in the molten alloy can be calculated by eq.(2) when using a weight percent composition.  

 
 

C C sol,%
[%C]a f K  (2) 

Where: 

sol,%

C

C

Equilibrium constant of reaction (1)

[%C] 100 times of the mass fracation of C in molten;

Activity coefficient of carbon;

Activity of carbon.

K

f

a

 —— ；

——

——

——

 

Then the activity coefficient of carbon in a quaternary Fe-Ni-Si-C can be expressed in accordance with ε-

formalism
[14]

 as eq.(3) 

 

C Si Ni C 2 Si 2

C C C C C C

Ni 2 C,Si C,Ni Si,Ni

C C C C

lg [%C] [%Si] [%Ni] [%C] [%Si]

[%Ni] [%Si][%C] [%Ni][%C]+ [%Si][%Ni]

f e e e  

   

    

  
 (3) 

Where: 
j

i

j j,k

i i

first order interation coefficient, i=C, Si, Ni, j=C,Si, Ni

, second order interation coefficient, k=C, Si, Ni

e

 

—— ；

—— ；
 

Take the logarithm on both sides of eq.(2) and substitute it with eq.(3). Then the relationship between the com-

positions of every element in molten Fe-Ni-Si-C alloy can be expressed as eq.(4) 

 
 

   

 ° C Si Ni C 2 Si 2

sol C C C C C

Ni 2 C,Si C,Ni Si,Ni

C C C C

lg[%C] lg [%C]- [%Si]- [%Ni]- [%C] - [%Si]

- [%Ni] - [%Si][%C]- [%Ni][%C]- [%Si][%Ni]

K e e e
 (4) 

Actually, the second-order terms can be ignored because the effect of second-order interaction coefficient on the 

activity coefficient of carbon in this system was much lower than the effect of first-order interaction coefficient even 

though the nickel content was in the range of 8 wt%~20 wt% and the silicon content was in 0~20 wt%. The interaction 

coefficient reported in other papers is shown in Table 4 and the effect of first-order interaction coefficient and second-

order interaction coefficient on the activity coefficient of carbon calculated with the data presented in Table 4 and Table 

3 is shown in the Table 5. 
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Table 4. The interaction coefficient between Ni、Si、C and C 

Ni

C
e   Ni

C   Ni,C

C  Temp./K Ref. 

0.010
*
 1.5×10

-5
 2.9×10

-4
 1823 [17] 

Si

C
e   S i

C   Si,C

C  Temp./K Ref. 

0.08 7.9×10
-4

 6.2×10
-3

 1773 [14][18] 
C

C
e   C

C   Temp./K Ref. 

0.15 7.6×10
-3

  1773 [14][18] 

Table 5. The effect of first-order and second order terms on the activity coefficient of carbon in molten Fe-Ni-Si-C alloy 

Factors 

Calculation values 

Ni/Fe=0.09 Ni/Fe=0.27 

Min. Max. Min. Max. 

First-order terms 

C

C [%C]e  0.0868  0.6678  0.0868  0.5572  

Si

C [%Si]e  0.0752  1.4168  0.0368  1.3856  

Ni

C [%Ni]e  0.0670  0.0930  0.1731  0.2080  

Second-order terms 

C 2

C [%C]  0.0029  0.1729  0.1204  0.0029  

Si 2

C [%Si]  0.0007  0.2478  0.0002  0.2370  

Ni 2

C [%Ni]  0.0007  0.0013  0.0045  0.0065  

C,Si

C [%Si][%C]  0.0254  0.1118  0.0113  0.0907  

C,Ni

C [%Ni][%C]  0.0012  0.0027  0.0031  0.0239  

Hence, the eq.(4) can be simplified as eq.(5). 

 
° C Si Ni

sol C C Clg[%C] lg [%C]- [%Si]- [%Ni]K e e e   (5) 

Moreover, in the quaternary system Fe-Ni-Si-C, the Ni content was related to the content of silicon and carbon 

so that the Ni content in the Fe-Ni-Si-C alloy can be calculated by the eq.(6) 

 
100 - [%Si] - [%C]

[%Ni] =
1

1+
N/F

 (6) 

Where, N/F was refers to Ni/Fe ratio in melt of Fe-Ni-Si-C alloy. 

Then substitute the eq.(6) with the eq.(5) and eq.(7) will be obtained. 

 

 

  

    

° C Si Ni

sol C C C

Ni Ni Ni

° C SiC C C

sol C C

Ni Ni

C °C C

C solNi
SiC
C

100 - [%Si] - [%C]
lg[%C] lg [%C]- [%Si]- ( )

1
1+

N/ F

100
(lg - ) ( )[%C]+( - )[%Si]

1 1 1
1+ 1+ 1+

N/ F N/ F N/ F

1001
[%Si] [lg[%C] ( )[%C] (lg -

1 1
1+ 1+( - )

N/ F1
1+

N/ F

K e e e

e e e
K e e

e e
e K

e
e

)]

N/ F

 (7) 

Assuming the N/F was a constant, the relationship between silicon content and solubility of graphite in the mol-

ten Fe-Ni-Si-C alloy can be expressed as eq.(8).  

    [%Si] a+b [%C] c lg[%C]  (8) 

Where a, b, c were both constant which were only influenced by the Ni/Fe and temperature, and their representa-

tive was shown in eq.(9), eq.(10) and eq.(11), respectively. 
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solNi
SiC
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1001
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N/ F

e
K

e
e

 (9) 

  

Ni

C C

CNi
SiC
C

1
b ( )

1
1+( - )

N/ F1
1+

N/ F

e
e

e
e

 (10) 

 
Ni

SiC
C

1
c

( - )
1

1+
N/ F

e
e

 (11) 

Thus, according for the data shown in Table 3, the statistically obtained relationship equations at 1773K or 

1823K are shown in eq.(12), eq.(13) and eq.(14), respectively. 

Fe-Ni-Si-C(Ni/Fe=0.09), 1773K: 

 
2[%Si] =16.72 - 2.01[%C] -10.72lg[%C], R = 0.999  (12) 

Fe-Ni-Si-C(Ni/Fe=0.27), 1773K: 

 
2[%Si] =15.36 -1.65[%C] -14.03lg[%C], R = 0.999  (13) 

Fe-Ni-Si-C(Ni/Fe=0.27), 1823K: 

 2[%Si] =17.02 - 2.97[%C] - 6.78lg[%C], R = 0.999  (14) 

In fact, the requirement of silicon content for Ni-Si ferroalloy to satisfy the stainless steel production can be cal-

culated by eq.(12) and eq.(13) and the result are shown in the Table 6. The calculated result was well agreed with the 

experimental result shown in Table 3. Actually, the carbon in the primary stainless steel was less, the load of AOD or 

VOD was less. It was generally required to be less than 3.0 wt% or1.5 wt% in the traditional production process and 

only sometimes was required to be less than 1.0 wt% to produce ultra-carbon stainless steel. As shown in the Table 6, 

the carbon content can be controlled at a level of less than 1.0 wt% when the silicon content in Ni-Si ferroalloy was 

higher than 15 wt%. It was emphasized that even when the smelt temperature was increased 50 K or 100 K, the carbon 

content in Ni-Si ferroalloy will maintain less than 1.5 wt% according to the eq.(14). 

Table 6. Requirement of silicon content for Ni-Si ferroalloy to satisfy stainless steel production 

Requirement for carbon 

content 

Silicon content 

Ni/Fe=0.09 Ni/Fe=0.27 

<3.0% 5.6 3.7 

<1.5% 11.8 10.4 

<1.0% 14.7 13.7 

 

5 SUMMARY 

1) The solubility of carbon was decreased with the increase of Ni/Fe at the same silicon content in the molten Fe-

Ni-Si alloy and the relationship between the solubility of graphite and silicon content between 0 wt% and 17 wt% in 

molten Fe-Ni-Si alloy at 1773K could be expressed as a function as follows. 

 Ni/ Fe = 0.09, [%Si] =16.72 - 2.01 [%C] -10.72 lg[%C]  

 Ni/ Fe = 0.27, [%Si] =15.36 -1.65 [%C] -14.03 lg[%C]  

2) A second solid phase appeared in the Fe-Ni-Si-C alloy at silicon content from around 18 wt% to 20 wt% and 

the second solid phase was SiC. 

3) The silicon content of Ni-Si ferroalloy might be higher than 15 wt% and satisfied the requirement of carbon 

content for the new method to produce 300 series stainless steel production. 

ACKNOWLEDGEMENT 

Authors gratefully acknowledge the financial support from National Natural Science Foundation of China 

(No.51274030) for this project.  



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 535  
 

REFERENCE 

[1] Chen Peixian, Chu Shaojun, Wang Haijuan. A new process to produce 300 series stainless 

steel with electro-silicothermic method, the 13th international ferroalloy congress, Almaty, 

Kazakhstan, 2013, June 9-13, pp. 791-800. 
[2] CHIPMAN J, ALFRED R M, GOTT L W, et al. The Solubilitity of Carbon in Molten Iron and in Iron-silicon 

and Iron-manganese Alloys[J]. Transactions of the American Society for Metals, 44(1952), pp. 1215-1231. 

[3] CHIPMAN J. Atomic Interaction in Molten Alloys Steel[J]. Journal of the Iron and Steel Institute, 180(1955), 

pp. 180:97-106. 

[4] NYQUIST O, LANGE K W K, CHIPAMAN J. Influence of Silicon on the Activity of Carbon in Liquid Iron[J]. 

Transactions of the Metallurgical Society of AIME, 224(1962), pp. 714-718. 

[5] RIST A，CHIPMAN J．Activity of Carbon in Liquid Iron-Carbon Solutions[EB/OL]．MIT 

Press，https://mitpress.mit.edu/sites/default/files/titles/content/9780262550468_sch_0001.pdf． 

[6] LUPIS C H P, ELLIOTT J F. Generalized Interaction Coefficients, Part I: Definitions[J]. Metal Science, 8(1974), 

pp. 298-310. 

[7] MILLER K O, ELLIOTT J F. Phase relationship in the systems Fe-Pb-Ni, Fe-Ni-C(sat) and Fe-Pb-Ni-C; 1300℃ 

to 1550℃[J].Transactions of the metallurgical society AIME, 218(1960), pp. 900-910. 

[8] DARKEN L S. Theymodynamics of Ternary Metallic Solutions[J]. Transactions of the Metallurgical Society of 

AIME, 239(1967), pp. 90-96. 

[9] LUPIS C H P. On the use of Polynomials for the Thermodynamics of Dilute Metallic Solutions[J]. ActaMetallur-

gica, 16(1968), pp.1365-1375. 

[10] KAZUHIRO G, SHIRO B, SACHIO M. Activity of the Carbon and the Oxygen in Molten Iron-Nickel and Iron-

Chromium Alloys.鉄と鋼，49(1963)2, pp.138-143.  

[11] JI C L, QI G J. Activity Coefficient of silicon and its Interaction Coefficients in Fe-C-Si Melt at 1773K[J]. 

Transactions of the Japan Institute of Metals, 26(1985)11, pp.832-839. 

[12] RUFF O, GOECKE O. The Solubility of carbon in Iron[J]. Metallurgie, 8(1911), pp. 417-421. 

[13] RUER R, BIREN J. Solubility of Graphite in Iron[J]. Zeitschriftfüranorganische und allgemeineChmie, 

113(1920), pp.98-112. 

[14] SIGWORTH G K, ELLIOTT J F. The thermodynamics of Liquid Dilute Iron Alloys[J]. Metal Science, 8(1974), 

pp. 298-310. 

[15] YONG D, JULIUS C S. Experimental investigations and thermodynamic descriptions of the Ni-Si and C-Ni-Si 

systems[J]. Metallurgical and materials transactions A, 30A(1999)9, PP.2409-2418. 

[16] CHIPMAN J, FULTON J G, GOKCEN N, et al. Activity of Silicon in Liquid Fe-Si and Fe-C-Si Alloys[J]. Ac-

taMetallurgica, 2(1954), pp. 439-450. 

[17] FOO E H, LUPIS C H P. Activity of Carbon in Iron Alloys at 1550℃[J]. Metallurgical Transactions, 3(1972)8, 

pp. 2125-2131. 

[18] The Japan Society for the Promotion of Science. Steelmaking Data Sourcebook[M]. The 19th Committee on 

Steelmaking. 2ed.Tokyo Japan: Gordon and Breach Science Publishers, 1984: pp. 278-324.  

https://mitpress.mit.edu/sites/default/files/titles/content/9780262550468_sch_0001.pdf


FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 536  
 

PRETREATMENT OF REDUCTIVE DEPHOSPHORIZATION 

SLAGS GENERATED IN HIGH SILICON FERRONICKEL 

PRODUCTION 

M.Y.Lu, H.J. Wang, B.Song, S.J Chu 

School of Metallurgical and Ecological Engineering, University of Science and Technology Beijing, 100083, Beijing, 

China; Email:lumingying0402@126.com 

ABSTRACT 

Nowadays, Nickel-containing stainless steel plays more important role due to its good mechanical properties in-

cluding superior bending strength and hardness. Meanwhile, the phosphorus content of Ni-Fe alloys needs strict re-

quirements when it is treated as the base material of stainless steel. Oxidizing dephosphorization and reductive 

dephosphorization (RDP) are two methods for dephosphorization of ferroalloys. However, the conventional oxidizing 

dephosphorization process is not a good choice for dephosphorization of High Silicon Ferronickel because silicon or 

other valuable metals will be oxidized in priority of phosphorous in the practical production. In this case, RDP has 

been noticed because of its protection of silicon and valuable metals as well as its excellent dephosphorization effect. 

Even though, there are still some problems which need to be solved. Like the reaction product of calcium phosphide 

(Ca3P2), is very active and produces the hazardous phosphine gas (PH3) when it is exposed to the moist atmosphere 

which will pollute the environment and need to be treated to be environmental friendly. What is more serious, PH3 is 

also very dangerous to human being. A small amount of inhalation can cause dizziness, headaches, sickness and vomit-

ing. Severe PH3 poisoning can cause damage to lungs, heart, liver and kidney, and even cause death. Therefore, it is 

very important to dispose the reaction product of Ca3P2, and suppress the evolution of PH3. Then the RDP slag can be 

stacked safely or used as raw material for other products. 

In the present study, the authors wish to exploit different kinds of oxidative metallurgical slags to oxidize the 

RDP slag, in order to make Ca3P2 transform into calcium phosphate (Ca3(PO3)2) which is innocuous. This work aimed 

at reviewing studies on the treatment of reductive dephosphorization slags reported by several authors. The results 

showed that ferromanganese slag which contains MnO could be successfully used to treat Ca3P2 innocuously. 

KEYWORDS: Reductive dephosphorization (RDP), Calcium phosphide (Ca3P2), Phosphine gas (PH3), Cal-

cium phosphate(Ca3(PO3)2). 

1 INTRODUCTION 

Phosphorus is a harmful element in stainless steel. It not only increases the segregation, but also has a bad effect 

on other mechanical properties such as corrosion resistance and welding performance. Therefore, attention has been 

attracted to the control of phosphorous content in stainless steels. 

Nickel-containing stainless steel is of interest due to its good mechanical properties including superior bending 

strength and hardness [1-3]. Meanwhile, the phosphorus content of ferronickel needs strict requirements when it is used 

as the charging material of stainless steel. Oxidizing dephosphorization and reductive dephosphorization (RDP) are two 

methods for dephosphorization of ferroalloys. The concentrations of phosphate and phosphide in slag depend on the 

partial pressure of phosphorus, the partial pressure of oxygen and temperature [4]. Phosphorus is easy to be dissolved in 

the slag in the form of P
3-

 under a strongly reducing atmosphere, while the phosphorus is dissolved in the slag in the 

form of PO4
3+

 under oxidizing conditions. The change of oxygen potential in the reactor can make the different products 

of dephosphorization. In general, oxidizing dephosphorization produces Ca3(PO4)2 or Ba3(PO4)2, while reductive 

dephosphorization produces Ca3P2 (as shown in Figure1). 
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Figure1. Conversion of Phosphorus under different oxygen potential [5] 

 

Under conventional oxidizing conditions, the dephosphorization reaction can be expressed by Eq (1) 
2 3

2 2 4
31 4P O O PO

2 2 5
     (1) 

On the other hand, under strongly reducing conditions phosphorus is expected to behave as phosphide as fol-

lows: 
2 3

2 2
3 31 P O P O2 2 4

 
    (2) 

However, the conventional oxidizing dephosphorization process is not a good choice for dephosphorization of 

high silicon ferronickel because silicon or other valuable metals will be oxidized in priority of phosphorous in the prac-

tical production. Therefore, dephosphorization should be carried out under a strongly reducing atmosphere to reduce the 

phosphorus content of ferronickel.  

On the line of the above background, RDP has been noticed because of its protection of silicon and valuable 

metals as well as its excellent dephosphorization effect. However, the reductive dephosphorization slag has a certain 

content of calcium phosphide (Ca3P2), which is the reaction product of reducing dephosphorization. And the calcium 

phosphide (Ca3P2), which is a reaction product of the reducing dephosphorization mechanism, is very active when it is 

exposed to the moist atmosphere, the hazardous phosphine gas (PH3) evolves [6],[7]. The reaction of the emission of 

phosphine gas can be written as follows: 

3 2 2 3Ca P (s) 3H O(g) 3CaO(s) 2PH (g)     (3) 

3 2 2 2 3Ca P (s) 3H O(g) 3Ca(OH) (s) 2PH (g)     (4) 

Phosphine is a highly toxic gas which ignites spontaneously in air. It’s hazardous to environment as well as to 

human being [8]. A small amount of inhalation can cause dizziness, headaches, sickness, and vomiting. Severe PH3 

poisoning can cause damage to lungs, heart, liver and kidney, and even cause death. Therefore, it is very important to 

dispose the reaction product of Ca3P2, and suppress the evolution of PH3. In the meanwhile, the RDP slag can be 

stacked safely or used as raw material for other products. 

This work aimed to review studies on the treatment of reductive dephosphorization slags reported by several au-

thors. The treatment could be classified into two methods: treatment before the separation of slag and melt and treat-

ment after the separation of slag and melt. 

2 Overview of treatment of reductive dephosphorization slags 

2.1 Conversion of Ca3P2 to calcium phosphate by oxygen injection before the separation of slag and melt [9] 

Oxygen is blown to the slag before the separation between the slag and the steel. This method is easy and effec-

tive. Part of calcium phosphide is translated into phosphorus which can evaporate into the air, and the other is translated 

into calcium phosphate (Ca3(PO3)2). The reaction is given as follows: 

3 2 2 2
3(Ca P ) O (g) 3(CaO) P (g)2    (5) 

2 2 5
52(P) O (g) P O2   (6) 

2 5 3 5 23(CaO) P O Ca (PO )   (7) 

However, the results showed that hot metal rephosphorization occurred with the advance of processing time. To 

solve this problem, it was suggested that churn of the liquid steel should be reduced to avoid the contact between gener-

ated from steel slag and the steel. Furthermore, film formation of CO gas on the steel-slag interface can prevent the con-
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tact between reductive dephosphorization of slag and steel. What's more, the partial pressure of phosphorus decreased 

by reducing the system pressure, phosphorus could easily volatilize. 

2.2  Experiments after the separation of slag from hot metal. 

2.2.1 Slag was separated from steel after reductive dephosphorization. Then the slag with less phosphorus can be 

blended with the carbon steel to oxidize calcium phosphide (Ca3P2) [9]. And the amount of Ca3P2 in the slag decreases 

rapidly during the oxidation process, while a small quantity of phosphorus gets into steel. Then, the issue of phosphorus 

of carbon steel can be solved easily by adding oxidizing agents. Therefore, the carbon steel has played an important role 

to deal with phosphorus-containing slag. 

2.2.2 SHIN and PARK [10] tried to confirm the conversion of Ca3P2 to calcium phosphate by oxygen injection 

into the molten RDP slag. RDP slag was melted in the graphite crucible at 1773 K using a high frequency induction 

furnace with a graphite heater under a purified Ar-3%H2 atmosphere. After the slag was melted, the power of the fur-

nace was switched off, and then the slag was slowly cooled down. At this time, the gas was switched from Ar–H2 gas 

mixture to purify O2 gas, and then O2 gas was injected while oxygen lance was kept 5 mm above the bottom of the cru-

cible. The schematic diagram of the experimental apparatus is shown in Figure 2.The experimental results show that 

oxygen blowing is effective for reducing PH3 emission from RDP slag. 

 

Figure2. Schematic diagram of the experimental apparatus [10] 

2.2.3 Takahashi et al. [11] treat RDP slag with the waste nitric acid. For comparison, the experiments were tested 

with 10% HNO3 and 10% HNO3-2% HF. When the acid was added into the RDP slag, there would be a violent exo-

thermic reaction. The amount of PH3 changed with different solid-liquid ratio after the chemical reactions. The results 

showed that there was no PH3 generated when the solid-liquid ratio was 0.2g /cc or less and PH was between 1 to11. 

But H2S would be generated in the acidic side (PH<7), while NH3 was formed in the alkaline side (PH>7). H2S and NH3 

can be recycled through the purification apparatus. Therefore, the aim of treating RDP slag with industrial waste (hy-

drofluoric acid, nitric acid, etc.) is achieved. 

2.2.4 Oxygen was blown to the surface of the RDP slag to produce protective film with CaO in the slag [12]. So 

the protective film can separate Ca3P2 from water vapour in the air. And RDP slag could also be transformed into raw 

materials of phosphorus chemical industry. For instance, combustion fabric is made of phosphine, formalin and hydro-

chloric acid as raw materials in the reaction. 

Methods mentioned above provided very useful technological information for making RDP slag harmless. How-

ever, most of these studies only are "conceptual" work in literature and few reports can be achieved in practice. There-

fore, cost-effective method is to deal with the reductive dephosphorization slag. 

Zeng et al. [13] proposed a feasible method in practice to treat the RDP slag. It was proved that Liquid ferro-

manganese slag which contains MnO could be successfully used to treat Ca3P2 innocuously. A typical composition of 

slag was shown in Table 1. 

Table 4: Chemical percentage of a ferromanganese slag 

Ingredient MnO SiO2 CaO MgO FeO Al2O3 ∑ 

% 10.72 35.61 16.14 2.53 0.82 20.53 86.35 
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MnO with oxidizing plays an important role. The method helps to recover part of the valuable metal and remove 

the phosphorus of reductive dephosphorization slag. The final form of phosphate is non-toxic phosphate. The reaction is 

as follows: 

 8Mn(s)(s))(POCa8MnO(s)(s)PCa 24323  TG 45.520958800 
 (8) 

The standard Gibbs free energy of reaction is about -260000 J / mol at 1600K, so it was possible that Ca3P2 

could react with MnO. The work by Zeng showed that RDP slag without such treatment pulverized easily when it was 

cooled at ambient temperature, accompanied by the producing stinking smell of PH3. The P content decreases in the 

slag decreases from 0.265%to 0.163% in 20 days. After the treatment, the chemical component and physical property of 

the dephosphorization slag remained the same which met the requirements of the industrial environmental protection 

and waste disposal. 

Waste slag produced during the ferroalloy production is converted into things of value in this method. It’s eco-

nomical since it does not need any external energy and other raw materials. And also, the process does not produce tox-

ic gases such as PH3. Therefore, this technology is conducive to industrialization. 

At the same time, some other waste slags such as ferronickel slag which contains FeO produced in metallurgical 

processes could also be reused in the treatment of RDP slag innocuously. This is worthy of further study. 

3 Summary 

1 The conventional oxidizing dephosphorization process is not a good choice for dephosphorization of high sili-

con ferronickel because silicon or other valuable metals will be oxidized in priority of phosphorous in the practical pro-

duction. Therefore, reductive dephosphorization has been noticed because of its protection of silicon and valuable met-

als as well as its excellent dephosphorization effect. 

2 The reductive dephosphorization slag contains a lot of calcification such as Ca3P2. And Ca3P2 is very active 

when it is exposed to the moist atmosphere, the hazardous phosphine gas (PH3) evolves. Ferromanganese slag which 

contains MnO can be successfully used to treat Ca3P2 innocuously. Some other oxidative metallurgical slags could also 

be reused in the treatment of RDP slag innocuously that is very good for the environment. 
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ABSTRACT 
An important place in systematization of the results of measuring phase and structural properties of alloys of a 

specific multicomponent system is taken by its diagrams of the phase structure and state. The existence of the phase 

structure diagram allows defining without special difficulty the equilibrium ratios of phases in any area of the consid-

ered system and for each its polytope and to realize a differentiated approach in the development of different behaviour 

models of melts properties if there are known the parameters of individual substances (compounds) located at peaks of 

the appropriate polytopes. 

The analysis of the world of the raw materials source for metallurgy shows that there are become less qualitative 

ore raw materials every year, and the requirements to quality of metal, on the contrary, grow. Present day technologies 

need the metals possessing a complex of properties. Such complex properties are shown by the complex alloy alumi-

numsilicochrome, which composition and technology are developed by scientists of the Chemical and Metallurgical 

Instituten.a.Zh. Abishev. When developing the technology of obtaining aluminumsilicochrome the authors carried out 

in-depth physical and chemical studies.  

The main goal of this work consists in carrying out the thermodynamic assessment of the possibility of smelting a 

metal of the given composition. For this purpose thermodynamic diagram analysis of Fe-Al-Si-Cr system is carried out 

with the established list of elementary polytopes. According to this diagram it will be possible to predict the phase com-

position of chromic complex alloys in case of different weight content of elements, thereby showing at what point of 

space of these volumes the best grades of aluminumsilicochrome are formed. 

1 INTRODUCTION 

To obtain a diagram of the phase structure or ratios (DPhS) of the metal Fe-Cr-Si-Al system in all intervals of 

temperatures of compounds phase transformations, temperature dependences of heat capacity are also needed, as well as 

enthalpies and entropies of melting these compounds [1-4].  

In works [5,6] a number of methods of approximate calculation of heat capacity of solid inorganic compounds is 

described, however, a large gap of the absence of reliable data of these methods accuracy and boundaries of applicabil-

ity left. Nevertheless, using different methods we derived an equation of heat capacity dependence on temperature – 

, melting enthalpy –  and melting entropy of melt –  of compounds are determined which are formed 

in the metal Fe-Cr-Si-Al system for which there were no reference data. 

The full calculation of thermodynamic constants of the reactions proceeding in these systems was carried out us-

ing the program Gibbs complex. The PC "Gibbs" developed by scientists of the ChMIn.a. Zh. Abishev enables defining 

changing enthalpy, entropy, heat capacity, Gibbs energy of any reaction both in heterogeneous, and in homogeneous 

and liquid-phase states at different temperatures taking into account all phase transitions (allotropic transformations, 

melting, etc.) for all the components of systems and to calculate a constant of equilibrium of reaction. The algorithm of 

determining the  value of the reaction according to the "Gibbs" PC is possible to be presented by the following for-

mulas: 

1) the values of Gibbs energy  of specified compounds are determined by the formula: 

, (1) 

2) the calculation of the reaction enthalpy changing at a set temperature: 

 (2) 

3) determining the reaction entropy changing at a set temperature: 
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 (3) 

4) calculating Gibbs energy changing at a set temperature– by the formula of Gibbs-Helmholtz.  

After substituting formulae (2) and (3) by formula (1) we obtain the expression: 

 (4) 

where  is a standard value of the reaction enthalpy, J/mol 

 is a standard value of the reaction entropy, J/(mol∙К) 

 is the reaction heat capacity, J/(mol∙К) 

 is the current temperature or the temperature of phase transformation (melting, evaporation, etc.) of the com-

ponent, respectively, К 

Т – is the temperature at which the system is in homogeneous liquid-phase state, К 

 is the phase transformation enthalpy or melting a component, respectively, J/mol 

 is the phase transformation or melting a component, respectively, J/(mol∙К). 

2 THERMODYNAMICCAL CULATIONS 

To carry out a tetrahedration of the Fe-Cr-Si-Al system by the method of thermodynamic- diagram analysis 

(TDA) it is necessary to break boundary subsystems of Si-Al-Fe, Si–Cr–Fe, Fe–Al–Cr and Si–Al–Cr into elementary 

independent triangles. Connodes of the coexisting phases are carried out by the Hess's rule. For the Si-Al-Fe subsystem 

the value of Gibbs energy (∆G
0

2500) of reactions (calculated by means of the program Gibbs complex) are provided in 

Table 1. On the basis of the obtained thermodynamic data the Si–Al–Fe subsystem DPhS was constructed up to the 

temperature of 2500 K (Figure 1). 

Table 1:  Thermodynamics of reactions in the Si–Al–Fe subsystem (Т = 2500К) 

Reaction equation ∆G
0
2500, (J) 

3Al + FeSi2 = FeAl3 + 2Si 112613.76 

FeAl3 + FeSi2 = 3Al + 2FeSi -40517.68 

2FeAl3 + 3FeSi = 6Al + Fe5Si3 -93331.98 

FeAl3 + Fe5Si3 = 3Al + 3Fe2Si -39119 

As a result of carrying out triangulation of the Si – Al – Fe system (Figure 1) taking into account all compounds 

5 zones are formed. In zones Si – Al – FeSi2 (1), FeSi2 – Al – FeSi (2), FeSi – Al – Fe5Si3 (3), Fe5Si3 – Al – Fe2Si (4) 

there are incongruent compounds. AtthesiteofthediagramFe2Si – Al – Fe there is one congruent (Fe2Al5) and two incon-

gruent compounds: FeAl3, FeAl. These compounds divide this site into four subzones: Fe2Si – Al – FeAl3 (5
I
), Fe2Si – 

FeAl3 – Fe2Al5 (5
II
), Fe2Si – Fe2Al5 – FeAl (5

III
), Fe2Si – FeAl – Fe (5

IV
).  
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Figure 1: Diagram of the substantial ratios in the Si–Al–Fe system at Т = 2500К 

The values of changing Gibbs energy of the reactions for the Si-Cr-Fe subsystem are given in Table 2. On the 

basis of the obtained thermodynamic data the Si-Cr-Fe subsystem DPhS was constructed also up to the temperature of 

2500 K (Figure 2). 

Table 2:  Thermodynamics of reactions in the Si-Cr-Fe subsystem 

Reaction equation ∆G
0
2500, (J) 

FeSi+CrSi2=FeSi2+CrSi -45773.4 

2FeSi+5CrSi=2FeSi2+Cr5Si3 -32065.96 

4FeSi+3Cr5Si3=4FeSi2+5Cr3Si -70950.76 

FeSi+Cr3Si=FeSi2+3Cr 14613.29 

Fe5Si3+2Cr3Si=5FeSi+6Cr 39786.33 

5Fe2Si+Cr3Si=2Fe5Si3+3Cr 7091.3 

2Fe+Cr3Si=Fe2Si+3Cr 41238.29 
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Figure 2: Diagram of the substantial ratios in the Si-Cr-Fe subsystem at Т = 2500К 

When carrying out triangulation of the triple Si-Cr-Fe system (Figure 2) 8 zones were formed. The Si – CrSi – 

FeSi2 zone has one congruent compound, CrSi2, as a result of which two subzones were formed: Si-CrSi2-FeSi2 (1
I
)and 

CrSi-FeSi2-CrSi2 (1
II
). In the CrSi – Cr5Si3 – FeSi2 (2), Cr5Si3 – Cr3Si – FeSi2 (3), Fe2Si – Cr3Si – FeSi (4), FeSi – Cr3Si 

– Fe5Si3 (5), Fe5Si3 – Cr3Si – Fe2Si (6), Fe2Si – Cr3Si – Fe (7) и Cr3Si – Cr – Fe (8) there are incongruent compounds. 

The values of Gibbs energy changing of reactions for the Fe–Al–Cr system are presented in Table 3. Based on 

the obtained thermodynamic data a DPhS of the Fe–Al–Cr system was constructed for the temperature of 2500К (Fig-

ure 3). The Fe–Al–Cr system DPhS is a totality of double compounds found in its binary systems Cr–Fe, Fe–Al, Cr–Al. 

Table 3:  Thermodynamics of reactions in the Fe–Al–Cr subsystem (Т=2500K) 

Reaction equation ∆G
0
2500, (J) 

Fe + Cr2Al = FeAl + 2Cr - 7161.8 

Fe2Al5 + 6Cr = 2FeAl + 3Cr2Al 338089.4 

2FeAl3 + 3Cr = Fe2Al5 + Cr2Al - 282521.99 

11FeAl3 + 2,5Cr2Al = 5,5Fe2Al5 + Cr5Al8 - 1614651.8 

26FeAl3 + 4Cr5Al8 = 13Fe2Al5 + 5Cr4Al9 - 3489900.6 

14FeAl3 + Cr4Al9 = 7Fe2Al5 + 4CrAl4 - 2194167.3 

3FeAl3 + CrAl4 = 1,5Fe2Al5 + 0,5Cr2Al - 388554.25 

3FeAl3 + 0,5Cr2Al = 1,5Fe2Al5 + CrAl7 - 440552.1 
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Figure 3: Diagram of substantial ratios in the Fe–Al–Cr subsystem at Т=2500 К 

When carrying out triangulation of the Fe – Al – Cr triple system (Figure 3) 9 zones were formed. In the Fe – 

FeAl – Cr (1), Fe2Al5 – Cr – FeAl (2), Fe2Al5 – Cr2Al – Cr (3), Fe2Al5 – Cr5Al8 – Cr2Al (4), Fe2Al5 – Cr4Al9 – Cr5Al8 

(5), Fe2Al5 – CrAl4 – Cr4Al9 (6), Fe2Al5 – Cr2Al11 – CrAl4 (7) иFe2Al5 – CrAl7 – Cr2Al11 (8) zones there are no incon-

gruent compounds. At this, the Fe2Al5 – Al – CrAl7 zone has one incongruent compound, FeAl3, which divides this zone 

into two subzones: Fe2Al5 – FeAl3 – CrAl7 (9
I
) andFeAl3 – Al – CrAl7 (9

II
).  

The values of Gibbs energy changing for the Si–Al–Cr system are presented in Table 4. Based on the obtained 

thermodynamic data there was built a DPhS for the Si–Al–Cr system at the temperature 2500 К (Figure 4). 

Table 4:  Thermodynamics of reactions in the Si–Al–Cr subsystem (Т=2500K) 

Reaction equation ∆G
0

2500, (J) 

2Si+CrAl7=CrSi2+7Al - 190216 

CrSi2+CrAl7=2CrSi+7Al - 214368 

3CrSi+2CrAl7=Cr5Si3+14Al - 339778 

0,5Cr5Si3+2CrAl7=1,5Cr3Si+14Al - 359510 
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Figure 4: Diagram of the substantial ratios in the Si-Al-Cr subsystem at Т=2500 К 

When carrying out triangulation of the triple Si – Al – Cr system (Figure 4) there were formed 5 zones. In the Si 

– Al – CrSi2 (1), CrSi2 – Al – CrSi (2), CrSi – Al–Cr5Si3 (3), Cr5Si3 – Al – Cr3Si (4) there are no incongruent 

compounds. On the diagram site Fe3Si – Al – Cr there are two congruent (Cr2AlиCrAl7) and four incongruent 

compounds: Cr2Al11, CrAl4, Cr4Al9, Cr5Al8, as a result of which there are formed seven subzones: Cr3Si – Al – CrAl7 

(5
I
), Cr3Si – CrAl7 – Cr2Al11 (5

II
), Cr3Si – Cr2Al11 – CrAl4 (5

III
), Cr3Si – CrAl4 – Cr4Al9 (5

IV
), Cr3Si – Cr4Al9 – Cr5Al8 

(5
V
), Cr3Si – Cr5Al8 – Cr2Al (5

VI
), Cr3Si – Cr2Al – Cr (5

VII
).  

Table 5:  Congruent and incongruent metal compounds in the Cr-Fe-Al-Si system and their coordinates on the 

quadruple concentration simplex (tetrahedron) 

No Compound 
Coordinated based on*1000 mass fraction 

Cr Fe Al Si 

1 Cr 1000 0 0 0 

2 Fe 0 1000 0 0 

3 Al 0 0 1000 0 

4 Si 0 0 0 1000 

5 FeAl 0 675 325 0 

6 FeAl2 0 509 491 0 

7 Fe2Al5 0 453 547 0 

8 FeAl3 0 409 591 0 

9 Fe2Si 0 800 0 200 

10 Fe5Si3 0 769 0 231 

11 FeSi 0 667 0 333 

12 FeSi2 0 500 0 500 

13 CrAl7 216 0 784 0 
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No Compound 
Coordinated based on*1000 mass fraction 

Cr Fe Al Si 

14 Cr2Al11 259 0 741 0 

15 CrAl4 325 0 675 0 

16 Cr4Al9 461 0 539 0 

17 Cr5Al8 546 0 454 0 

18 Cr2Al 790 0 210 0 

19 Cr3Si 848 0 0 152 

20 Cr5Si3 755 0 0 245 

21 CrSi 650 0 0 350 

22 CrSi2 481 0 0 519 

The accepted coordinates (on the basis of *1000 mass fraction) the congruent and incongruent compounds of the 

Cr-Fe-Al-Si system used further in case of studying their fields of crystallization are specified in Table 5. In the system 

22 simple and complex compounds are formed. 

In Figure 5 general view of the analyzed Cr-Fe-Al-Si system in liquid state is presented. 

 

Figure 5: Tetrahedration of the metallic Cr-Fe-Al-Si system 

3 CONCLUSIONS 

On the basis of the carried-out tetrahedration of the metal Fe-Cr-Si-Al system for the liquid-phase state 

(T=2500K) it is set that the system consists of 21 elementary independent tetrahedrons, the simulating compositions of 

different grades of aluminumsilicochrome in the course of reducing the elements from ashes of high-ash coal.  

Splitting of the general system is realized taking into account congruent and incongruent compounds. The 

amount of the relative volumes of elementary tetrahedrons is equal to a unit (0.999999) that confirms the correctness of 

the carried-out tetrahedration. Fundamental elementary fourfold systems and their volumes are given in Table 6. 
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Table 6:  List of tetrahedrons of the Cr-Fe-Al-Si system 

No Tetrahedrons 
Elementary vol-

umes 

1 Si – FeSi2 – Al – CrSi2 0.2405 

2 CrSi2 – FeSi2 – CrSi – Al 0.0845 

3 CrSi – Cr5Si3 – Al – FeSi2 0.0525 

4 Cr5Si3 – Cr3Si – Al – FeSi2 0.0465 

5 FeSi – FeSi2 – Al – Cr3Si 0.141616 

6 Fe5Si3 – FeSi – Al – Cr3Si 0.086496 

7 Fe2Si – Fe5Si3 – Al – Cr3Si 0.026288 

8 FeAl3 – Al – Cr3Si – Fe2Si 0.069366 

9 FeAl3 – Fe2Al5 – Cr3Si – Fe2Si 0.007462 

10 Fe2Al5 – FeAl – Cr3Si – Fe2Si 0.037651 

11 FeAl – Fe – Cr3Si – Fe2Si 0.05512 

12 Fe – Cr – Cr3Si – FeAl 0.0494 

13 FeAl – Fe2Al5 – Cr – Cr3Si 0.033744 

14 Fe2Al5 – Cr – Cr3Si – Cr2Al 0.01446 

15 Fe2Al5 – Cr2Al – Cr5Al8 – Cr3Si 0.016801 

16 Fe2Al5 – Cr4Al9 – Cr5Al8 – Cr3Si 0.005853 

17 Fe2Al5 – CrAl4 – Cr4Al9 – Cr3Si 0.009364 

18 Fe2Al5 – Cr2Al11 – CrAl4 – Cr3Si 0.004544 

19 Fe2Al5 – CrAl7 – Cr2Al11 – Cr3Si 0.002961 

20 FeAl3 – Fe2Al5 – CrAl7 – Cr3Si 0.001445 

21 Al – FeAl3 – CrAl7 – Cr3Si 0.013428 

Total 0.999999 

Thus, the data provided and the results of the carried-out calculations confirm reliability of tetrahedration of the 

diagram of the phase structure (ratio) of the metal Cr-Fe-Al-Si system in liquid state. It will afterwards permit to predict 

phase compositions of metal products in a subsolidus state when smelting different grades of the complex alloy alumi-

numsilicochrome. 
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ABSTRACT 

This article examines the synthesis of silicon carbide by carbothermal reduction of quartz in H2, Ar and their 

mixtures. The quartz was crushed to less than 70 μm, uniformly mixed with graphite and pressed into pellets with car-

bon/silica molar ratio of 3.6. Reduction was studied in isothermal and temperature programmed experiments in a tube 

reactor in continuously flowing gas atmosphere. The reduction rate increased with increasing H2 partial pressure and 

temperature. Silicon carbide began to form at 1200 °C inreduction in H2. The conversion of quartz to silicon carbide at 

1400 °C was completed in 270 minutes. This period was reduced to 140 minutes at 1500 °C and 70 minutes at 1600 °C. 

In the carbothermal reduction of quartz in Ar, the conversion of quartz to silicon carbide started at 1300 °C, and was 

incomplete after 270 minutes at 1500 °C. 

The faster reduction rate in H2 containing gas was attributed to the involvement of H2 in the reactions. At high 

temperatures, 1400-1600 °C, quartz was directly reduced by H2 to silicon monoxide. 

KEYWORDS: Carbothermal reduction, silicon carbide, quartz, hydrogen, methane. 

1 INTRODUCTION 

SiC is commercially produced primarily by carbothermal reduction of quartz usingcarbonaceous materials (pe-

troleum coke, anthracite coal, bituminous coal and carbon black)at temperatures above 2000 °C. Carbothermal reduc-

tion is the primary chemicalprocess practiced commercially for the synthesis of many ceramic materials, including 

SiC.The overall reduction reaction can be written as 

SiO2 (s) + 3C (s) = SiC (s) + 2CO (g) (1) 

AG° = 598.18 - 0.3278 T (kJ) 

The Gibbs free energy change with temperature of Reaction (1) and other reactions in thispaper was calculated 

using HSC Chemistry 6.1 in the range of 1000 to 2000 °C [1]. The standard Gibbs free energy of the above reaction 

decreases with increasing temperature and becomes zero at 1525 °C. However, the reaction can take place at lower 

temperatures when the CO partial pressure is significantly lower than atmospheric pressure. It is generally accepted that 

SiC is synthesized through intermediate silicon monoxide (SiO) [2]: 

C (s) + SiO2 (s) = SiO (g) + CO (g) (2) 

AG° = 668.07 - 0.3288 T (kJ) 

SiO (g) + 2C (s) = SiC (s) + CO (g) (3) 

AG° = -78.89 + 0.0010 T (kJ) 

The standard Gibbs free energy of Reaction (3) is negative in the examined temperature range, therefore the 

overall reaction of SiC formation is defined by the reaction of SiO formation. It is well established that the kinetics of 

carbothermal reduction of SiO2 is affected by temperature [3], molar SiO2/C ratio [4], carbon and SiO2 particle size [5], 

and initial bulk density [6]. The effect of gas atmosphere on the carbothermal reduction of silica has been studied to a 

lesser extent. The SiC formation will stop when the CO partial pressure in Reaction (1) reaches the equilibrium value. 

CO has to diffuse out of the reactant mixture for further reaction to take place. 

Recent work demonstrated that the gas atmosphere has a strong effect on the kinetics of the carbothermal reduc-

tions of manganese oxides [7], titania [8] and alumina [9]. Data obtained by Terayama and Ikeda [10] for the car-

bothermal reduction of MnO showed that MnO is reduced much faster in helium than in Ar. Similar results were ob-

tained by Yastreboff et al. [11] in reduction of MnO, manganese ore, and ferromanganese slag. 

This study investigated the carbothermal reduction of quartz in Arand H2 containing gas. The aim of this article 

was to establish the effects of temperature and gas composition on the extent, rate, and mechanisms of carbothermal 

reduction of quartz. 

mailto:kai.tang@sintef.no
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2 EXPERIMENTAL 

Quartz powder (particle size < 70 μm) was obtained by crushing quartz lumps in a 6 inch agate pulversiver in a 

Rocklabs ring mill. The agate was made of grey silica to minimise contamination of the quartz sample. Quartz powder 

and synthetic graphite (< 45μm, Sigma-Aldrich Co. Ltd, Germany) were mixed with distilled water (80 wt% of solid 

mixture) in a plastic jar with zirconia balls for 8 hours. The quartz–graphite mixture had aC/SiO2 molar ratio of 3.6. 

Water was removed by heating the mixture at 120 °C for 48 hours. Then the mixture was pressed into pellets in a uniax-

ial hydraulic press by applying 20 KN of load for 2 minutes. The pellets with a mass of approximately 1 g were 8 mm in 

diameter and about 14 mm in height. 

Reduction of quartz by graphite in Ar,H2, and Ar-H2 gas mixtures was studied in a laboratory fixed bed reactor 

heated in an electric vertical tube furnace. A pellet was loaded at the bottom of the inner reactor tube at the room tem-

perature, and then heated to a desired temperature by inserting the reactor into the furnace preheated to a designated 

temperature for isothermal reduction experiments. Reaction was stopped after certain duration by raising the reactor 

above the furnace hot zone and cooling down. While in the temperature programmed reduction experiments, the reactor 

was loaded in the hot zone and heated with the furnace from 300 °C to 1600 °C at 3 °C /min. The gases used in the in-

vestigation were of 99.999% purity. The total gas flow rate was maintained at 1.0 NL/min at 1 atm. After reduction, the 

reduced pellets were weighed and analyzed. 

During reduction experiments, the outlet gas composition was continuously monitored by an infrared 

CO/CO2/CH4 analyzer (Advanced optima AO2020, ABB, Ladenburg, Germany) connected ещ a computer. The gas 

concentrations were recorded every 5 seconds. 

The original mixture and reduced samples were analyzed by X-ray diffraction (XRD, MMA, GBC Scientific 

Equipment, Braeside, Australia). The fine powder of a sample after grinding was scanned at a speed of 0.02° s
-1

 and 

step size 0.02° with CuK radiation generated at 35 kV and 28.6 mA. The oxygen content in the reduced samples was 

determined by LECO TC-436 DR Nitrogen/Oxygen Determinator (LECO Corporation, St. Joseph, U.S.A.). 

The extent of reduction was defined as a fraction of oxygen in quartz removed in the course of reduction. Oxygen 

was removed in the form of CO, CO2 and SiO. The main oxygen-containing product was CO, as CO2 was converted to 

CO by the Boudouard reaction, and SiO reacted with graphite forming SiC. Using the CO and CO2 concentrations in the 

off gas, the extent of reduction was calculated using Eq. (4). 

 (4) 

where is the conversion of silica based on CO and CO2 concentrations, % at time t; is the concentration of CO 

and the concentration of CO2, vol %;GFR is the gas flow rate, NL/min; is the initial content of oxygen in 

quartz, mol; and t is the reaction time, min. 

More accurate extent of reduction was obtained using residual oxygen content in a reacted sample determined by 

LECO oxygen analysis. The conversion of SiO2was obtained using Eq. (5). 

 (5) 

where X is the conversion of silica at the end of reduction, %;  is the content of oxygen in the reacted sample, 

mol. 

Plots of the extent of reduction X versus the reaction time t were obtained by normalizing the final extent of re-

duction from on-line gas analysis (Eq. (4)) to the values determined using LECO analyzer. 

3 RESULTS 

3.1 TEMPERATURE PROGRAMMED REDUCTION 

Temperature programmed reduction experiments were carried out in a temperature range from 300 to 1600 °C, 

with heating rate of 3 °C/min. The extent of reduction of quartz in different gas atmospheres at various temperatures is 

presented in Figure 1. Reduction rate in pure Ar was low at temperatures below 1500 °C. The extent of reduction was 

below 30.0% at 1500 °C; itincreased to 89.0% when the temperature was increased to 1600 °C. Addition of 10 vol % H2 

to Ar significantly increased the reduction rate. The reduction of quartz was close to completion at 1600 °C. Further 

increasing of H2 content in the Ar-H2 gas mixture to 100 vol % accelerated the reduction. 

To identify the changes of phase composition during the carbothermal reduction of quartz, the temperature pro-

grammed reduction experiments were stopped at different temperatures, and the samples were analyzed by XRD. Fig-
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ure 2 presents the XRD patterns of the samples reduced to different temperatures in Ar. In a sample heated to 1200 °C, 

the only phases identified by XRD were quartz and graphite as in the original mixture. A weak peak of β-SiC was ob-

served in the XRD spectrum of a sample heated to 1300 °C, at 2θ = 35.66o (d = 2.516 Å). Cristobalite was identified in 

samples heated to 1500 °C and 1600 °C, as a result of the transformation of quartz to cristobalite which took place 

above 1470 °C. With increasing temperature to 1600 °C, the amount of β-SiC significantly increased, with graphite and 

a small amount of cristobalite as residual reactants. 

Figure 3 presents the XRD patterns of the samples heated to different temperatures in H2. There was no visible 

change up to 1100 °C. When the temperature was increased to 1200 °C, a small amount of β-SiC was identified. With 

the increase of temperature, the peak intensity of β-SiC in the reduced sample became stronger, corresponding to the 

decrease of quartz peaks intensities. In the sample subjected to reduction until 1600 °C, only β-SiC was present besides 

a small amount of residual graphite; no cristobalite phase was detected by the XRD analysis. These results indicate that 

carbothermal reduction in H2 was faster than in Ar; it can be suggested that the rate of quartz reduction was faster than 

its transformation to crystobalite. 

 

Figure 1: Effect of H2 content in the Ar-H2 gas mixtures on the reduction of quartz in the temperature programmed 

reduction experiments. 

  
Figure 2: XRD patterns of samples in the progress of tem-

perature programmed reduction in pure Ar. 

Figure 3: XRD patterns of samples in the progress of 

temperature programmed reduction in pure H2. 

3.2 ISOTHERMAL REDUCTION 
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The extent of reduction of quartz in Ar in isothermal experiments at different temperatures from 1200 to 1600 

°C is presented in Figure 4. Carbothermal reduction of quartz in Ar was very slow below 1400 °C. After reduction at 

1200 °C, only a small amount of quartz was reduced with the extent of reduction of 7.8% after 270 min reaction. The 

extent of reduction increased to 12.6 and 27.7% at 1300
o
C and 1400 °C, respectively. Increasing temperature to 1500 

°C resulted in a significant increase of the reduction rate, and the extent of reduction after 270 min reaction reached 

85.9%. The reduction was further enhanced by increasing temperature to 1600 °C, where the formation of SiC was 

close to completion in about 75 minutes, with the extent of reduction of 99.3% as determined from oxygen analysis in 

the reduced sample using LECO analyser. 

The reduction curves obtained in H2 at different temperatures are shown in Figure 5. The carbothermal reduc-

tion in H2 was significantly faster than in Ar at 1200–1500 °C. The extent of reduction at 1200 °C after 270 minutes 

reached 36.0 %, which is higher than the extent of reduction reached at 1400 °C in Ar. Further increasing temperature 

to 1400 °C enhanced SiC formation, when the extent of reduction 98.5 % (270 min reaction). In the experiment at 1500 

°C, the extent of reduction reached 99.1 % in 140 minutes. The reduction was almost completed (99.6 %) in 70 

minutes at 1600 °C. 

The effect of H2 content in the Ar-H2 gas mixtures on the carbothermal reduction of quartz was examined at 

1400 °C. The reduction curves are presented in Figure 6. The extent of reduction in pure Ar was only 27.7 % after re-

duction for 270 minutes. The addition of 10 vol % H2 to Ar significantly increased the reaction rate. The final extent of 

reduction increased to 67.7 %. Further increasing H2 content consistently accelerated the reduction process. 
 

  
Figure 4: Effect of temperature on the reduction of 

quartz in Ar. 

Figure 5: Effect of temperature on the reduction of quartz 

in H2. 

 

Figure 6: Reduction of quartz in Ar-H2 gas mixtures with different H2 contents at 1400 °C. 

4 DISCUSSION 

Gas atmosphere had a pronounced effect on the carbothermal reduction of quartz. Figure 7compares the rate of 

generation of CO in the temperature programmed reduction experiments in different gas atmospheres. In general, the 

reduction curves in H2 containing gases include two peaks. With the increase of H2 content in the inlet gas, both CO 

peaks shifted towards lower temperatures. When the H2 content was increased to 100 vol %, the two CO peaks ap-
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peared at 1321 °C and 1508 °C, respectively. In the reduction in Ar, only one peak was observed on the reduction 

curve which did not reach maximum in the studied temperature range (up to 1600 °C). 

It is well recognised that the carbothermal reduction of silica involves gaseous intermediate SiO. When the re-

duction of quartz is carried out in Ar, SiO is initially formed at the contact points of graphite and quartz particles fol-

lowing the solid-solid Reaction (2), and then SiO is further reacts with carbon to form SiC following Reaction (3). SiO 

can also be generated by Reaction (6) which, with the decrease in the contact area between quartz and graphite, be-

comes a major reaction for the SiO formation. CO2 formed in Reaction (6) is converted back to CO by Boudouard Re-

action (7) which is highly favoured thermodynamically within the temperature range of isothermal reduction experi-

ments of this investigation. 

SiO2 (s) + CO (g) = SiO (g) +CO2 (g) (6) 

C (s) + CO2 (g) = 2CO (g) (7) 

When the reduction is carried out in the H2-Ar gas mixture, H2reacts with carbon forming CH4 (Reaction (8)), 

which reacts with SiO2 forming SiO (Reaction (9)). 

C (s) + 2H2 (g) = CH4 (g) (8) 

SiO2 (s) + CH4 (g) = SiO (g) + CO (g) + 2H2 (g) (9) 

In the presence of carbon, H2 can also directly reduce silica (Reactions (10) and (11)). 

SiO2 (s) + H2 (g) = SiO (g) + H2O (g) (10) 

H2O (g) + C (s) = H2 (g) + CO (g) (11) 

Formation of the reaction intermediates CO2, CH4 or H2O in the carbothermal reduction does not change the 

thermodynamics of Reactions (2) and (3) or the overall Reaction (1), but affects the reaction mechanism and kinetics. 

The equilibrium partial pressures of SiO in Reactions (2), (6), (9) and (10) calculated assuming CO partial pressure of 1 

KPa, H2 partial pressure of 100 kPa and CH4 partial pressure of 0.05 KPa, are plotted in Figure 8. For Reactions (6) and 

(10), it is also assumed that the equilibrium partial pressure of CO2 or H2O on the quartz particle is the same as that of 

SiO. The assumption is made based on the understanding that SiO and CO2 or SiO and H2O were formed simultaneous-

ly on the quartz particles by Reactions (6) or (10), then diffused to the graphite particles where SiO formed SiC (Reac-

tion (3)), while CO2 and H2O were converted to CO (Reaction (7)), and H2 and CO (Reaction (11)), respectively. Alt-

hough differences exist between the diffusivities of SiO and CO2 or H2O, it is expected that the partial pressures of SiO 

and CO2 or H2O on the quartz surface were of the same order. This figure also presents the partial pressure of interme-

diate CH4 formed by Reaction (8) and partial pressures of CO2 and H2O on the graphite particle following Reactions (7) 

and (11) with the same assumptions. 

 

Figure 7: CO evolution rate in the temperature programmed reduction of quartz in different gas atmospheres.  
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Figure 8: Equilibrium partial pressure of SiO for Reactions (2), (6), (9) and (10) calculated with PCO = 1 KPa, PH2 = 

100 KPa and P CH4 = 0.05 KPa; equilibrium partial pressure of CO2 for Reaction (7) calculated with PCO = 1 KPa; equi-

librium partial pressure of CH4 for Reaction (8) calculated with PH2 = 100 KPa; equilibrium partial pressure of H2O for 

Reaction (11) calculated with PH2 = 100 KPa and PCO = 1 KPa. It is assumed that PCO2 = PSiO for Reaction (6) and PH2O 

= PSiO for Reaction (10). 

According to Figure 8, CO2 has a negligible partial pressure when solid carbon is present, meaning that Reaction 

(7) is practically irreversible in the studied temperature range. Reaction (6) generates SiO and CO2 at ppm level at 1200 

°C (under assumption that CO concentration was 1 vol %), which makes reduction of quartz in Ar at 1200 °C negligi-

ble. With the increase in temperature, the partial pressures of SiO and CO2 significantly increase, and reach 100s ppm 

level. This explains why carbothermal reduction of quartz in Ar needs high temperatures. 

The partial pressures of SiO and H2O generated by Reaction (10) are always more than one order of magnitude 

higher than those of SiO and CO2 generated by Reaction (6) (Figure (8)), which explains the faster reduction of quartz 

in H2. However, it should be noted that at temperature slower than 1200 °C, Reaction (10) is not feasible, as the equilib-

rium partial pressure of H2O at the surface of graphite particle is higher than that at the quartz particle. Therefore the 

direct reduction by H2at relatively low temperatures can be limited by the removal of H2O by Reaction (11). 

Formation of CH4 in the reduction experiments in H2 was confirmed experimentally by analyzing the off-gas 

composition. The observed CH4 concentrations in the temperature programmed reduction of quartz in H2 containing gas 

are presented in Figure 9. The CH4 concentration was close to zero when H2 content was below 40 vol %, due to the 

lower generation rate of CH4 by Reaction (8) than consumption rate by Reaction (9). When the H2-Ar gas mixture con-

tained more than 40 vol %H2, generation of CH4 was faster than its consumption; CH4 in the off-gas was detected at the 

level of hundreds ppm, as shown in Figure 9. Increasing the partial pressure of H2 increased the equilibrium partial 

pressure of CH4 and enhanced the reduction rate of SiO2. CH4 stability decreases with increasing temperature (Figure 

8); its concentration in reduction experiments at temperatures > 1400 °C was very low (Figure 9). 

 

Figure 9: Concentration of CH4 in the progress of temperature programmed reduction in the Ar–H2 gas mixtures with 

different H2 contents. 
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Based on the analysis above, it can be concluded that synthesis of SiC from quartz and graphite in pure Ar was 

initiated by Reactions (2) and (3) and then proceeded by the SiO-CO-CO2 path through Reactions (6), (7) and (3). In the 

synthesis of SiC in the H2 containing gas atmosphere, this path plays a less significant role. Instead, it proceeds by the 

SiO-H2-CH4 path through Reactions (8), (9) and (3) and/or SiO-H2-H2O path through Reactions (10), (11) and (3). The 

measured partial pressure of CH4 was very low at temperatures above 1400 °C; it can be expected that the SiO-H2-CH4 

pathdominated at low temperatures, while at high temperatures SiC synthesis occurs by the SiO-H2-H2O path. These 

reduction mechanisms also explain two peaks in the CO evolution curves observed in the reduction in H2–Ar gas mix-

tures as shown in Figure 7. The low temperature peak can be attributed to the formation of SiC by the SiO-H2-CH4 path. 

The SiO-H2-H2O path is the major mechanism in the formation of SiC at high temperatures. 

5 CONCLUSIONS 

Carbothermal reduction of quartz was strongly affected by the gas atmosphere and temperature. The reduction 

rate increased with increasing H2partial pressure and temperature. SiC began to form at 1200 °C in H2. The conversion 

of quartz to SiC at 1400 °C was completed in 270 minutes. This period was reduced to 140 minutes at 1500 °C and 70 

minutes at 1600 °C. In the carbothermal reduction of SiO2 in Ar, the conversion of quartz to SiC started at 1300 °C, and 

was incomplete after 270 minutes at 1500 °C. 

The faster reduction rate in H2 containing gas was attributed to the involvement of H2 in the reactions. Quartz 

was directly reduced by H2 to SiO; CH4 formed by reacting H2 with graphite also accelerated reduction of quartz to SiC. 
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ABSTRACT 

A thermo-physical model of silicon carbide production process in an Acheson furnace has been successfully de-

veloped. The dynamics of the thermal state of the reaction zone in the furnace is computed by finite difference method 

with the use of a PC. The dimensions of zones of products of silica carbon thermal recovery due to the heat generated 

when passing electric current through the furnace core are determined according to modeling results. The temperature 

front of reducing reactions is indicated. 

INTRODUCTION  

Silicon carbide is one of the major artificial inorganic materials widely applied in the manufacture of abrasive 

tools, high-temperature radiators, refractory ceramics as well as in metallurgy. The largest amount of silicon carbide in 

the world industry is produced by the method suggested by Acheson at the end of the 19
th

 century [1]. The method con-

sists of the carbon-thermal reduction of silicon due to the Joule heat generated when electric current is passing through 

the furnace core. The principal scheme of self-moving resistance furnace is presented in Figure 1. 

 
Figure 1: Self-moving electric resistance furnace for production of silicon carbide: 1 - carriage; 2 – furnace move-

ment mechanism; 3 - electrocontact nodes; 4 - fire brick face walls; 5 - side shields; 6 - working electrical resistance 

(core); 7 - burden; 8 - wheel pair [2] 

The SiC production process is very labor-consuming and requires significant power consumption of 7300-

7600 kW·h/t. According to [2], the proportion of electric energy in the cost price of silicon carbide of abrasive quality is 

50-60 %, from a charge of 60-70 t, the commercial yield is 10.5-11.5 tons (15-19%). Therefore, maintaining maximum 

product yield at the rational charge of electric energy is an important industrial problem. 

The most precise methods of SiC production process control are based on direct measurements of the tempera-

ture in the reaction zone. However, the high temperature and corrosive environment make it almost impossible to apply 

direct methods of temperature control with the use of thermocouples or pyrometers. Indirect methods based on meas-

urement of electrical resistance or acoustic emission signals are not used because of errors. Therefore, the process is 

controlled by empirically determined diagrams of dynamics of lead-in power [2].  

                                                           
1
 This work was performed by the leadership of academician NASU, Doctor in Technical Science, prof. Gasik M.I. 
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Figure 2: Dynamics of lead-in power during the process of silicon carbide production: I (0-1.5 h) - power 1500-

3000 kW; II (1.5-8 h) - power 3000 kW; III (8-12 h) - power 3240 kW; IV (12-24 h) - power 3480 kW [2] 

In this case, the key criterion of power regime control is charge material capability and the type of  silicon car-

bide produced. Information about processes of furnace thermal field formation and parameters of chemical reactions 

initiated by this field is required for development of rational technological regimes of SiC production by Acheson`s 

method. Therefore it is reasonable to use mathematical modeling in order to receive information about these processes. 

RETROSPECTIVE OF RESEARCHES AND PUBLICATIONS 

A number of publications, for example [3, 4], are devoted to the investigation of heat and power processes in an 

Acheson furnace. These works present methodologies of the construction of mathematical models of this process. The 

current level of mathematical modeling and development of the personal computer allow the removal of the specified 

restrictions. The task of present research is o develop a computer model of the thermal condition of the Acheson furnace 

reaction zone which will allow development of further technological recommendations concerning the silicon carbide 

production process. 

THERMO-PHYSICAL MODEL OF THE PROCESS 

The Acheson furnace is a complicated power-technological and thermo-physical unit from the point of viewof 

mathematical modeling. The main heat source is electric energy during the silicon carbide production process. The elec-

tric power of furnace is supplied from monophase transformer (Figure 3).  

Heat current formed in the center is distributed from internal zones of the furnace towards external zones. Due to warm-

ing-up of the reaction charge, the process of carbide formation starts in the center and then is distributed in the contigu-

ous zones. The total reaction of carbon-thermal process of high-silica sand interaction with carbon is as follows: 

SiO2+3C = SiC+2CO; ΔG=555615-322,11·T, kJ/mole  (1) 
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Figure 3: Schematic circuit diagram of turning resistance furnace on for silicon carbide production with power 

4000 kV·А: 1 - high voltage bus (10 kV); 2 - air-break disconnectors (type РВФ-10/600); 3 - oil circuit breaker (type 

ВМГ-10, 10/600); 4 - measuring current transformer (type ТПЛ-10-0.5/Р-400); 5 - furnace transformer; 6 - thermal 

links; 7 - voltmeter gauges (type Э-378) for linear (a) and phase (b) voltage; 8 - resistance furnace 

There are four temperature zones in the resistance furnace [3, 5, 6]. 

1. Т < 1452°С. At these temperatures there is no interaction of components – the composition of initial and end 

products is almost the same. 

2. 1452 °С < Т < 2609°С. The main siliceous product is silicon carbide in reaction products at excess of carbon, 

and with a deficiency of carbon - SiО2 recovery takes place only until the  gaseous monosilicon oxide is formed. 

3. 2609 °С < T < 2927°С. In this temperature interval silicon is the basic reduction product. 

4. Т > 2927°С. In this area of temperatures all siliceous products of reactions at any relationship of initial com-

ponents can be only in gaseous state. 

The furnace operates in unsteady thermal regime therefore heat loss increases in due course. The temperature 

conditions of the furnace define the process of silicon carbide formation. Thus, the following factors have effect on dy-

namics of the thermal condition of the furnace: energy generated in the center of the furnace, energy consumption as a 

result of endothermic reactions, significant amount of off-gases, and heat transfer in the environment. Taking into ac-

count the lay-out of the furnace center along the whole length of the furnace we assume that uniform energy is generat-

ed from a core surface. When estimating dynamics of thermal condition of furnace lining we consider that heat currents 

are directed only in the axial direction. Therefore, in this paper we consider a two-dimensional model of heat transfer in 

the furnace volume and one-dimensional model of heat transfer in the fireclay lining through the bottom and side walls. 

Then differential equations of heat conduction for furnace laboratory (2) and linings will be as follows (3) [3]: 
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where: Cs(Ts), Cl(Tl), Cgas - specific heating capacities of charge materials, lining and waste gas;  

ρC, ρl, ρgas - densities;  

λs(Ts), λl(Tl) - coefficients of thermal conductivity of charge materials and lining;  

vf(τ) - rate of gas filtration;  

Tgas - gas temperature;  

ρ0 – initial concentration of charge materials;  

v, μ - stoichiometric coefficient and molecular weight of initial charge materials;  

QSiC – thermal effect of reaction of SiC formation;  

η - depth of transformation of initial materials. 

INITIAL AND BOUNDARY CONDITIONS 

There are the following boundary conditions while solving this task [7]:  

 the 2
nd

 rate for interface furnace center - furnace laboratory (as we know, power generated on a core) 
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where  sq  - unit power generated on a core (figure 2). 
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where: external.cT  - temperature of external surface of the charge,  

ernalint.lT  - temperature of internal surface of lining. 

 the 3
rd 

 rate on the interface of furnace work zone and environment (as the furnace top is open and gas is removed 

from the surface as a reaction product)  

     envexternal.c1gasgasenvss TTc
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    (6) 

where: 
1env  - coefficient of heat-to-environment transfer from furnace surface,  

envT  - environment temperature. 

 the 3
rd 

rate for interface lining – environment.  
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     (7) 

where: 
2env  - coefficient of heat-to-environment transfer from furnace bottom and walls. 

We assume that in the initial moment of time the temperature inside furnace and lining and environment temperature 

are equal. 

MODELING AND ANALYSIS RESULTS 
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The dynamics of the thermal condition of the furnace reaction zone was computed by finite difference method 

with the use of a PC. The results of modeling are illustrated in Figure 4 and 5 [7]. Zone development of reduction pro-

cesses causes the formation of intermediate products of reduction reactions except for silicon carbide. 

 
Figure 4: The distribution of the temperature field in the cross section of Acheson furnace after 4, 8, 12 and 24 

hours of heating 

1. Zone I - area of formation of intermediate products of silica reduction by carbon. Presented by siloxicon and 

aggregates containing 40-60 % SiC [7]. 

2. Zone II - amorphous area presented by crystals β - SiC (70-85 % SiC). 

3. Zone III – macro-crystalline abrasive α - SiC (92-98 % SiC). 

The dimensions of zones of formed products of carbon-thermal silica reduction due to heat are defined according 

to modeling results, the temperature front of reducing reactions is marked out. It is determined that the zone of siloxicon 

and aggregates (I) is 60 mm thick in the bottom and side parts and 190 mm in the top. Sizes of amorphous zone (II) 

presented by crystals β – SiC are 250 mm and 340 mm. The area of coarse silicon carbide (III) in the bottom and side 

part is 120 mm thick and 300 mm thick in the top. Asymmetry of zones is caused by upward currents of hot gases. 
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Figure 5: Figure 5. Temperature pattern distribution across the section of reaction zone of Acheson furnace after 

heating during 24 hours 

CONCLUSIONS 

1. Thermo-physical model of silicon carbide production process in Acheson furnace is developed. The dynamics 

of the thermal condition of the furnace reaction zone is computed by finite difference method with application of a PC. 

2. The zones of existence of products of carbothermic reduction of silica are sized up by results of modeling. 

3. It is reasonable to estimate the effect of input power dynamics on the sizes of zones of reduction products by 

means of a developed model in order to obtain analytical dependences of change of thermal condition of the furnace 

reaction zone which will enable the development of technological recommendations for thesilicon carbide production 

process and to develop Automatic Process Control System of the furnace. 
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Abstract. 

Since the SiO2 content in nickel laterite is high, it is suggested to add a certain amount of lime into the slag for 

achieving good fluidity and desulfurization capacity in industrial smelting process. However, it leads to additional cost 

of lime and the increase in slag volume, then the decrease of effective furnace volume. In order to avoid this problem, 

the partial reduction of Fe2O3 is suggested, then a considerable amount of SiO2, less MgO and FeO, and very little CaO 

slag is formed, which has been less studied in the literature. In this study, the effects of binary basicity (MgO/SiO2: mole 

ratio) and FeO content on the slag viscosity were investigated. The experimental results indicate that the slag viscosity 

decreases with basicity increasing, and a sharp change of viscosity which was called "turning point" appeared in the 

vicinity of 1500℃. The slag viscosity certainly drops from 4.5 P to 3.0 P by raising the FeO content from 15% to 25% 

at 1490℃. In addition, the critical temperature of the slag drops with increasing binary basicity or FeO content.  

Keywords: Nickel laterite, slag viscosity, binary basicity, FeO content 

1 INTRODUCTION 

As an important strategic metal, nickel plays a vital role in modern infrastructure and technology, which is main-

ly used in stainless steel (about 58%) and nickel-based alloys (about 14%)
[1]

. Economic Ni resources are found in either 

sulfide- or laterite-type ores. The bulk of Ni production has been extracted from sulfide ores, but the majority of Ni re-

source exists in nickel laterite. In recent years, the rapid increase in demand for stainless steel has led to a significant 

rise in ferronickel production. And with the continuous depletion of sulfide ores, much more attention has been drawn 

to nickel laterite 
[2][3]

. 

The widely used process for nickel laterite is rotary kiln-electric furnace (RKEF)
[4-7]

. Due to high SiO2 content in 

nickel laterite, it is suggested to add a certain amount of lime   into the slag in order to achieve good fluidity and desul-

furization capacity in industrial smelting process. However, it leads to additional cost of lime and the increase in slag 

volume, as well as the decrease in effective furnace volume. In order to avoid this problem, the partial reduction of 

Fe2O3 is suggested, then a considerable amount of SiO2, less MgO and FeO, and very little CaO slag is formed, which 

has been less studied in literature. In this work, the viscosity of SiO2-MgO-Al2O3-FeO slag was investigated by using 

the rotary cylinder method. 

2 THERMODYNAMICAL CALCULATION 

In this paper, the viscosity of SiO2-MgO-Al2O3-FeO slag was calculated by FactSage in theory. FactSage is a 

software for thermodynamical calculation, especially in ironmaking and steelmaking
[8]

. The viscosity of the slag was 

calculated at high temperature by viscosity model of FactSage. The slag viscosity from 1450 ℃ to 1550℃ in the step of 

10℃ was calculated. 

3 EXPERIMENTAL 

3.1 Materials and Experimental Scheme 

The slag used in the study was synthetic slag. Silica, magnesia, aluminium oxide, and calcium oxide used in the 

work were of chemical grade. Ferrous oxide can be obtained with the thermal decomposition of ferrous oxalate 

(FeC2O4•2H2O). 

Table 1 shows the experimental scheme. In this work, the binary basicity was defined as MgO/SiO2 (mole ratio). 

For the study of the effect of basicity on the slag viscosity, the basicity was between 0.6 and 1.0, ferrous oxalate, alu-

minium oxide and calcium oxide were fixed at 8%, 5% and 1.5%, respectively. For researching the effect of FeO con-

tent on the slag viscosity, the basicity was chosen as 0.9, ferrous oxalate content in slag was 5% to 25%. 
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Table 1：Experimental Scheme, wt % 

Basicity FeO MgO SiO2 Al2O3 CaO 

0.6 8 24.4 61.1 5 1.5 

0.7 8 27.2 58.3 5 1.5 

0.8 8 29.7 55.8 5 1.5 

0.9 8 32.1 53.4 5 1.5 

1.0 8 34.2 51.3 5 1.5 

0.9 5 33.2 55.3 5 1.5 

0.9 10 31.3 52.2 5 1.5 

0.9 15 29.4 49.1 5 1.5 

0.9 20 27.6 45.9 5 1.5 

0.9 25 25.7 42.8 5 1.5 

3.2 Experimental Apparatus 

In the work, the viscosity of SiO2-MgO-Al2O3-FeO slag was measured by using the rotary cylinder method. The 

schematic diagram of the viscosity measurement apparatus in this work is given in Figure 1. 

 

Figure 1: The schematic diagram of the viscosity measurement apparatus 
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3.3 Methods 

The viscosity test was carried out by carbon tube furnace in the laboratory. A molybdenum crucible was put in 

graphite crucible, and then both crucibles were put in the furnace. Before heating, the furnace was vacuumized, then 

argon was let into the furnace to release the air as the vacuum pressure reached 20 Pa and that operation was repeated 

twice. After that, the air outlet valve was opened when the furnace was full of argon and   the inlet valve was kept open 

at the same time. The rate of argon was 1 L/min throughout the experiment. Furnace was heated according to the heat-

ing rule until it reached setting temperature and  the temperature was kept constant for 2 hours to homogenize the melt-

ing slag. After inserting the detector measuring head into the melting slag, the slag temperature slightly reduced imme-

diately. For this reason the test was maintained for sufficient amount of time until the measured value of viscosity was 

constant. The rotation speed of the measuring head was 12r/min throughout the whole test. 

4 RESULTS AND DISCUSSION 

4.1 Thermodynamical Calculation 

The viscosities of SiO2-MgO-Al2O3-FeO slag with variable binary basicity (R for short) (ranging between 0.6 

and 1.0) and variable FeO content (ranging from 5% to 25%) in theory are shown in Figure 2 and Figure 3, respective-

ly. As can be seen from Figure 2, the slag viscosity decreases with the increase in temperature at the same basicity. 

Similarly, with the basicity rising from 0.6 to 1.0, the viscosity decreases at the same temperature. Moreover, the vis-

cosity curve at R=0.9 almost coincided with that at R=1.0. It can be seen from Figure 3 that the viscosity of SiO2-MgO-

Al2O3-FeO slag decreases with temperature increase at the same FeO content in the slag, and it decreases with the FeO 

content rising from 5% to 25% at the same temperature. The slag viscosity is between 5 P and 10 P when FeO content is 

20% and 25%, and the viscosity is suitable for melting slag. 

 

Figure 2: Effect of basicity on viscosity in the theoretical calculation 
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Figure 3: Effect of FeO content on viscosity in the theoretical calculation 

4.2 Effect of Binary Basicity on the Slag Viscosity 

Figure 4 shows the viscosity with variable binary basicity in the experiment, the experimental temperature was 

fixed from 1470℃ to 1550℃. It can be seen that the viscosity decreases with the increase of binary basicity. And slag 

viscosity has a little change when temperature is higher than 1530 ℃. [SiO4]-tetrahedral forms a three-dimensional in-

terconnected networks through bonding oxygen atoms
[6,7]

 in the silicate melt. Metal oxides such as magnesium oxide 

and calcium oxide work on the silicate melt viscosity indirectly by influencing the silicon-oxygen anion structure. And 

the addition of magnesium ion results in the progressive breaking of these oxygen bonds with the formation of non-

bridging oxygen, and the three-dimensional interconnected network depolymerizes to Si2O4
2-

-sheet,Si2O6
4-

-ring,Si2O7
6-

-

dimer or SiO4
4-

-monomer, which lead to the decrease of the viscosity
[9][10]

. 

 

Figure 4: Relationship between binary basicity and the slag viscosity 
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Figure 5: Impact on the melting temperature of basicity 

The melting temperature of the SiO2-MgO-Al2O3-FeO slag under different basicity is given Figure 5. The results 

show that the melting temperature decreases gradually from 1514 ℃ to 1491 ℃ with the increase in basicity。 

4.3 Effect of FeO Content on the Slag Viscosity 

The effect of the FeO content on the viscosity in the laboratory test is shown in Figure 6. The experiment was 

carried out at 1450 ℃ to 1550 ℃. It can be seen that the slag viscosity decreases with the increasing of FeO content in 

slag, and the viscosity decreases from 4.5 P to 3.0 P by raising the FeO content from 15% to 25% at 1490℃. Tempera-

ture has a great influence on the viscosity when FeO content is low, slag viscosity decreases from 30 P to 4 P with the 

temperature increase from 1450 ℃to 1550 ℃, it means that the slag is more sensitive to temperature. And the viscosity 

curve has a feature of acidic slag in which the curve of viscosity is smooth, so it can be concluded that the slag belongs 

to acidic slag. There is an inflection point in the temperature of 1480℃. 

According to the ion theory of slag, FeO can destroy the silicate system network. The viscosity is high at the 

same temperature when FeO content is 5% and 10%, then viscosity decreases obviously with the increase of FeO con-

tent to 15%. The influence of FeO content on viscosity decreases when FeO content is more than 20%. Figure 7 shows 

the melting temperature of the slag at various FeO content in slag, and the melting temperature decreases from 1491℃ 

to 1476 ℃ with the increase of FeO content from 5% to 25%. This indicates that addition of FeO content contributes 

towards reduction of the melting temperature.  

 

Figure 6: Relationship between FeO content and the slag viscosity 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 566  
 

 

Figure 7: Impact of FeO content on the melting temperature 

5 CONCLUSIONS 

In this work, the viscosity of SiO2-MgO-Al2O3-FeO Slag for nickel laterite smelting process was investigated. 

And the conclusions can be summarized as follows: 

(1) The viscosity of SiO2-MgO-Al2O3-FeO slag decreases with the levels binary basicity (ranging between 0.6 

and 1.0) and increase of FeO content (ranging from 5% to 25%)  in theoretical calculation. 

(2) Increasing the basicity has a significant effect on decreasing the viscosity of the slag, and the melting temper-

ature of the slag can be reduced from 1514 ℃ to 1491 ℃. 

(3) The viscosity of the slag decreases with the increasing FeO content in slag. The slag is more sensitive to tem-

perature at low FeO content. And the melting temperature of the slag can be reduced from 1491 ℃ to 1476 ℃ as a result 

of increase of FeO content from 5% to 25%. 
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ABSTRACT 

The application of modern out-of-furnace processes of refining steel is limited by their high cost. Therefore, shift 

to the refining and modification of metal by the new complex ferroalloys containing alkaline-earth metals (AEM), which 

are chemically active to oxygen, sulfur and other detrimental impurities, such as barium-containing silicomanganese, 

can be considered as alternative treatment technique. 

The theoretical aspects of this technology are based on a thermodynamic diagrammatic analysis of phase equi-

libriums in the systems BaO-SiO2-MnO-FeO (B-S-M-F) and Ba-Si-Mn-Fe in homogeneous liquid-phase condition. The 

full calculation of the thermodynamic constants of reactions was performed with the use of Gibbs software package 

developed by the scientists of Chemical and Metallurgical Institute named after Zh. Abishev for plotting the diagrams of 

B-S-M-F and Ba-Si-Mn-Fe systems material correlations in homogeneous liquid-phase condition. 

The main source of barium in the ferroalloy is sulphate barite ores. The largest region in terms of reserves of 

barite and its production is the Central Kazakhstan. Currently, barite ore of the Zhumanai deposit is a promising raw 

material for production of new generation of complex barium-containing ferroalloy by its geographical location, physi-

cal condition (solid material), chemical composition, mass %: 74.35 BaSO4; 8.54 SiO2; 0.4 Al2O3; 2.91 CaO; 0.046 

MgO; 0.1 W; 0.52 ignition loss and reserves. 

In the Chemical and Metallurgical Institute named after Zh.Abishev, the technique of obtaining new generation 

of complex ferroalloy using Zhumanay deposit barite ore was developed - nonstandard silicomanganese with modifying 

agent in the form of barium by one-step slagless carbonthermal reduction. Average ferroalloy composition, mass %: 

46.66 Mn; 37.13 Si; 5.64 Ba;  4.45 Fe; 0.59 C; 0.023 S; 0.038 P. Barium content in ferroalloy was defined by gravimet-

ric method. The following extraction degree of the leading components was achieved, %: 84.9 Mn; 77.9 Si; 78.3 Ba. 

The developed technique allows bringing the processes of obtaining silicomanganese, silicobarium and ferrosilicon 

together. The ferroalloy is to be applied to manufacture metal with high operational properties.  

Keywords: thermodynamic diagram analysis, Gibbs energy, material correlations diagram, sulfate barite ore, 

complex ferroalloy, slagless carbonthermal reduction, barium. 

1 INTRODUCTION 

Liquid steel treatment by chemically reactive elements and its deep refining, modification and microalloying is 

an integral part of modern manufacturing techniques of high-quality and competitive products [1].These elements in-

clude alkaline earth metals (AEM)- Ca, Sr, Ba which have significant sensitivity to oxygen, sulphur, phosphorus as well 

as high chemical reactivity [2, 3]. The steel modification effect is connected with the influence on crystallization mech-

anism when macro- and microstructure is disintegrated, and there occur changes in the nature, form and topography of 

non-metallic inclusions and others second phases at a very small (0.05-0.2 %) amounts of additives and almost constant 

contents of basic components. Modification of the cast iron changes the degree of dispersion and morphology of phase 

components [4]. The paper [5] states the results of research testifying that barium has high refining performance when 

modifying non-metallic inclusions. 

Silicobarium, silicocalcium, silicocalcium with barium are the most widely spread complex ferroalloys and their 

production has been developed by many ferroalloy plants of the Russian Federation. For example, the production of 

silicocalcium by silicothermal method as well as silicocalcium with aluminum was developed by Chelyabinsk Electro-

metallurgical Works OJSC as a larger producer of ferroalloys in Russia. The production of silicocalcium with zirconi-

um, alluminium and vanadium is developed by Klyuchev Ferroalloys Plant. The production activity of Spezferrosplav 

LLC and Research Institute of Metallurgy OJSC is related to obtaining different modifiers and addition alloys for iron 

and steel casting including ferrosilicium with barium and silicocalcium with barium. The production of the bariumstron-

tium modifier BSK-2 according to specification TU 1717-001-75073896-2005 was developed by SPC 

Metalltekhnoprom LLC. 

Flux cored wire with charging materials on the basis of silicocalcium, ferrocalcium, ferrosilicobarium is also 

widely used in metallurgical practice. Ferrosplav CJSC is the leading producer in this area in Russia. The results of ap-

probation of the flux cored wire with silicocalcium-barium charging material at out-of-furnace treatment of rail steel 
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and cast iron treatment are given in papers [6] and [7], respectively. ORPE Technologiya produces a series of grades of 

fine-crystalline ‘chips’ – modifiers with thickness up to 3-5 mm [8] for out-of-furnace treatment of iron and steel using 

special casting machine [9], as well as flux cored wire with different charging materials. 

At present neither barium- not calcium-containing ferroalloys are produced in Kazakhstan. Production of barium-

containing complex ferroalloys in Kazakhstan was stopped in 1994 due to perestroika and break of economic relation-

ships in the Union of Independent States, although, the authors of works [10-12] reported fundamental and industrially 

important results of researches. 

2 MAIN PART 

2.1 Methodological basis 

The development of theoretical basis of chemical engineering and metallurgical processes at the various stages 

of research is characterized by figures of isobar-isothermal potential - ΔG (Gibbs energy) for certain reactions as well as 

by balance of equilibrium constant determining the correlation between the reaction products and initial substances in 

the Кр balance point. Physicochemical basis for the process of obtaining complex barium-containing ferroalloy produc-

tion based consists in thermodynamic diagram analysis (TDA) of multicomponent BaО-SiО2-MnО-FeO (B-S-M-F) and 

Ba-Si-Mn-Fe systems with the application of PC Gibbs. The Gibbs software package developed by the scientists of 

Chemical and Metallurgical Institute named after Zh. Abishev allows determining the changes of enthalpy, entropy, 

heat capacity, Gibbs energy of the reaction in homogeneous liquid-phase condition at various temperatures accounting 

for all the phase transitions for all the systems components as well as calculating the equilibrium constant of the reac-

tion.  

The B-S-M-F system is composed of binary compounds of B-S-M, B-F-S, F-S-M, В-F-M subsystems. The В-F-

M system is a totality of solid solutions of manganese oxides, ferric oxides and barium oxides. Calculations of thermo-

dynamic constants, including Gibbs energy of reactions with the application of PC Gibbs for the B-S-M-F system were 

carried out at 298.15–2500 К temperatures range. The calculation results are demonstrated in Table 1. The diagram of 

substance correlation (DSC) of B-S-M-F system at a temperature of 2500 К was plotted on the basis ofe obtained ther-

modynamic data; this diagram is presented in Figure 1. 

Table 1: Thermodynamics of reactions in B-S-M-F system (Т=2500К) 

Chemical equation 
∆G

0
2500, 

(kJ/mol) 

 

B-S-M system 

В + M2S = BS + 2 M - 66.0 

2 ВS + M2S=B2S3 + 2M 176.5 

В2S3+2 MS=2 BS2+M2S - 156.8 

B-S-F system 

В + F2S=BS + 2 F - 147.2 

В2S3 + 2 F=2 BS + F2S - 123.5 

2ВS2 + F2S=B2S3 + 2FS - 127.7 

M-S-F system 

F2S + 2 MS=2 FS +M2S - 432.6 

Figure 1: Diagram of substance correlation 

in В-S-М-F system at Т=2500К: - congruent compound;  - incon-

gruent compound 

1 – composition of the charge for alloy No. 1; 

2 – for alloy No. 5; 3 – for alloy No. 8 (Table 4) 

F2S + 2 M = 2 F + M2S - 74.2  

On the basis of conducted B-S-M-F system tetrahedration it is obvious that it consists of 5 congruent tetrahe-

drons: B-F-BS-M, M-F-M2S-BS, F-BS-M2S-F2S, F2S-BS-В2S3-M2S, F2S-B2S3-M2S-S. Predicted slag composition re-

quired for the alloy with 1.5 % barium content and more is located in F2S-BS-M2S-S quasi-system. Bа-Si-Mn-Fe sys-

tem is a totality of binary compounds of Bа-Si-Mn, Bа-Fе-Si, Fе-Si-Mn, Ва-Fe-Mn subsystems. The Ва-Fe-Mn system 

is manganese, ferrum and barium solid solutions. The calculated values of ∆G
0
2500 Gibbs energy of the reactions with 

the application of PC Gibbs for the Bа-Si-Mn-Fe system are demonstrated in Table 2. The DSC of Ba-Si-Mn-Fe system 

at temperature of 2500 К was plotted based on the obtained thermodynamic data; this diagram is presented in Figure 2. 

file:///C:/Users/Пользователь/AppData/Local/Temp/Word_0
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On the basis of tetrahedration of the Ba-Si-Mn-Fe system it is obvious that it consists of 6 congruent tetrahe-

drons: Ba-Fe-BaSi2-Mn, Mn-Fe-Mn5Si3-BaSi2, Fe-BaSi2-Mn5Si3-Fe2Si, Fe2Si-BaSi2-Mn5Si3-FeSi, FeSi-Mn5Si3-MnSi-

BaSi2, FeSi-BaSi2-MnSi-Si.  

Table 2:Thermodynamics of reactions in Ba-Si-Mn-Fe system (Т=2500К) 

Chemical equation 
∆G

0
2500, 

(kJ/mol) 

 

Ba-Si-Mn system 

3Ва+2Mn5Si3=3BaSi2+10Mn - 247.3 

Ba-Si-Fe system 

Ва+2Fe2Si=4Fe+BaSi2 - 99.2 

Mn-Si-Fe system 

 8FeSi2+11MnSi=8FeSi+Mn11Si19 579.1 

4FeSi+Mn5Si3=5MnSi+2Fe2Si 29.0 

6FeSi+5Mn=Mn5Si3+3Fe2Si - 92.9 Figure 2: Diagram of substance correlation 

3Fe2Si+5Mn=Mn5Si3+6Fe - 25.2 
in Вa-Si-Мn-Fe system at Т=2500К: 

1 – alloy No. 1; 2 – alloy No. 5; 3 – alloy No. 8 (Table 4) 

It was found that in order to produce an alloy containing 1.5% Ba, the ratio Si/(Mn+Fe) must be 0.6; for the alloy 

containing 5% Ba the ratio Si/(Mn+Fe) - 0.7; for the alloy containing 10% Ba the ratio Si/(Mn+Fe) - 1. 

2.2 Experimental part 

Practical significance of the work consisted in carrying out less-detail preproduction testing in the ore-smelting 0.2 

MV∙A electric furnace on the pilot at the experimental technological site of CMI named after Zh. Abishev. The manga-

nese ore from Mynaral deposit, barite ore from Zhumanai deposit, quartzite from Tekturmas deposit, carbonaceous re-

ducing agent were used as charge materials for melting of the alloy (Table 3) [13]. 

Table 3: The characteristics of charge materials 

Ore materials 

Components content, mass. % 

Mn2O3 Fe2O3 SiO2 Al2O3 CaO MgO BaO P2O5 SO3 W 
Ignition 

loss 

Mynaral manganese 

ore 
71.67 0.70 8.35 1.25 2.21 1.35 - 0.11 0.82 0.4 7.75 

Zhumanay barite ore - 0.44 8.54 0.4 2.91 0.046 48.85 n/d 25.50 0.1 0.52 

Tekturmas quartzite  - 0.66 97.05 0.76 0,77 n/d - 0.03 n/d 0.12 - 

Carbonaceous reducing 

agent 
Technical analysis, % Chemical composition dry ash residue, mass. % 

Сsolid А
work 

Vgeneral W
аnalit 

Fe2O3 SiO2 Al2O3 CaO MgO P2O5 SO3 

Coke 82.70 11.83 2.90 2.57 9.61 49.57 23.02 7.01 2.07 0.37 2.80 

Note: n/a – not available. 

The granulometric composition of the charge materials, mm is: fr. +8-90 manganese ore from Mynaral deposit, 

fr. +8-70 barite ore from Zhumanai deposit, fr. +8-45 quartzite from Tekturmas deposit, fr. +8-65 coke. 

The campaign of less-detail laboratory tests of smelting barium-containing silicomanganese was carried out on 

the basis of the charge calculation result. Optimal technological parameters of the process of smelting the alloy in ore-

smelting 0.2 MV∙A transformer furnace are: voltage U=24 V and current strength I=180-190 A. The furnace is 

equipped with graphitized electrode with a diameter of 150 mm and conductive bottom. There was a jet of hot metal. 

The gas escaped evenly along the whole surface of the mouth. The descent of the charge in operating bath of the fur-

nace was active, there were no flaws and arbitrary slides of the charge. The alloy was flushed every two hours into the 
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iron pans. After the process of metal flashing through the notch the gas torch was coming out of it. The process of 

smelting the alloy was characterized by definite problems, notably, formation of oxide carbide goop, that led to the dis-

turbed operation of the furnace and inopportune opening of the notch. Smelted ingots were then subject to chemical 

analysis following their cooling and sampling. The slag quantity was negligibly small. Charging composition was the 

following: 50 kg of manganese ore from Mynaral deposit; 7.4 kg of barite ore from Zhumanai deposit; 40 kg of quartz-

ite from Tekturmas deposit; 36.3 kg of coke.  

2.3 Results and discussions 

The ingots of smelted alloys were subject to chemical analysis after cooling and sampling, the results are given 

in Table 4 [14]. Barium content in the alloy was defined by the gravimetric method. 

Table 4: The chemical composition of ferroalloy 

№ 

 

The content of elements, mass % 

Mn Si Ba Са Mg С Fe S P 

1
 56.17 35.28 1.56 0.79 0.12 0.71 1.60 0.019 0.044 

2
 57.02 35.28 1.83 0.68 0.19 0.42 1.70 0.019 0.045 

3
 45.10 39.45 4.06 0.69 0.19 0.56 4.96 0.024 0.042 

4
 50.21 35.85 5.02 0.62 0.19 0.56 1.63 0.021 0.034 

5
 48.51 36.57 5.32 0.62 0.17 0.67 2.12 0.019 0.043 

6
 41.70 35.28 6.70 0.82 0.14 0.46 11.62 0.023 0.034 

7
 42.55 37.30 8.12 0.94 0.19 0.52 5.89 0.023 0.027 

8 37.44 43.17 10.84 0.84 0.11 0.71 3.15 0.035 0.042 

One can see from the results of the chemical analysis given in Table 4 that when manganese content in the alloy 

exceeds 55 %, the barium content in the alloy decreases. This fact may be ascribed to appearance of free (not bonded 

with silicon) manganese according the data obtained by thermodynamic diagram analysis of the Mn-Si-Ba-Fe system 

(Figure 2). This causes a decrease in barium solubility. 

The manganese content in the alloy less than 40% is not enough for the formation of slush manganese silicates in 

the steel during reacting of manganese and silicon with oxygen dissolved in steel and the level of its recovery in the 

liquid steel is reduced that causes a deterioration of the metal quality due to an increase in non-metallic silicate inclu-

sions while increasing the alloy consumption at the same time. 

The barium content in the alloy less than 1.5 % where the manganese to silicon ration of 1.6 doesn’t practically 

influences the properties of treated steel, but if the barium content is more than 10%, then the alloy spilling occurs that 

makes it impossible to apply it for steel treatment due to the alloy fine fractions loss with the gases escaping from the 

steel; the barium recovery rate declines and the alloy production cost increases. 

It was found during scientific and experimental research that the barium transfer into the alloy is conditioned by 

the accompanied process of silicon reduction. Thus, beginning from the silicon content in the alloy of 35%, there is an 

increase in the barium content in the alloy from 1.5% to 10% and more as the silicon content in the alloy increases up to 

40% and more. 

On the basis of the campaign results of smelting barium-containing silicomanganese the efficient composition of 

charge materials [15] was determined in which the recovery of the leading components was 84.9 Mn; 77.9 Si; 78.3 Ba. 

As a result of less-detail laboratory tests 45 kg of the alloy was produced. The power consumption was 344 kW/h. 

3 CONCLUSIONS 

On the basis of the results of thermodynamic diagrammatic analysis of the В-S-M-F and Ba-Si-Mn-Fe multi-

component systems it was established that the optimal charge composition required for smelting of the alloy with 1.5% 

barium content and more is located in the F2S-BS-M2S-S tetrahedron area. The large-scale laboratory tests of smelting 

technique for the production of the complex ferroalloy – barium-containing silicomanganese were carried out in ore-

smelting electric furnace with a 200 kV∙А transformer with the natural raw material of Kazakhstan. The leading com-

ponents reduction rate is the following, %: 84.9 Mn; 77.9 Si; 78.3 Ba. The alloy is designed for metal production high 

operational performance. 
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ABSTRACT 

A common mode of operation for electric smelting furnaces involves the availability of an open arc above the 

molten bath of process material. The plasma arc consists of a high-velocity, high-temperature jet of ionized gas, which 

imparts considerable mechanical stirring to the area in which it interacts with the surface of the bath. This stirring can 

result in significant inter-mixing and entrainment of the liquid phases in the bath, particularly in the vicinity of the arc 

attachment zone. Substantial electric current is also passed through this zone, either down through the slag and metal 

into the anode in the case of DC, or through the bath volume to the other electrodes in the case of AC. 

The present study aims at quantifying the magneto-hydrodynamic (MHD) forces that result from the passage of 

electric current through and around droplets of one phase entrained in another. These forces can result in both intra-

particle and inter-particle fluid dynamics, and generally act in opposition to surface tension and other forces. The 

OpenFOAM open-source framework is used to develop computational solvers based on the mathematical formulation 

of the problem. These tools are then applied to study the effect of current densities, diameters, interfacial surface ten-

sions and other parameters on the droplet dynamics. 

1 INTRODUCTION 

Electric furnaces are widely used in the pyrometallurgy as melting and smelting unit operations. Applications in-

clude the production of primary and recycled steel, ferro-alloy production, ilmenite smelting, platinum-group metal 

concentration, and others [1]. The furnace technologies are used vary widely encompassing AC or DC current, single or 

multiple electrodes, and open-arc open-bath or submerged-with-burden operations. 

A problem common to smelting furnaces of all types is the separation of the immiscible phases, for example slag 

from metal, within the vessel prior to tapping. This is both a quality concern (limit contamination of the product materi-

al with the waste phase), and an economic requirement (limit losses of the valuable product to the waste material). Cer-

tain furnace designs, for example open-arc high-current varieties, are capable of producing extremely violent mixing 

and stirring in the vicinity of the electrodes [2][3]. This agitation of the molten bath can cause substantial intermixing of 

the phases, and results in the generation of entrained particles across a large range of sizes between microns and centi-

metres. It is of some value to the process designer to gain a fundamental understanding of the various forces that can act 

on particles of one phase entrained in the other in these areas of high stirring energy. 

In all types of electric furnaces, electric current must pass through one or more of the molten phases contained in 

the vessel in order to complete the circuit to the furnace power supply. In the case of single-electrode DC furnaces, the 

current path is through the electrode, through the plasma arc, through the slag and metal layers, and out through the 

hearth anode connection. In the case of AC three- or six-electrode furnaces, the current passes predominantly through 

the slag layer between electrodes. This is shown schematically in Figure 1. 

 

Figure 1: Current paths in DC (left) and AC (right) electric furnaces 

The passage of current through the slag and metal baths in a smelting furnace generates magnetic fields, which 

in turn interact with the current paths to produce electromagnetic forces that act on the molten fluids. Together with 

surface tension and gravity, these are the primary forces that act on both the bulk fluid as well as particles of one phase 
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entrained in another. The electromagnetic forces scale in proportion to the square of the current density, and are there-

fore considerably larger in the areas near to the electrodes or arc attachment zones where the current flow is concen-

trated. Current densities of over 10
6
 A/m

2
 are possible in the slag zones immediately around plasma arcs [2]. 

The effect of electromagnetic forces on the bulk migration of entrained particles in slags, metals and mattes has 

been studied extensively [4][5]. This work has particular application to furnace technologies used for slag cleaning 

[6][7], and is highly relevant to the general phase separation problem in electric furnaces. The studies to date have fo-

cused largely on the behaviour of small spherical inclusions in the presence of independently generated magnetic and 

electric fields. Several effects were found to play a role in addition to simple gravitational settling, such as the electro-

magnetic buoyancy force (arising from a uniform background magnetic field) and electro-capillary motion (arising 

from the accumulation of electric charge near phase interfaces in ionic fluids such as slags). 

Work on computational fluid dynamics modelling of the shape of droplets under the influence of gravitational 

and electromagnetic fields has also been published, although generally not in the area of smelting furnace technology. 

For example, Hyers et al. [8] examined the relative effects of forces acting on electromagnetically-levitated droplets 

and their effect on intra-droplet flow patterns. Amaya-Bower and Lee [9] performed detailed simulations of bubbles 

rising in liquids, and compared their results against a large body of previous computational modelling work. 

A summary of the various forces that can act on a droplet of one phase suspended in another in the presence of a 

constant current density field j and a background magnetic field B is shown in Figure 2. The electro-capillary force 

acts in parallel with the current density vector, and the electromagnetic buoyancy force acts perpendicular to the plane 

of the current density vector and the magnetic field vector. In addition if the particle is more or less conductive than the 

surrounding phase, then the current density field becomes distorted around it – this sets up local variations in the mag-

netic field and results in additional “intra-particle electromagnetic” forces which act on the fluids inside and around the 

droplet. 

 

Figure 2: Forces acting on an entrained droplet (g: gravity, st: surface tension, ec: electro-capillary, mb: electromag-

netic buoyancy, iem: intra-particle electromagnetic) 

The interactions between the intra-particle electromagnetic forces, the surface tension forces, and gravity (as a 

proxy for all other external forces which act uniformly on the entire particle) and their impact on the shape and dynam-

ics of the entrained particle will be the primary focus of this study. Inter-particle attraction and its effect on particle 

shape and coalescence will also be considered. 

2 MATHEMATICAL MODELLING 

Given certain assumptions, the electric and magnetic fields around entrained droplets have closed-form analyti-

cal solutions which are useful in assessing the order of magnitude of the forces involved. Let’s consider an area of slag, 

through which a uniform current density j0 passes. If a highly conductive spherical metal droplet is inserted into this 

area, it distorts the current paths toward itself, and a larger current flows through the droplet compared to the surround-

ing slag. This is illustrated in Figure 3. 
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Figure 3: Current path distortion by infinitely conductive metal droplet entrained in slag 

If the slag is assumed to have homogeneous and constant physical properties, and the metal droplet is assumed 

to be infinitely conductive, then the electric potential (voltage) field in the slag around the droplet is governed by the 

Laplace equation with appropriate boundary conditions. In spherical coordinates and assuming rotational symmetry, 

this is given by: 

 

(1) 

Here, r and θ are the radial position and azimuthal angle respectively in a spherical coordinate system with  

origin located at the centre of the droplet, Φ is the scalar electric potential, E∞ is the electric field strength in the surround-

ing slag far from the droplet, and R is the droplet radius. (1) may be solved by separation of variables to give the elec-

tric potential distribution in the slag around the droplet as a function of r and θ: 

 

(2) 

From this, the current density field around the droplet can be determined: 

 

(3) 

Here, s is the electrical conductivity of the slag, and j0 is the magnitude of the current density in the bulk phase 

far from the droplet (j0 = sE∞). From Maxwell’s equations, this current density field in turn induces a self-magnetic 

field, given by: 
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(4) 

Here, µ0 is the magnetic permeability of free space. Due to the linearity of the governing equations, the current 

density and the magnetic field may both be separated into a background field BG and a distortion field DF as shown. 

The background fields are those that would exist in the absence of the entrained droplet, and the distortion fields repre-

sent the perturbation of the background fields by the presence of the droplet. 

 

 

(a) |j|/j0 (b) |B|/j0µ0 

Figure 4: Distribution of (a) current density field and (b) magnetic field around an infinitely conductive spherical 

droplet in vertical and radial (r/R) directions 

An example of the magnitude of the current density and magnetic field vectors around a droplet of metal en-

trained in a slag phase is shown in Figure 4. Both images scale from close to zero (purple and blue) to three (red), in-

dicating the current-concentrating effect of the droplet. 

2.1 Comparison of forces acting on a single droplet 

Once the electric and magnetic fields around an entrained droplet are known, the net force acting on the droplet 

as a result of the distortion of the fields by its presence can be calculated. This is done by integrating the r-component 

of the Lorentz force vector, j x B, over the volume of slag around the droplet and considering only the contributions 

from the distortion field components. 

 

(5) 

This shows that the electromagnetic forces acting on entrained metal particles are compressive, and scale very 

aggressively with the particle size (and to a lesser degree with the current density in the surrounding material). 

It is interesting to compare this result with the surface tension forces acting on the boundary of the droplet. These 

act uniformly around the perimeter of the droplet to create a spherical shape, whereas the electromagnetic forces act 

unevenly to distort the droplet shape. The surface tension forces acting on a spherical droplet are given by [10]: 
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(6) 

Here, γ is the surface tension of the slag-metal interface. Finally, the gravitational force acting to accelerate the 

droplet through the surrounding phase is given by: 

 
(7) 

Here, Δρ is the difference in densities between slag and metal, and g is gravitational acceleration. As it is the in-

terplay between these three forces that produce changes in the droplet’s shape and dynamic behaviour, it is of some 

interest to compare these under different conditions. This comparison is shown in Figure 5. 

 

Figure 5: Comparison of (5), (6) and (7) for typical values of j0 and γ (units: [ρ] = kg/m
3
, [j0] = A/m

2
, [γ] = N/m) 

At very small droplet radii typical of prills and finely-dispersed entrained particles, the surface tension force 

dominates the gravitational and electromagnetic forces and the particle is likely to remain spherical while settling. At 

large scales of a few centimeters typical of entrainment in the high-energy mixing zones near the arcs in electric fur-

naces, the electromagnetic forces dominate. In the region between approximately 1mm and 1cm droplet size, the forces 

are of comparable magnitude and the particle’s final shape and dynamics (steady-state or transient) are likely to be 

highly variable. 

2.2 Slag droplet entrained in metal 

For the opposite case, that is, an infinitely resistive slag droplet entrained in a conductive metal phase, the analy-

sis proceeds similarly with the exception of a different boundary condition at the surface of the droplet. Instead of Φ = 

0, the boundary condition for (1) becomes: 

 

(8) 

This gives a slightly different solution for the electric potential field around a slag droplet entrained in metal: 

 

(9) 

By inspection and comparison with (2), it can be seen that the magnitude of the distortion in the electric poten-

tial field produced by a slag droplet embedded in a metal phase is only half of that produced by a metal droplet en-

trained in slag. This factor carries through to the calculation of both the current density and the self-magnetic field, and 

the electromagnetic compression force is only one quarter as strong as it is in the case of metal droplets in slag. 

Surface tension would therefore be expected to play a greater role in the evolution and dynamics of slag droplets 

entrained in metal. 

2.3 Attractive force between droplets 

If two (or more) entrained metal droplets are located close to one another in the slag phase, an attractive force 

will exist between them due to the increased current density within the droplets and their resulting magnetic fields; this 

is analogous to the attractive force between two parallel conductors carrying current in the same direction. The magni-
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tude of this force may be approximated by assuming that the current density within the metal droplet is constant, and 

that the magnetic field of one droplet acting on another is constant for a given separation between the droplets. The 

average current density inside a droplet acting in the vertical direction is calculated by integrating the current density 

from (3) over one hemisphere of the droplet, and then dividing by the droplet’s cross-sectional area. This gives: 

 
(10) 

Here, jzDF is the deviation of the current density above the background field, indicating that the current density 

inside the droplet is three times higher than the current density in the surrounding slag. 

If the droplets are positioned in the way the line between their centres is perpendicular to the direction of the 

current flow, then the magnetic field generated by one droplet and felt by another may be approximated as follows: 

 

(11) 

Here, BDF is the strength of the magnetic field generated by the first droplet that is felt at the centre of the second 

droplet (assumed to be constant over the volume of the second droplet), and xs is the centre-to-centre separation dis-

tance between the two droplets. Integrating the Lorentz force, j x B, over the volume of the second droplet then gives 

the attractive force it experiences as a result of the first droplet: 

 

(12) 

Here, Fc-c is the force that is experienced by each droplet according to Newton’s second law. The relationship 

(12) is shown in Figure 6 with (5) included for comparison. 

 
R, m 

Figure 6: Graph showing dependence of inter-particle attraction force on particle size and separation (D = 2R) 

Although it is only a rough approximation, it can be seen that for moderate droplet separation distances the in-

tra-particle forces exceed the inter-particle force by an order of magnitude or more - the droplets must approach each 

other very closely indeed before the attractive force becomes significant. This suggests that attraction between en-

trained droplets is likely to be a second-order effect as compared to the interaction between surface tension and intra-

particle electromagnetic forces, and highlights the importance of good stirring in getting droplets to coalesce. 

3 COMPUTATIONAL MODELLING 

In order to study the dynamics of entrained droplets in more detail, a “numerical experiment” approach using 

computational modelling methods was adopted. Droplets settling under the influence of gravity only were studied ini-

tially to provide model validation data, with electromagnetic effects included in the full droplet MHD model. 

3.1 Dimensional considerations 

In order to correctly parameterize the problem, dimensional analysis of a single entrained droplet developing 

under the influence of gravity, surface tension, and electromagnetic forces was conducted. The relevant variables in 

this case are the equivalent spherical diameter of the droplet (D), density () and viscosity (µ) of the droplet and the 
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surrounding phase, the interfacial surface tension () between the droplet and the surrounding phase, acceleration due 

to gravity (g), the magnetic permeability of free space (µ0), and the magnitude of the bulk current density passing 

through the material (j0). Unless otherwise specified, subscript “s” refers to the surrounding phase, and subscript “m” 

refers to the droplet phase. 

For this set of variables and fundamental units, five dimensionless groups are required to fully characterize the 

droplet behaviour. The dimensionless parameters shown in Table 1 were constructed using the standard Buckingham  

method. 

Here, NEo and NEM are standard and electromagnetic forms of the Eötvös number, NMo is the Morton number, 

and NV and Nd are the ratios of phase viscosity and density respectively. m is assumed to be greater than s in this 

case. It is interesting to observe that apart from some constants of proportionality NEo is obtained directly from the ra-

tio of (7) and (6), and NEM is obtained from the ratio of (5) and (6) – the Eötvös numbers therefore quantify the relative 

strength of the various forces acting on the droplet. 

Table 1: Dimensionless parameters for droplet MHD problem  

 Parameter Formula Parameter Formula  

 NEo 

 

NV 

 

 

 NMo 

 

Nd 

 

 

 NEM 

 

   

In the typical metal-slag systems of interest in this study the phase viscosities are usually very different (Nv < 

10
-2

), and the phase densities fall within a reasonably narrow range (Nd ~ 2 ± 0.5). The effect of these two parameters 

will therefore not be considered here. 

3.2 Computational model formulation 

The Navier-Stokes and continuity equations with standard Newtonian shear stresses are used to describe the fluid 

flow across all phases: 

 

(13) 

(14) 

Here, v is the velocity vector field, and P is the pressure field. µ and  are the fluid viscosity and density fields 

calculated as a volume average of the phase field. As before j x B is the Lorentz force resulting from the current densi-

ty and magnetic fields, and g is the gravitational acceleration vector. 

In problems involving the flow of electricity, Maxwell’s equations govern the electromagnetic fields generated 

and must be solved simultaneously with the fluid flow equations: 

 

(15) 

Here, A is the magnetic vector potential (B = ∇ x A) using the Coulomb gauge, κ is the electrical conductivity 

field of the fluid, and Φ is the (scalar) electric potential field. 

The droplet MHD problem was implemented using version 2.3.1 of the OpenFOAM open-source framework for 

field solution of conservation equations [11]. Extension of OpenFOAM’s standard multiphase fluid flow solver, inter-

Foam, to include numerical solution of Maxwell’s equations was performed, resulting in two new solvers (inter-

FoamEM and interDyMFoamEM for static and dynamic mesh problems respectively). 

Within the solvers, the volume-of-fluid (VOF) algorithm was used to take account of the phase separation. This 

involves solution of a separate convective transport equation for the volume fraction field of each phase which 
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amounts to approximation of the two-phase system as a single phase flow problem with appropriate source terms at 

the phase interface. The Pressure Implicit with Splitting of 

Operators (PISO) predictor-corrector algorithm was used for calculation of the velocity and pressure fields at 

each time step. Gradient-limited discretisations were used for all divergence terms with the exception of those related 

to the phase fraction fields used the specialised Multidimensional Universal Limiter for Explicit Solution (MULES) 

interface compression method. Adaptive time-stepping was used in order to maintain a Courant number of 0.5 or be-

low for numerical stability. Solution of the electromagnetic fields was accomplished using an iterative algorithm solv-

ing each of the equations in (15) successively until convergence for the time-step was achieved. 

Simple boundary conditions were supplied to represent free inflow and outflow of fluid as the droplet moves 

through the region, and a constant current density far from the droplet. A zero-velocity initial condition was used to 

permit observation of the evolution of the droplet shape and position from stagnant conditions. 

Meshing of the model region was performed using Python scripts implementing OpenFOAM’s blockMesh tool. 

High-resolution static meshes were used for the 2D modelling work, while dynamic adaptive meshing was applied in 

the 3D model calculations. 

3.3 Model results – gravity settling 

In order to validate the multiphase flow component of the computational model, electromagnetic effects were 

disregarded at first. This results in simple gravity settling of a droplet with surface tension, and has been well studied 

by other workers [10][12]. Axisymmetric, two-dimensional simulations of a single droplet of metal settling through a 

slag phase were conducted at several different values of NEo and NMo in order to compare the shape deformation and 

dynamic behaviour of the system with published results. 

The parameters used for this set of cases are shown in Table 2. 

Table 2: Model parameters for gravity settling 

Parameter Value Parameter Value 

D 0.5 – 50 mm  0.01 - 1 N/m 

µs 0.1 Pa.s s 3500 kg/m
3
 

µm 0.006 Pa.s m 7000 kg/m
3
 

Mesh resolution 50000 elements Mesh dimensions 2.5D x 10D 

The evolution of the shape and position of an 8 mm metal droplet falling through surrounding slag is shown in 

Figure 7. 

 
(a) 5 ms (b) 100 ms (c) 200 ms (d) 300 ms (e) 400 ms 

Figure 7: Metal (red) droplet settling through slag (blue), D = 8 mm, γ = 0.1 N/m 

The interaction between the two fluid phases in this case produces considerable deformation of the droplet as it 

settles. The shape and settling velocity in such situations was well characterized by Weber et al. [10] who presented 

the Reynolds number of the droplet at terminal velocity as well as qualitative descriptions of the droplet shapes over a 

wide range of NEo and NMo. A series of simulations using the computational model were run, and the results were 

compared against literature values. 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 580  
 

 Figure 8: Graph showing position of simulation results 

in droplet shape zones 

Figure 9: Graph showing comparison of terminal velocities 

from literature and modelling results 

Figure 8 shows the location of several of the simulations performed using the computational model on a chart of 

droplet shape zones as a function of NEo and NMo. a, d, and g are located in the “spherical” zone, b in the “oblate ellip-

soidal cap” zone, c and i in the “open, unsteady wake” zone, e and h in the “oblate ellipsoid” zone, and f in the “oblate 

ellipsoidal, disk-like and wobbling” zone [12]. Droplet shapes generated by the model for conditions a to i are shown 

in Figure 10, and are seen to be generally in good agreement with the shape zones from literature. 

Terminal velocity ut was estimated for each simulation by calculating the average velocity in the vertical direc-

tion at the end of the run, over all elements in the computational model that contained a majority of metal. This was 

then used together with the droplet’s original spherical diameter D to calculate a representative Reynolds number, NRe 

= DutΔ/µs. The model data (points) are compared to correlation data (lines) from [12] in Figure 9, and the results are 

seen to agree quite well, particularly under the high surface tension conditions typical of slag-metal systems. 
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(a) D 0.75 mm,  0.01 N/m (b) D 3 mm,  0.01 N/m (c) D 12 mm,  0.01 N/m 

 

 (d) D 1.5 mm,  0.1 N/m (e) D 3 mm,  0.1 N/m (f) D 8 mm,  0.1 N/m 

 
(g) D 3 mm,  1 N/m (h) D 5 mm,  1 N/m (i) D 50 mm,  1 N/m 

Figure 10: Droplet shapes at end of computational model runs (captions correspond to Figure 8) 

Results from computational modelling of droplet settling are seen to agree well with previously published quali-

tative and quantitative data on the subject, suggesting that the methodology in use is valid here. 

3.4 Model results – intra-particle electromagnetic forces 

In order to study the effect of electromagnetic forces in isolation, gravitational forces were then set to zero in the 

computational model leaving only MHD forces acting on the entrained droplet. This conveniently results in both the 

NEo and NMo parameters reducing to zero, with the droplet shape and behaviour therefore being completely character-

ized by a single dimensionless parameter, the electromagnetic Eötvös number NEM. The current density field far from 

the droplet, j0, acts vertically downward through the model region 

Variables used for this set of cases are shown in Table 3. 

Table 3: Variables used for MHD-only cases 

Parameter Value Parameter Value 

D 0.1 – 20 mm  0.1 - 1 N/m 

µS 0.1 Pa.s s 3500 kg/m
3
 

µM 0.006 Pa.s m 7000 kg/m
3
 

j0 2 x 10
5
 - 1 x 10

6
 A/m

2
 µ0 4 10

-7
 N/A

2
 

s 66.67 (m)
-1

 m 5 x 10
7
 (m)

-1
 

Mesh resolution 25000 - 50000 elements Mesh dimensions (2.5D - 5D) x 5D 

3.4.1 Metal droplets in slag 

For the case of a metal droplet entrained in a slag matrix phase, the electromagnetic forces resulting from the 

concentration of current density in the droplet causes a “pinch” effect – the droplet is squeezed from around the cir-

cumference perpendicular to the current density vector in the bulk slag. This can result in either deformation of the 

droplet into an oblate ellipsoid, or breakup and disintegration of the droplet into smaller fragments. An example of the 
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latter case is shown in Figure 11. 

 
(a) 17 ms (b) 156 ms (c) 185 ms 

 
(d) 200 ms (e) 203 ms (f) 206 ms 

Figure 11: Evolution of metal droplet shape over time, D = 6 mm, j0 = 10
6
 A/m

2
, γ = 0.1 N/m 

The electromagnetic deformation of the droplet proceeds slowly at first, but accelerates rapidly as the droplet 

surface becomes concave and then separates into fragments. Overall the process is quite rapid, with the droplet disinte-

grating after only 200 ms in this case. 

The final steady-state shape of the droplet (if it exists) was estimated by measuring the ratio of the droplet’s hor-

izontal axis to its vertical axis either at the end of the simulation (500 ms) or at the point of disintegration. NEM was 

varied by changing the droplet diameter between 0.1 mm and 10 mm while keeping all other parameters constant (j0 = 

10
6
 A/m

2
,  = 0.1 N/m). The result of this calculation for all model cases tested is shown in Figure 12. 

 

Figure 12: Variation of droplet shape ratio with NEM (s,s: spherical and steady-state, os,s: prolate spheroid, steady-

state, d,us: disintegration, unsteady-state) 

It was observed that for NEM below approximately 0.03, electromagnetic forces are very small and the droplet 

retains its spherical shape. For NEM between 0.1 and 2, the surface tension and electromagnetic forces are of similar 

magnitudes, and the droplet is distorted into an oval shape. For NEM above 2, the electromagnetic forces dominate the 
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fluid flow in the vicinity of the droplet and act to pinch and disintegrate it, with highly dynamic flow patterns resulting. 

Examples of droplet shapes from computational model simulations in each zone in Figure 12 are shown in Fig-

ure 13. 

 
(a) D = 1 mm (NEM = 0.0126) (b) D = 5 mm (NEM = 1.57) (c) D = 10 mm (NEM = 12.6) 

Figure 13: Droplet shapes at end of simulation (j0 = 10
6
 A/m

2
,  = 0.1 N/m) 

It can be seen that the distortion of the droplet increases rapidly with increasing NEM, until a critical point at 

which the system becomes unsteady and the droplet disintegrates into smaller particles. 

3.4.2 Slag droplets in metal 

Just as metal droplets may become entrained into the slag phase by mechanical stirring and other mechanisms, 

it is possible for slag droplets to become entrained in the metal phase. In this case, the droplet forms a highly resistive 

inclusion and the current density field in the metal is diverted around it. It is interesting to note that due to this, the 

electromagnetic forces act in an opposite manner to those in the case of an entrained metal droplet – they “squash” the 

droplet, pulling it out radially along the circumference perpendicular to the current density vector in the bulk metal. 

Computational models for the entrained slag droplet problem were set up and run using the parameters in Ta-

ble 3. Droplet shapes at the end of the simulations are shown in Figure 14. 

 
(a) D = 5 mm (b) D = 10 mm (c) D = 20 mm 

Figure 14: Droplet shapes at end of simulation, j0 = 10
6
 A/m

2
,  = 0.1 N/m 

As increasing the droplet diameter increases NEM, the shape becomes first a flattened sphere, and eventually a 

toroid. At a diameter of 20 mm, the droplet is unsteady and continues to expand into a ring-shaped structure. 

It is interesting to observe that the droplet shape is only affected at larger diameters (higher NEM) than in the 

case of metal droplets entrained in slag. This is in accordance with the fact that the distortion of the current density 

field is only one half as large as it is in the metal droplet case, as noted in Section 2.2. 

3.5 Model results – electromagnetic forces combined with gravity 

For the full droplet MHD model, both the intra-particle electromagnetic forces as well as gravity must be con-

sidered. Model conditions are as per Table 3, with the addition of gravitational acceleration of 9.81 m/s
2
 in the vertical 

direction. Due to the large possible parameter space presented by NEM, NMo and NEo, simulations were conducted for a 

range of NEM and NEo only by varying the diameter of the droplet while keeping all other variables fixed in order to 

gain a basic understanding of the interaction between the various forces. 
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(a) 17 ms (b) 99 ms (c) 201 ms (d) 302 ms 

Figure 15: Development of phase field, D = 6 mm, j0 = 10
6
 A/m

2
,  = 0.1 N/m (NEo = 12.3, NMo = 7.01 x 10

-5
, NEM = 

2.71) 

 
(a) 17 ms (b) 100 ms (c) 181 ms (d) 298 ms 

Figure 16: Development of phase field, D = 8 mm, j0 = 10
6
 A/m

2
,  = 0.1 N/m (NEo = 22.0, NMo = 7.01 x 10

-5
, NEM = 

6.43) 

 
(a) 18 ms (b) 101 ms (c) 125 ms (d) 200 ms 

Figure 17: Development of phase field, D = 10 mm, j0 = 10
6
 A/m

2
,  = 0.1 N/m (NEo = 34.3, NMo = 7.01 x 10

-5
, NEM = 

12.6) 

Results showing the evolution of the phase field for three different cases are shown in Figure 15, Figure 16, and 
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Figure 17. It is interesting to note that the addition of settling due to gravity to the MHD droplet model stabilizes the 

shape deformation due to electromagnetic forces to some degree; this is most likely due to the fact that gravitational 

settling generally acts to flatten the droplet along the gravitational acceleration vector, whereas the electromagnetic 

forces act to compress the droplet along the current density vector. In these simulations, both vectors are aligned and 

therefore the forces act counter to each other. This is borne out in the model results by the droplet remaining intact up 

to approximately NEM = 6.5 when gravitational settling is present, but disintegrating completely under the action of 

electromagnetic forces by NEM ~ 2 when it is not. 

The strength of this effect will depend not only on the three dimensionless parameters used here, but also on the 

angle between the gravity vector and the local current density vector – in operating electric furnaces, particularly AC 

furnaces where current paths travel between electrodes instead of downward through the vessel, the angle may be up to 

90° and the droplet stabilization effect may be reduced or even reversed in regions where this is the case. Differences 

are frequently observed in the rates of settling and phase separation between AC and DC furnace designs, though 

whether this is primarily due to electromagnetic effects or other phenomena (for example, electro-capillary droplet 

motion) is less easy to determine. 

3.6 Model results – attraction between two droplets 

For the study of the interactions between multiple entrained droplets, three-dimensional modelling is necessary. 

Such models are extremely computationally demanding, and require high-performance computing resources in order to 

run effectively. Dynamic adaptive meshing based on the phase fraction field was also used to increase performance. 

Due to the very long runtimes of the 3D models, only a limited number of results have been generated at this stage. 

Table 4 shows the conditions used for the droplet interaction model cases. The droplets are separated by the cen-

tre-to-centre distance xs, along the x-axis. Gravity and other external forces are not considered in these models, and 

electric current flows downward in the z direction. 

Table 4: Variables used for droplet attraction models 

Parameter Value Parameter Value 

D 6 mm  0.1 N/m 

µS 0.1 Pa.s s 3500 kg/m
3
 

µM 0.006 Pa.s m 7000 kg/m
3
 

j0 1 x 10
6
 A/m

2
 µ0 4 x 10

-7
 N/A

2
 

s 66.67 (m)
-1

 m 5 x 10
7
 (m)

-1
 

Mesh resolution Up to 1000000 elements Mesh dimensions (2.5D + xs) x 2.5D x 10D 

xs 12 mm, 18 mm, 24 mm   

Figure 18 and Figure 19 show a plane section through the phase field along the x-axis at various times, for the 

two cases of 12 and 24 mm separation between droplets. A contour at a metal fraction of 0.5 gives an indication of the 

three-dimensional shape of the droplets. 

 
(a) 0 ms (b) 202 ms (c) 411 ms (d) 486 ms 

Figure 18: Evolution of droplet shapes and positions, xs = 12 mm 
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(a) 0 ms (b) 405 ms (c) 440 ms (d) 451 ms 

Figure 19: Evolution of droplet shapes and positions, xs = 24 mm 

There are appreciable differences in the droplet behaviour at different separations. At very small separations of 

the order of the droplet diameter the inter-particle electromagnetic attraction is strong enough to draw the droplets to-

gether, whereas at only slightly larger separations the attraction falls away rapidly. This can be seen in Figure 20, 

which plots the droplet separation over time. 

 

Figure 20: Droplet separation over time for different initial separations 

Two additional effects are seen in the model results. The first is that even though the droplets move toward each 

other and make physical contact in the case of very narrow initial separations, the closing velocities are very low. 

Combined with the relatively high interfacial surface tensions typical of metal-slag systems, this means that the drop-

lets do not actually coalesce but rather bounce off each other in an elastic or semi-elastic collision (cf. Figure 18d). 

The second effect is that the additional inter-particle forces appear to partially balance the intra-particle forces at 

narrow separation distances. For a diameter of 6 mm the droplet is expected to disintegrate under the action of the in-

tra-particle electromagnetic forces, as is the case in Figure 11 and Figure 19 however, droplets of the same size are 

seen to remain intact up to the point of collision in Figure 18. As in the case of gravity-stabilized MHD droplets, this 

stabilization effect is strongly related not only to the droplet properties but also to the separation distance between 

droplets and also the angle between the background current density vector and the line between droplet centres. 

4 CONCLUSIONS 

An aspect of the phase separation problem in electric arc furnaces, the flow dynamics of entrained droplets, has 

been successfully studied using a combination of mathematical analysis and computational modelling. Several insights 

were gained into the relative strength of the various forces acting on droplets of one phase entrained in another. At very 

small droplet diameters typical of prills and micro-inclusions surface tension forces generally dominate, while at larger 

diameters typical of phase mixing in regions of high stirring energy (such as near to plasma arcs) electromagnetic forc-

es can become significant. 

The dynamic behaviour and shape of single droplets settling under gravity was successfully used to test and val-

idate the computational model across a range of the dimensionless parameters NEo and NMo. It was seen that when elec-

tromagnetic forces act in isolation, the droplet shape may be characterized by a single dimensionless parameter, NEM. 

At high values of NEM droplets disintegrate into smaller fragments under the action of the electromagnetic forces, while 

at low values they remain intact and form oval or spherical shapes. A stabilizing effect was observed when the combi-

nation of gravitational and electromagnetic forces was modelled. This effect was visible at higher values of NEM and 
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NEo, such that large droplets settling in regions through which high current densities are passing may remain intact for 

longer periods of time. 

Inter-particle attraction between metal droplets entrained in a slag phase is possible, and was quantified using a 

simplified mathematical model. The effect was seen to be strongly dependent on the separation distance between parti-

cles as well as the particles’ diameter, but is generally much smaller than the intra-particle electromagnetic forces. 

Three-dimensional computational modelling of this problem showed the effect of particle separation, and also identified 

a secondary electromagnetic shape stabilization effect occurring when droplets are in close proximity to one another. 

This work is exploratory in nature, and further study is needed. In particular, additional modelling work is re-

quired in order to more completely quantify the effect of the full NEo – NMo – NEM parameter space for the behaviour of 

single droplets. The three-dimensional behaviour of multiple droplet systems also presents several phenomena of inter-

est and would benefit from further examination. Together with additional computational modelling work, it is highly 

recommended that experimental work using cold models be used to provide additional validation of the computational 

modelling tools. 

5 ACKNOWLEDGEMENTS 

This paper is published by permission of Mintek. The author also gratefully acknowledges access to HPC facili-

ties at the CSIR Centre for High Performance Computing during the development and testing of the computational 

models. 

6 REFERENCES 

[1] Jones, R.T. and Curr, T.R., “Pyrometallurgy at Mintek”, Proceedings of the SAIMM Southern African Pyromet-

allurgy 2006 Conference, Johannesburg (South Africa), 5-8 March 2006, pp. 127-150. 

[2] Bowman, B., “Properties of arcs in DC furnaces”, Proceedings of the 52nd Electric Furnace Conference, Nash-

ville (USA), 13-16 November 1993, pp. 111-120. 

[3] Reynolds, Q.G., “Application of multiphase computational fluid dynamics to the plasma arc impingement prob-

lem in DC furnaces”, Proceedings of the 9th South African Conference on Computational and Applied Mechan-

ics, Somerset West (South Africa), 14-16 January 2014, article #26. 

[4] Warczok, A., Utigard, T., “The effects of alternating and direct currents on the rate of slag cleaning”, CIM An-

nual Meeting: Proceedings of Non-ferrous Pyrometallurgy - Trace metals, furnace practices and energy efficien-

cy, Edmonton (Canada), 23-27 August 1992, pp. 403-419. 

[5] Warczok, A., Riveros, G., “Effect of electric and magnetic fields on metallic inclusions in a liquid slag”, Pro-

ceedings of the TMS Annual Meeting, San Diego (USA), 2-6 March 2003, pp. 224-229. 

[6] Dal, I., Li, N., and Grimsey, E.J., “The reduction of nickel slag by graphite electrodes with AC and DC cur-

rents”, Proceedings of the Nickel-Cobalt International Symposium, Sudbury (Canada), 17-20 August 1997, pp. 

77-92. 

[7] Warczok, A. and Riveros, G., “Slag cleaning in crossed electric and magnetic fields”, Minerals Engineering, 20 

(2007), pp. 34-43. 

[8] Hyers R.W., Trapaga, G., and Abedian, B., “Laminar-Turbulent Transition in an Electromagnetically Levitated 

Droplet”, Metallurgical and Materials Transactions B, 34B (2003), pp. 29-36. 

[9] Amaya-Bower, L. and Lee, T., “Single bubble rising dynamics for moderate Reynolds number using Lattice 

Boltzmann Method”, Computers & Fluids, 39 (2010), pp. 1191-1207. 

[10] Clift, R., Grace, J.R., and Weber, M.E., “Bubbles, Drops, and Particles”, Academic Press Inc., New York (USA), 

1978. 

[11] OpenFOAM, http://www.openfoam.org, accessed November 2014. 

[12] Bhaga, D. and Weber, M.E., “Bubbles in viscous liquids: shapes, wakes, and velocities”, Journal of Fluid Me-

chanics, 105 (1981), pp. 61-85. 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 588  
 

MATHEMATICAL MODELS FOR METALLURGICAL SCALE-UP 

S. A. Halvorsen
1
, R. Schlanbusch

1
 and S. Shinkevich

1
 

1
Teknova AS, Gimlemoen 19, NO-4630 Kristiansand, Norway; sah@teknova.no 

ABSTRACT 

Adequate scale-up know-how is to a large degree missing in the metallurgical industry, and the use of new pro-

cesses is frequently increased only by a few percent at a time. 

We have applied mathematical analysis to study various aspects of scale-up. A fundamental approach has been 

chosen where the appropriate model equations have been developed and analyzed. The basic method is described in 

detail for thermal scale-up, and then summarized for electrical scale-up. The analysis has revealed which non-

dimensional groups are involved, and how they are affected by scale-up or scale-down. This allows us to derive general 

trends, along with time constants, simplified models, etc. 

Real cases from the industry have been studied. We considered: 

 General resistive slag reactors 

 DC electrodes 

 Thin casting (of silicon) 

 Acheson process 

 Metal droplets in slag (metal/slag separation) 

General guidelines for studying scale-up are suggested based on our experience. 

Our studies show that appropriate models are powerful tools to reveal general trends and what needs to be fur-

ther studied either by numerical simulations, laboratory experiments, and/or pilot studies. We therefore recommend that 

our methodology is applied for evaluating scale-up issues. 

1 INTRODUCTION 

Due to lack of adequate scale-up know-how the metallurgical industry has increased the scale by only a few per-

cent at a time for new processes; or even worse, the full-scale facilities assembled that do not work or work with capaci-

ties far below their target. Similarly, when an industrial full-scale problem needs to be studied, proper scale-down 

knowledge (how to select the proper pilot and/or laboratory studies) is frequently missing. 

To improve the conditions Teknova has run a project on Metallurgical Scale-up in close cooperation with four 

major metallurgical companies in Norway and with academic partners from the University of Oxford, UK, University 

of Santiago the Compostela (USC), Spain, University of Agder (UiA), Norway,  and Norwegian University of Science 

and Technology (NTNU), Norway. 

Real cases from the industry have been studied. We choose a fundamental approach where the appropriate model 

equations have been developed and analyzed. Such analysis reveals which non-dimensional groups are involved, and 

how they are affected by scale-up or scale-down. This allows us to derive general scale-up guidelines, along with time 

constants, simplified models, etc., supported by results obtained from numerical simulations. 

In this paper, we will present the general method in some detail for thermal scale-up and give some results for 

electrical scale-up before presenting results from some case studies. 

2 EQUATION ANALYSIS FOR SCALE-UP 

2.1 Thermal Scale-up 

We start by a simple case and consider heat balance within a simple cuboid as shown in Figure 1. Let the L-edge 

be parallel to the x-axis, the W-edge to the y-axis and H to the z-axis.
2
 Then the heat balance equation can be written as: 

Q
z

T
k

zy

T
k

yx

T
k

xt

T
cp 































)()()(  (1) 

where T is the temperature; 

  is the density, cp the heat capacity and k the heat conductivity; 

 Q is a heat source, due to electric heating and/or chemical reactions; 

                                                           
2 Please observe that the “thin direction” in Figure 1 is parallel to the x-axis. Hence, the thin plate approximation, equations (4) and (5), describe a 

vertical plate. 
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The boundary conditions are given by 

)( aTTh
n

T
kq 



   (2) 

where  q is the normal outward heat flux at a boundary; 

 
n

T




 is the partial derivative of T in the direction of the outward normal vector; 

 h is a heat transfer coefficient and 
aT  the ambient temperature; 

The heat transfer coefficient, h, can be a function of the temperature, which implies that the boundary condition, 

(2), is very general. A pure radiation condition can, for instance, be written as: 

))()(()( 2244

aaaa TTTTTTTTq    , ))(( 22

aa TTTTh    (3) 

where   is the effective emissivity; 

  is the Stefan–Boltzmann constant; 

We then introduce some non-dimensional tilde-variables de-

fined by xLx ~ , yWy ~ , zHz ~ ,  tt
~

  and 

TTTTT m

~
)( 00  ; where 0T  is a reference temperature (normal-

ly equal to aT ), mT  is the maximum temperature and   a time con-

stant (to be defined). To simplify the following discussion, constant 

parameters are assumed. 

Inserting the tilde definitions in equation (1), we get, after 

some rearrangement: 
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From equation (4) we immediately see that if W is slightly more than 3 times L, then the coefficient in front of 

the second term on the right hand side is less than 0.1, and this term can be dropped as a first approximation. Similarly, 

if H is slightly more than 3 times L, then also the third term can be disregarded. Hence, the thin plate approximation is 

reasonable even at aspect ratios up to 1:3. The heat balance equation then simplifies to: 

Q
TTk
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  (5) 

with non-dimensional variables, and in standard form as: 

Q
x

T
k

xt

T
cp 













)(  (6) 

Such approximations can only be done after a proper scaling, that is the variation of the tilde-variables should be 

from zero to one (at least approximately). 

The structure can be characterized as thermally thin or thick based on the aspect ratios. If at least one aspect ratio 

(L/W, L/H, W/L, W/H, H/L, H/W) is less than 1/3, the structure is thermally thin with respect to inner heat flow and the 

equation can be simplified.
3
 If not, it should be treated as a thermally thick structure, i.e. 3D heat flow should be applied 

(unless the problem can be simplified due to some symmetry). 

The value of  that makes the coefficient of the left hand side of (4) equal to one defines the time constant: 

 
k

cL p


2

   (7) 

This is a time constant for obtaining thermal equilibrium due to heat flow in the x-direction. Similarly, the value 

of Q that makes the last term equal to one, defines a characteristic heat density. This is the power density that can main-

tain a stationary temperature difference of roughly )( 0TTm  : 
4
 

                                                           
3 A threshold of 1/3 for aspect ratios is appropriate for a first approximation. Then terms with coefficients less than (approximately) 0.1 are removed 
from equation (4). A lower threshold should be chosen if more accuracy is required. 
4 The time constant and the characteristic heat density are only rough estimates. A solution of the simplified equation, or further evaluation, is re-

quired for more accurate values. 

 

 

Figure 1: A simple cuboid 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 590  
 

2
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L

TTk
Q m    (8) 

Observe that there is a quadratic dependence on the geometric parameter, L, in both cases. 

The boundary conditions can be non-dimensionalized similarly to the full equation. Assuming that the normal 

vector is in the x-direction, we get (assuming
0TTa  ): 

T
k

hL

n

T ~
~
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   (9) 

This equation reveals that the relative influence of the boundary condition depends on the ratio between the ex-

ternal (h) and the internal (k/L) heat transfer coefficients. 

Equation (9) leads to another definition of thermally thin and thick structures, now with respect to the boundary 

conditions. Thin: L << k/h, thick: L >> k/h. Applying a ratio of 1/10 for the thresholds, the structure is thin if L < 

0.1*k/h, and thick if L > 10*k/h. The boundary conditions for the thin and thick approximations are: 

Thin:  0~

~
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Thick:  0
~
T , or 

aTT    (11) 

For the case of a thin structure, the heat flux in the x-direction will totally dominate in equation (4), implying the 

approximation: 

0~

~

2
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x

T
 on the two boundaries, (12) 

implying that T does not vary in the x-direction. Then a simplified heat balance equation can be derived by integrating 

equation (1) in the x-direction, applying the boundary condition (2), and dividing by L: 
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The same boundary condition has been assumed on both sides of the structure. Whether the terms for the y- and 

z-variation should be kept depends on the strength of their respective boundary conditions compared to the boundary 

conditions for heat flow in the x-direction. A detailed analysis is out of the scope for this paper, but if the heat transfer 

coefficients are the same on all sides, the terms can be neglected, and the equation is simplified to: 

Q
L

TTh

dt

dT
c a

p 



)(

2  (14) 

This is a linear ordinary differential equation with time constant and characteristic heat density: 

h

cL p


2
 ,  )(

2
00 TTh

L
Q m   (15) 

We observe that the dependence on the thickness L has shifted from quadratic to linear, c.f. equations (7) and (8). 

The approximated boundary condition, (10), was applied to show that T does not vary (significantly) in the x-

direction, normal to the boundary. It must not be applied further, unless this is supported by additional analysis. The 

interpretation of thermally thin with respect to the boundary condition is that the ability to exchange heat with the sur-

roundings is small compared to the ability to equilibrate the temperature within the structure in the normal direction. 

The capacity for heat transfer across the boundary can, however, be comparable to other terms and can therefore not be 

neglected in equation (13). 

For the case of a thin structure in the x-direction, but thick with respect to the boundary conditions, we can apply 

equation (6), with boundary condition given by equation (11). For the stationary case the solution is:  

)(
2

xLx
k

Q
TT a   (16) 

In this analysis we have applied the total width, L, to define the non-dimensional variable, x~ , and similarly for 

W and H. The problem discussed, is, however, symmetric. Then all the variation takes place within half of the structure, 

and using the half-width is therefore more appropriate. 

The general approach shown is a powerful tool to analyze a process and get insight about possible changes after 

a scale-up or scale-down. Equation (4) shows for instance that the aspect ratios are extremely important and that the 

thermal behavior qualitatively depends on the square of the aspect ratios. It is also clear that the time to reach equilibri-

um, or stationary conditions, increases with the square of the thickness, but boundary conditions must also be taken into 

account. For a thermally thin structure (with respect to boundary conditions), the time to reach the stationary state in-
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creases linearly. The analysis reveals criteria to check how such behavior will be modified due to a change in scale. 

Finally, the analysis shows the relative strength of the various terms in the equations, and which terms may be disre-

garded in a first approximation. Studying the simplified equation can give valuable insight, even in cases where the ap-

proximation is not fully justified. In some cases a simple solution can be found, c.f. equation (16). 

Some qualitative changes due to scale are well known. Consider for instance boiling a volume of water on the 

kitchen stove, and apply a length L to define the scale. The container area will be proportional to L
2
 and the water vol-

ume to L
3
. If all linear dimensions are increased by a factor , the heating area, and hence the heat supply, will be in-

creased by the factor  2
; while the water volume will be increased by  3

. Hence, the time needed to heat the water to 

the boiling point will be increased by the factor  3
/ 2

 = , assuming other factors to be negligible. This is an example 

of the L
n+1

/L
n+2

 effect [1]. Such effects will be included in a proper mathematical analysis. In addition, it will be re-

vealed whether such an effect will dominate, or whether other issues might be equally or more important. 

2.2 Electrical Scale-up 

General electrical scale-up has been studied for alternating current (AC) [2]. Some main results are presented be-

low.  

Assuming constant parameters and harmonic time variation, the equation for the electric field can be written as 

[2]: 

E
c

EiE e


2

2
2 

   (17) 

where E


is the electric field vector; 

i is the imaginary unit; 

 is the angular frequency; 

e is the electrical conductivity; 

 is the magnetic permeability; 

c is the speed of light; 

A similar equation can be derived for the magnetic field. 

If equation (17) is applied on a cuboid as shown in Figure 1, the same aspect ratios as found in equation (4), will 

show up in the non-dimensional version of the equation due to the Laplacian operator (
2 ) on the left hand side. If 

relevant, this characteristic should be further analyzed. Here, we consider only the case where all geometric variables (x, 

y, z) are non-dimensionalized by the same factor, L. 

For simplification, we consider an electro-magnetic radiation propagating in the x-direction into an infinite half-

plane of conducting media. In this case a linearly polarized electric field has only one non-zero component, 

)(xEE z , and the non-dimensional version of the equation can be written as [2]: 
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where  is the skin depth; 

 is the electromagnetic wave length; 
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e
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c2
  (19) 

Equation (18) shows that, in addition to the aspect ratio, there are two more non-dimensional parameters for the 

electric equation. Further, depending on the scale parameter, L, different regimes for the electric field can be defined: 

 L >> , the last term must be included. Electromagnetic waves are important. 

 L <<  and  is not large compared to L. Alternating current (AC) 

o High frequency,  << L, 

o Low frequency,  ~ L (same order of magnitude) 

 L <<  and L << , the first term dominates and direct current (DC) approximation is valid 

For our applications, L << , and electromagnetic waves can safely be neglected. Also, observe that the depend-

ency on L/ is quadratic. Hence, (L/)
2
 is the appropriate scale-up parameter to be considered. Further, the DC approxi-

mation is reasonable if L <  /5 since the numerical factor in equation (18) then is less than 0.1. 

It follows naturally that the concept of high and low frequency should not be defined by the frequency alone, but 

how the current behaves. Then (L/)
2
 is the appropriate parameter where both size, L, material properties and frequency 

are included. For high frequencies, the electric current only flows very close to the surface of a conductor, while it pene-

trates significantly into the conductor in the low frequency domain. 
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If the largest width involved is applied as the scaling parameter, L, one can safely apply the DC approximation 

according to the criterion above, but this is frequently too conservative. For a single conductor in an insulating media 

the width of the conductor (or radius or diameter) is normally far more appropriate. For such cases, the thin approxima-

tion will normally be valid for the conductor and a simplified equation for the current distribution in the conductor can 

be derived. 

The conditions are more complex 

when more than one conductor is in-

volved. For a 2D case (an approxima-

tion for currents flowing in sheets), it 

seems that L should be chosen as the 

sum of the widths of the sheets carrying 

the current. Figure 2 shows a case were 

the current is supplied to some reactor 

via two electrode pairs. The penetration 

of the magnetic field (and the electric 

current) into the electrodes is as if each 

electrode pair is replaced by one elec-

trode with twice the thickness. The dis-

tribution is not influenced by the angle 

between the electrodes [2]. 

So far, we have not investigated the 

conditions for circular electrodes. It is 

well known that there is a proximity 

effect causing non-symmetric current 

distribution for the normal 3-phase 3 

electrode configuration, c.f. for instance 

[3]. It is an open problem how to choose 

L for this system. 

3 CASE STUDIES 

3.1 Resistive slag reactor 

Consider a furnace where the required energy is supplied by resistive heating in a slag. Then scale up by increas-

ing the slag zone by the same factor, , in all directions. To keep the same reaction rate (kg/m
3
 s) after scale-up, it is 

required to keep the power density, i.e. ej /2
 should not change, where j  is the current density (RMS-value for 

AC). The cross sectional area for the current will increase by the factor  2
 due to the scale-up. Hence, the total current 

should increase by  2
. 

This argument assumes that most of the power is utilized for chemical reactions. If the heat loss is significant, its 

influence will be relatively smaller after scale-up, c.f. the L
n+1

/L
n+2

 effect [1]. Then the current should be increased 

somewhat less than by the factor  2
 to ensure similar temperature conditions. 

The argument is valid for DC, and for AC when the DC-approximation is reasonable. When the scale is adjusted 

by the same factor in all directions, there is no change in the aspect ratios. Further, there is no change in the local heat 

surplus when the same reaction rate and power density are assumed. The time constant to reach thermal equilibrium 

will, however, be increased by a factor  2
, c.f. equation (7). 

If DC is not a proper approximation, the current distribution will be modified after scale-up. 

In our analysis of electrical scale-up we have stated that the DC approximation is reasonable if  

L <  /5, c.f. paragraph 2.2. We believe that this is a rather strong requirement, i.e. it is likely that the current distribu-

tion is not significantly changed if the skin depth (after scale-up) is somewhat larger. Nevertheless, further analysis, 

simulations and/or experiments are recommended before concluding. 

If AC-effects are significant, small-scale experiments with higher frequency might be valuable. Experiments 

with the same scaling parameter, (L/)
2
, will ensure the same current distribution. 

 Our analysis includes basic thermal and electrical scale-up, but material transport (solid, liquid, and/or gas flow) 

has not been considered. These effects should also be analyzed. 

 

 

 
 

Figure 2: Magnetic field distribution for a 2D model in COMSOL 

Multiphysics. The alternating current flows into the central reactor via the 

two lower electrodes, and leaves via the two upper ones (and vice versa).  
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3.2 DC electrodes 

For large electrodes, the risk of hard breakage limits the maximum electric current. This has been studied for 

many years by Elkem Carbon, c.f. for instance Larsen et al. [4].  

We analyzed the thermal problem for large DC electrodes in the 97
th

 European Study Group with Industry, San-

tiago the Compostela, Spain [5]. It was assumed that the aspect ratio, R/L, (radius divided by length) was less than 1/3, 

and that the thick structure boundary condition, equation (11), could be applied. We further assumed that the maximum 

temperature difference would be a measure of the risk of hard breakage. Hence, the scale-up criterion is that the maxi-

mum temperature is the same before and after scale-up. 

A simplified equation similar to equation (6) can be derived for the axially symmetric problem. This equation 

has a simple solution and the maximum temperature in the center of the electrode can be written as [5]: 

e

amax
kR

I
TT

 22

2

  (20) 

where I  is the electrode current; 

It follows that the electrode current should be increased proportionally to the radius (or diameter).  

For very thin electrodes, we can apply the thin structure approximation, equation (10), which implies constant 

temperature across the electrode. It can then be shown that keeping this temperature requires that the electrode current is 

proportional to D
3/2

, where D is the electrode diameter. 

Westly has studied electrode consumption and correlated this to an electrode load factor. He then came up with 

the relation [6]:  

DC

AC

E

R

R

D
CI

2/3

  (21) 

where CE is an electrode load factor and 

DC

AC

R

R
is a skin and proximity effect factor. 

The skin and proximity factor is unity for small/thin electrodes and proportional to D
1/2 

for large electrodes, c.f. 

Figure 3. 

The same CE corresponds to similar electrode conditions. Hence, Westly’s scale-up recommendation is the same 

as we find with very simple models: Electrode current proportional to D
3/2

 for small electrodes and proportional to D for 

large electrodes. Elkem Carbon recommends scale-up for medium and large electrodes as Westly, but proportional to 

D
2
 for small electrodes (D < 1 m) [4],[7]. 

As a simple estimate for the boundary 

conditions along a FeSi Søderberg electrode 

in the critical region, we will assume 1000 °C 

for both the boundary and the ambient tem-

peratures, radiation condition and effective 

emissivity of 0.7. This corresponds to an ef-

fective heat transfer coefficient of 328 W/m
2
 

K, according to equation (3). We assume a 

heat conductivity of 8 W/m K, c.f. for in-

stance Halvorsen et al. [8]. The thick elec-

trode approximation is then very good for 

diameters above 0.5 m. If we assume a 

somewhat lower effective heat transfer coef-

ficient, say 100 W/m
2
 K, the approximation is 

very good for electrode diameters above 

1.6 m. We conclude that the thick electrode 

approximation seems valid for large Søder-

berg electrodes, but more accurate estimates 

are required to determine the criterion for a 

large-diameter electrode. 

Our criterion for thin electrodes,  

R < 0.1*k/h, is only valid for extremely thin 

electrodes, and does not seem relevant for 

 

Figure 3: Electrode current versus diameter, according to Jens 

Westly. Figure courtesy of Elkem Carbon 
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realistic sizes of Søderberg electrodes. 

Our criteria for thin or thick electrodes, respectively R < 0.1*k/h and if R > 10*k/h, are rather strong. These crite-

ria ensure that the respective approximations are quite good. The general scale-up trends are probably valid when one of 

the effects dominates, possibly if R < (1/3)*k/h or R > 3*k/h, with a gradual transition in-between. Numerical 

simulations are recommended to get further insight. 

3.3 Thin Casting of Silicon 

Elkem Technology has equipment for pilot testing of thin casting, c.f. Figure 4. Liquid metal is poured on a wa-

ter spray cooled steel belt. The belt moves at a constant speed. A vital part of the pilot testing is to determine the proper 

length and/or speed of an industrial strip caster, and how these parameters depend on the height of the metal. 

The overall solidification problem for casting of silicon was treated in a European Study Group with Industry 

(ESGI), which is a mathematical workshop.
5
 The height of the casted metal will be small compared to the width and the 

length of the casted metal on the belt, with aspect ratios significantly lower than 1/3. Hence, it is only required to in-

clude heat conduction in the vertical direction for a mathematical analysis. There are two options for the mathematical 

problem: 

 2-dimensional model – Silicon enters the model at 0x  with a given temperature and height. There is a con-

stant flow of silicon in the x-direction with the speed of the belt, v . 

 Unidimensional dynamic model – At time 0t  the model assumes the given temperature and height of Si. 

Then the time evolution is computed based on the boundary conditions at the bottom and the top. 

 The two formulations are equivalent. The time, t, in the unidimensional model corresponds to distance, x, ac-

cording to the 2D model, vtx  . 

The 2D formulation was chosen for the ESGI analysis. Constant parameters were assumed and the expansion of 

silicon during solidification was neglected. (The thermal effect of the latter can easily be included by appropriate modi-

fication of the thermal conductivity.) Further, constant temperature was assumed at the bottom, i.e. thick Si-layer with 

respect to the boundary condition. 

 

The analysis showed that a thin layer of 

frozen Si would evolve at the top, and a considera-

bly thicker one from the bottom, c.f. Figure 5. The 

evolution of the upper layer is linear in time, while 

the lower has a quadratic dependence. The evolu-

tion of the lower one dominates, i.e. the model 

predicts quadratic dependence. Hence, if the metal 

height is doubled, the time required to freeze all 

the metal is increased by a factor four. Then the 

length of the belt must be increased by the same 

factor, if the speed is maintained. 

Experiments showed, however, weak ther-

mal contact between the steel belt and the silicon. 

This is partly due to a dust layer, which is difficult 

to avoid, and partly due to deformation of the sili-

con, which implies only partly contact with the 

steel/dust layer. If the thermal contact is sufficient-

ly weak, the thin structure approximation is appro-

priate and linear behavior follows, i.e. the freezing 

time is proportional to the height. We postulate 

that the conditions are in-between linear and quad-

ratic behavior. 

                                                           
5 The first Mathematical Study Group with Industry was held in Oxford in 1968, the brainchild of the mathematicians Alan Tayler and Leslie Fox, 

who realised the importance and value of getting mathematicians together with industrialists. The study groups are now part of a European coopera-

tion, and the concept has been exported worldwide, c.f. [9], [10], [11]. 

 

 

 
 

Figure 4: Strip caster at Elkem Technology, principal sketch. 

Figure courtesy of Elkem Technology. 
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Figure 5: Dimensionless solidification problem from the ESGI analysis. Here, the “thin direction” is vertical, in the 

z-direction, and the x-direction is along the belt. 

A numerical model was adapted in COMSOL Multiphysics to get further insight. In this model, we introduced 

an insulating layer between the steel belt and the silicon, where the strength of the thermal insulation easily can be 

changed and adapted to experimental measurements. The model revealed guidelines for experiments to determine the 

required time to freeze all liquid Si. 

3.4 Acheson Furnace 

Silicon Carbide is produced in large, open Acheson furnaces, c.f. Figure 6. These furnaces are rebuilt for each 

run. The raw materials are comparatively pure carbon and quartz particles, e.g. petroleum coke and quartz sand. Saw 

dust may be added to increase the porosity. The charge mix can be regarded as electrically non-conductive. Graphite 

rods and a core of coke particles are placed in the center of the furnace to ensure sufficient electric conduction at start-

up [12]. 

After the preparations, high electric current is heating the materials for some 1-3 days, depending on the size of 

the furnace. The current is then turned off and the furnace is cooled. Unreacted raw materials are removed. The center 

of the furnace now consists of the following layers (from outside towards center): [12] 

 Crust consisting of unreacted raw materials and SiO-condensate (SiO2 and Si) 

 Metallurgical grade SiC (-SiC) 

 Crystalline grade SiC (-SiC) 

 Graphite 

 Void (possibly containing more or less of the original graphite rods and coke from the core) 

We have developed and analyzed models for basic scale-up, i.e. considered how different scales of the process 

should be compared. The problem has been treated in an ESGI. 

The chemical reactions for SiC-production are complex and many details are not known [12]. For thermal scale-

up, it is possible to consider a simplified axially symmetric model. The main energy requirement is due to the produc-

tion of -SiC around 1600 °C according to the overall reaction: 

SiO2 + 3 C  =  SiC + 2 CO (i) 

Then -SiC is converted to -SiC at higher temperatures through gas-phase reactions [12]. These reactions re-

quire a small amount of energy compared to reaction (i). As a first approximation, we have neglected the thermal effect 

of the conversion from metallurgical to crystalline grade SiC. We have also neglected the crust formation and assumed 

that reaction (i) runs infinitely fast, i.e. the reaction takes place at a reaction front. Inside the front, there is SiC, and un-

reacted charge on the outside. At temperatures around 2700 °C SiC evaporates and a cavity is formed. The composition 

of the evaporated species has a molar ratio C/Si < 1, resulting in a surplus of C, which is left behind as a porous graphite 

structure [12]. We assume that the electrical conductivity of this “loose structure” is comparatively low. 

Our analysis shows that the start-up of the furnace is special. From the start, only the core conducts the electrical 

current. Then, after some time, gradually more current can run in an SiC-layer, while the conductivity of the central 

core is reduced due to its removal. 

By analysing the non-dimensional version of the equations, we have derived basic scale-up rules showing, 

among others, how the power should be changed when the diameter is increased. The analysis is valid as a first approx-

imation. A numerical model is needed for more detailed results. 

Gupta et al. [13] have previously developed an axially symmetric numerical simulation model. The model 

applies the following approximations: 
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 Only the overall reaction for SiC-production is included, reaction (i) 

 Only standard heat conduction is modelled 

o Reaction (i) is included by an appropriate heat sink 

 Heating by the electric current occurs only in a central resistor core 

Today, improved simulation tools are available, e.g. COMSOL Multiphysics, and we recommend somewhat 

more details for suitable simulations. Including only the overall reaction is sufficient as a first approximation, but then 

the effect of more complex and realistic mechanisms should be studied. Transport of SiO-gas and SiO-condensation can 

be significant aspects of the heat balance [14], in addition to convection (mainly by CO flowing outwards). Heating by 

electrical current in the SiC-layer should also be included, along with reduced influence of the graphite core due to (at 

least some) disintegration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5 Metal Droplets in Slag 

A problem related to metal-slag separation has been studied for Eramet. When a FeMn furnace is tapped, the 

metal and slag flow into a large ladle which then overflows into two subsequent ladles. The heavy molten metal should 

separate from the more viscous slag in the first ladle (metal ladle). From time to time, numerous metal droplets can be 

found in the slag in the second ladle. Previous studies by Eramet indicate that only sub millimeter metal droplets could 

represent a problem concerning settling time, but recent observations of frozen slag ladles reveal as large as 0.5-1 cm 

metal droplets trapped in slag. The scale-up issue was to interpret some small-scale experiments and possibly propose 

further laboratory tests. Mathematical models should be applied to bridge the gap between experimental studies and 

industrial experience. 

This problem has been treated in workshops at the University of Oxford and the University of Santiago de Com-

postela. So far, we have only performed a limited mathematical analysis: 

 Initial evaluation of droplet settling (single droplets) 

 Unidimensional model for many droplets in slag (many particles slow down the settling) 

 Basic mechanisms when a jet falls into a stratified fluid 

The initial analysis and discussions with Eramet clearly indicate that droplets form as slag and metal flow as a jet 

into the metal ladle, where the mixture is already stratified and partially separated. The droplet formation rate, the drop-

let coalescence rate and the general flow within the ladle all have a significant influence on the amount of metal drop-

lets that overflows into the second ladle. We intend to follow up this initial study in a student project within the frame-

work of Oxford University’s EPSRC Centre for Doctoral Training (CDT) in Industrially Focused Mathematical Model-

ling. 

4 DISCUSSION 

As a general guideline, we recommend the following for evaluating scale-up/scale-down: 

 Establish mathematical equations describing the relevant/critical processes 

 Reformulate the equations in non-dimensional form 

 Identify the non-dimensional parameters 

 Determine how these parameters are affected by scale-up/scale-down 

 Study/analyze the effect of modified parameters due to scale-up/scale-down 

 Study limiting cases, when one or more parameters are large or small compared to others 

 Perform some comparatively simple numerical studies as supplements to the analysis 

 
 

Figure 5: Principal sketch of an Acheson SiC furnace before a run. Figure from [12] 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 597  
 

Such studies will improve the understanding and reveal what needs to be further examined, by more detailed 

simulations and/or experiments. 

It is vital that the models are properly interpreted. Thin with respect to boundary condition means, for instance, 

that the ability to equilibrate the temperature in the direction normal to the boundary is considerable compared to the 

ability to exchange heat with the surroundings; and vice versa for a thick construction – not necessarily corresponding 

to the everyday use of thin/thick. 

Simplifications may result in adequate models. We recommend that the necessary assumptions are reviewed af-

terwards to check whether the results of the analyses/computations are reasonable. 

The mathematical analysis is a powerful tool to reveal general trends. Consider electrical scale-up as an example 

 For a general slag process, the total current should be approximately proportional to the square of the effec-

tive cross section for the current. Here, the dominating factor is to ensure the same current density to enable 

the same reaction speed. 

 For an electrode the dominating aspect is to “get rid of” surplus heat. Then the current should be propor-

tional to D
3/2

 or D, depending on whether the electrode is “thin” or “thick”; with some transition in-

between. 

 Consequently, the electrode diameter does not scale up similar to the process. The larger the active process 

region, the larger the relative diameter of the electrodes. Such an effect needs to be studied further. 

5 CONCLUSIONS 

We recommend that appropriate mathematical models and analyses are applied for evaluating metallurgical 

scale-up or scale-down. Such models are powerful tools to reveal general trends and what needs to be further studied; 

either by numerical simulations, laboratory experiments, and/or pilot studies. 

Based on our experience we have derived a general guideline for such mathematical analyses. 

6 REFERENCES 

[1] Tatterson, G. B., “Process Scaleup and Design”, Compendium, ISBN: 0-9726635-0-9, 2002.  

[2] Schlanbusch, R., Halvorsen, S.A., Shinkevich, S., Gómez, D., “Electrical Scale-Up of Metallurgical Processes”, 

COMSOL Conference, Cambridge, UK, 2014  

[3] Bermúdez, A., Gómez, D., Salgado, P., “Mathematical Model and Numerical Simulation in Electromagnetism”, 

UNITEXT – La Matematica per il 3+2, Springer 2014. 

[4] Larsen, B., Feldborg, H., Halvorsen, S.A., “Minimizing Thermal Stress During Shutdown of Søderberg Elec-

trodes”, INFACON XIII, Almaty, Kazakhstan, 2013. 

[5] Bermúdez, A., Cregan, V., Gómez, D., Rial, Á., Vázquez, R., Halvorsen, S.A., “Electric scale-up for a slag heat-

ing furnace”, In: Proceedings of the 97th European Study Group with Industry (ESGI). Eds. Bermúdez, A., Man-

teiga, W.G, Quintela y José Antonio Vilar. P., pp. 7-31, Santiago de Compostela, Spain, 2015. 

[6] Westly, J., “Electrode consumption in Production of 75 % FeSi and Si-met”, Electric Furnace Conference, To-

ronto 1984. 

[7] Innvær, R., “A Status for the Søderberg Smelting Electrode”, ELECTROTECH’92, Montreal 1992. 

[8] Halvorsen, S.A., Valderhaug, Aa.M., Fors, J., “Basic Properties of the Persson Type Composite Electrode”, Elec-

tric Furnace Conference, Pittsburgh, 1999. 

[9] http://www.esgi.org.uk/, the official website for the European Study Groups with Industry in UK 

[10] http://www.ecmi-indmath.org/?page_id=104, information of recent and upcoming European Study Groups with 

Industry (ESGIs) 

[11] http://miis.maths.ox.ac.uk/how/, information on Study Groups with Industry 

[12] Lindstad, L.H., “Recrystallization of Silicon Carbide”, Dr. ing. thesis, Department of Materials Technology and 

Electrochemistry, NTNU, Trondheim, Norway, 2002 

[13] Gupta, G.S., Kumar, P.V., Rudolph, V.R., Gupta, M., “Heat-Transfer Model for the Acheson Process”, Metallur-

gical and Materials Transactions A, Vol. 32A, June 2001 

[14] Schei, A., Tuset, J.K., Tveit, H., “Production of high silicon alloys”, Tapir, Trondheim, Norway, 1998 

7 ACKNOWLEDGEMENT 

The authors would like to thank Regional Research Fund Agder (RFF Agder) for their financial support. 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 598  
 

MODELING OF OFF-GAS AND PARTICLES FLOW UNDER 

ROFF OF A CLOSED SUBMERGED ARC FURNACE 

M. Kadkhodabeigi
1
, B. Ravary

1
 and D. O. Hjertenes

2 

1
 R&D department of Eramet Norway AS, 7037 Trondheim, Norway; Mehdi.kadkhodabeigi@erametgroup.com  and 

Benjamin.ravary@erametgroup.com 
2
 Eramet Norway Sauda AS, 4201 Sauda, Norway; Dag-ole.hjertenes@erametgroup.com 

ABSTRACT 

Eramet Norway operates closed submerged arc furnaces (SAFs) for production of ferroalloys such as Ferro-

manganese (FeMn) and Silicomanganese (SiMn). Smelting process generates large amount of high temperature process 

gasses in the SAF’s bottom part. The gasses then move upwards through available void spaces between the charge par-

ticles in the furnace and, after taking part in different gas-solid reactions, reach the charge surface where they leave the 

furnace through off-gas ducts. Furnace off-gas is composed of different gas species and very fine particles of charge 

materials. The furnace off-gas is treated in off-gas system. Stability of the furnace operation is therefore depended on 

performance of the off-gas system. In order to improve efficiency of the furnace off-gas system, it is necessary to have a 

better understanding of the off-gas and particles flow in the system under different operational conditions. In the pre-

sent work CFD model of an industrial size submerged arc furnace used for production of FeMn has been developed. 

The model simulates flow of off-gas and fine particles in the first part of the furnace off-gas system which starts from 

the charge surface (under the furnace roof) and ends up before the venturi gas scrubbers which are used for particles 

removal and off-gas cleaning. Results of simulation provide information about off-gas velocity, temperature and pres-

sure together with particles distribution both under the furnace roof and in the off-gas channel. The model also deter-

mines areas of the system with high potential for particles accumulation and clogging. The results have been validated 

versus industrial measurements and observations such as off-gas pressure under the furnace roof, off-gas temperature 

in the off-gas channel and particles accumulation in the system. 

1 INTRODUCTION 

Eramet Norway AS produces different grades of FeMn and SiMn in closed submerged arc furnaces. The closed 

submerged arc furnace has less power consumption (kwh/ton) and higher productivity compared to open furnace [1]. 

On the other hand, the requirements for ore used in closed furnace are more stringent [1].  

Production of manganese alloys in the submerged arc furnaces results in generation of several byproducts such as slag, 

off-gas, sludge and diffuse emissions. Sustainable production of manganese alloys considering HSE (Health, Safety and 

Environment) has always been first priority in Eramet Norway. Therefore taking care of the above mentioned byprod-

ucts in a good way is always an important mission for us in Norway. 

Furnace off-gas handling system is an important part of a submerged arc furnace. The furnace off-gas systems in Era-

met Norway are composed of different parts including off-gas uptakes on the furnace roof, dry zone, venturi scrubbers, 

filter and MRU (Mercury Recovery Unit). In fact the gas of the furnace operation, which is a mixture of different gas 

species such as CO, CO2, H2, N2, O2 and fine particles of raw materials, is treated by the off-gas system. A schematic of 

the furnace off-gas system which is used in one of furnaces in Eramet Norway is shown in Figure 1. This figure shows 

position of the off-gas uptakes on the furnace roof, the first section of the furnace off-gas system (before the venturi 

system) and venturi gas scrubbers (in three stages). The furnace off-gas flows through this path towards MRU facility as 

the last part of the off-gas handling system.  
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Figure 1: Schematic view of a submerged arc furnace and its off-gas handling system 

Since occurrence of any problem in the off-gas system can lead to stoppage of the furnace operation, optimal op-

eration of the off-gas system is vital for a stability of furnace operation. Therefore having a reliable and efficient off-gas 

system is very important from operational, environmental and economic points of view. In addition, dust from the fur-

nace off-gas which is collected in the venturi scrubbers results in generation of a sludge which is deposited at a cost. 

Any modifications from the furnace roof design or operational procedures which reduce sludge quantity can have im-

portant extra economic benefits. 

Regarding operation of the furnace off-gas systems there are several issues such as off-gas pressure control, par-

ticles removal in the gas scrubbers and accumulation of particles and tars both in the furnace freeboard (distance be-

tween charge surface and the roof) and in different zones of the off-gas handling system. Operational experiences prove 

that any changes in the raw materials and/or operational conditions of the furnace lead to a change in the properties of 

the furnace off-gas such as temperature, pressure, off-gas volume, concentration of tars and fine particles in the off-gas.  

Control of the off-gas pressure in freeboard of the furnace is, for example, very important in closed submerged 

arc furnaces. The main reason is that existence of high pressure off-gas in the freeboard can lead to leakages of the off-

gas from any small opening on the furnace roof. Since CO (g) is one of the main components in the off-gas, any leakage 

on the furnace roof can be dangerous. In our furnaces there are one or several sampling point in the freeboard of furnac-

es for continuous monitoring, regulation and control of the off-gas pressure. 

Charge materials are continuously introduced into the furnace. Despite restrictions in amount of fines that are fed 

to the furnace, percentage of fines is always fed among others because of attrition during transport to the furnace. Since 

there is an upward flow of process off-gas towards the furnace uptakes on the roof, the fine particles flow together with 

the gas into the furnace off-gas handling system. Therefore, the furnace off-gas is a mixture of different gas species and 

fine particles which should be removed using the venturi gas scrubbers. The fine particles can accumulate in different 

zones in the freeboard and along the off-gas channels. 

Another operational phenomenon in submerged arc furnaces is eruption of process gases (sometimes including 

slag) close to one of electrodes during furnace operation. This phenomenon can be explained as a result of falling of 

cold and unreacted or partly reacted charge materials into high temperature zone of the furnace. This phenomenon caus-

es release of high temperature process gas around the electrode and hence rapid changes in the off-gas pressure in the 

freeboard. It has been evidenced by several temperature profiles in the burden near the electrodes [2]. 

In order to have an optimal operation of the furnace off-gas system it is necessary to have comprehensive under-

standing of the governing operational conditions. Making a model of the off-gas system with reasonable accuracy can 

be very helpful. Having access to such tool will make it possible to study effect of different operational phenomena and 

geometrical aspects on the performance of the system. Therefore the model can be used for improving the current sys-

tem through modification of the operational methods or geometrical changes. At the same time it can be used as a tool 

for better design of the system in future.      

In the current work a 3D CFD model of the gas and particles flow in the first part of furnace off-gas system start-

ing from the charge surface under the furnace cover and ending before the first stage of venturi gas scrubbers, has been 

developed. Geometry of the model has been taken from an industrial size furnace in Eramet Norway. The model can 

simulate operational conditions of the furnace off-gas system. Different parameters such as off-gas temperature, veloci-

ty, pressure and distribution of solid fine particles both under the furnace cover and in the off-gas channel can be ob-
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tained from its results. Geometrical and operational parameters used in the model can be adapted in order to use the 

model for other furnaces. 

2 Description of the CFD model 

The furnace off-gas system consists of a chain of different parts such as off-gas uptakes, venturi gas scrubbers, 

gas filters and MRU. Each part of the system has its own special function and complexities. Making a CFD model of 

the whole off-gas handling chain is very complicated. The scientific approach which is widely used in CFD modeling of 

such systems is making separate model of each part rather than modeling of the whole system. The results obtained 

from each part can then be used as initial or boundary conditions for making a model of the next part. This method has 

been proved to be an efficient solution for modeling of these types of systems. 

The model has been developed to simulate the gas and particles flow both in the freeboard of the furnace and in the off-

gas channel before the first stage of the Venturi gas scrubbers. The CFD model is 3D and it includes gas phase which is 

composed of different species and fine particles which have been considered as a dispersed phase.  

2.1 Geometry of the model 

The model has been built based on dimensions of an industrial FeMn furnace. It starts from the charge surface 

inside the furnace and it ends up just before the first stage of Venturi gas scrubbers. Geometry of the model which in-

cludes furnace body, off-gas uptakes, electrodes and charging chutes is shown in Figure 2.  

 

Figure 2: Geometry of first part of the furnace off-gas system which is used for modeling 

As it is seen from this figure there are gas uptakes in both sides of the furnace close to A and C electrodes and 

both of them are normally in operation. The furnace has four charging chutes around each electrode through which raw 

materials are introduced into the furnace. 

2.1.2 Charge surface in the furnace 

Charge surface inside the furnace is not flat and it is influenced by a position of the charging chutes. In fact, 

since the charge materials introduced into the furnace are of granular origin, a conical bulk of the newly added raw ma-

terials is formed on the charge surface just under the charging chutes. Figure 3 represents the conical shape of charge 

materials surface inside the furnace.  
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Figure 3: Formation of conical charge surface under the charging chutes inside the furnace 

The conical surfaces on the charge surface have been considered in the geometry of the model. 

2.2 Model governing equations 

The CFD model is about a mixture of different gas species and fine particles of raw materials in the gas phase. 

The particles as the second phase in the mode interact with the gas phase, hence, a representative simulation of the off-

gas flow in the system is created. The governing equations for mass, momentum and energy conservation for each 

phase are explained in this section. In addition to these, submodels describing turbulence and radiation have been de-

scribed as well.  

2.1.2 Transport equations 

The equations which are solved in the CFD model are the continuity, momentum and energy equations. These 

equations are presented as the following general transport equation [3]. 

      Su
t





 

(1) 

Where φ represents the variables solved in the model such as mass, velocity and energy, ρ is the density of fluid, Γφ is 

the effective diffusion coefficient and Sφ is the source term. 

2.2.2 Momentum conservation for gas phase 

Conservation of momentum in an inertial (non-accelerating) reference frame is described by following equation. 

The momentum equation (Navier-Stokes equation) satisfies Newton’s second law; the rate of change of momentum 

equals the sum of forces acting on an element. 

 

(2) 

Where p is the static pressure, Ƭ is the stress tensor, and ρg and F are the gravitational body force and external body 

forces (e.g., that arise from interaction with the dispersed phase), respectively.  

2.3.2 Energy conservation for gas phase 

The energy conservation equation satisfies the first law of thermodynamics; the rate of change of energy equals 

the sum of the rate of heat addition to and the rate of work done on a fluid element. It is given by: 

 

 

(3) 

The first term in the left hand of Equation (4) is the rate of increase of enthalpy in fluid element; the second term 

is the convective heat into the fluid element. The first term in the right hand represents the energy transfer due to con-

duction, species diffusion and viscous dissipation. The second term in the right hand is the volumetric heat source. In 

which E is total energy, keff is effective conductivity, Jj is diffusion flux of species j, Sh is heat source and hj is species 

enthalpy. 
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2.4.2 Turbulent model for gas phase 

Due to turbulent nature of the process under consideration, the standard k-ω turbulent model was used in this 

work. The standard k- ω turbulence model is an empirical model based on model transport equations for the turbulence 

kinetic energy (k) and the specific dissipation rate (ω), which can also be thought of as the ratio of ω to k [4]. 

2.5.2 Radiation model  

The gas radiation in this study is modeled by using the standard P1 model. The P1 radiation model is based on 

the expansion of the radiation intensity into orthogonal series of spherical harmonics. The radiative flux is given by Eq. 

(4) where G is the incident radiation and C is the linear-anisotropic phase function coefficient [5, 6]. 

 (4) 

 

(5) 

The transport equation for G is defined in equation (6) where σ is the Stefan- Boltzmann constant and SG is a us-

er-defined radiation source. 

 (6) 

2.6.2 Governing equations on the particle phase  

In addition to solving transport equations for the continuous phase, we have simulated a discrete second phase in 

a Lagrangian frame of reference. This second phase consists of spherical fine particles dispersed in the continuous 

phase. The coupling between the phases and its impact on discrete phase trajectories has been included. Since concen-

tration of the particles in the gas phase is very low, we are allowed to apply Discrete Phase Model (DPM) in the present 

simulations. 

2.7.2 Equations of motion for particles 

The DPM method predicts the trajectory of a discrete phase particle by integrating the force balance on the parti-

cle, which is written in a Lagrangian reference frame. This force balance equates the particle inertia with the forces act-

ing on the particle, and can be written as [7]: 

 

(7) 

Where  is the drag force per unit particle mass, u is the fluid phase velocity, up is the particle velocity, μ is 

the molecular viscosity of the fluid, ρ is the gas density, ρp is the density of the particle. Additional forces, , in the par-

ticle force balance can be "virtual mass" force, "Thermophoretic Force", "Brownian Force" and "Saffman's lift force".   

2.8.2 Heat transfer between gas and particle phases 

DPM model uses a heat balance based on following equation in order to relate the particle temperature, Tp(t), to 

the convective heat transfer and the absorption/emission of radiation at the particle surface [7]: 

 

(8) 

Where mp is mass of the particle, cp is heat capacity of the particle, Ap is surface area of the particle, T∞ is local temper-

ature of the continuous phase, h is convective heat transfer coefficient, εp is particle emissivity, σ is Stefan-Boltzman 

constant and θR is the radiation temperature.  

2.3 Properties of the furnace off-gas 

Different parameters such as compositions of ores mixture and reductants and the furnace operation can directly 

affect the off-gas properties. Since the working fluid in the CFD model is the furnace off-gas therefore it is very im-

portant to consider precise properties for the furnace off-gas. There is no doubt that the off-gas properties vary with 

time. However in this work we have tried to make the basic model based on the most common properties of the furnace 

off-gas.  
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3.1.2 The off-gas composition 

Physical properties of the gas phase such as density and viscosity are depended on the gas components and tem-

perature. Typical composition of the gas species in the furnace off-gas is given in Table 1. 

Table 5: Composition of the furnace off-gas considered in the CFD model 

Gas component CO CO2 H2 N2 O2 

Vol. % in the off-gas 62 24 8.5 4 0.5 

Average temperature of the off-gas on the charge surface also varies with time, however an average temperature 

of 523°K (250°C) has been assumed in the CFD model. Viscosity and density of gas mixture at any temperature, 0 < T 

< 555°K, has been calculated. Temperature dependent functions have later been used in the CFD model. 

3.2.2 Particles in the furnace off-gas 

The sludge composition has been used as a representative for composition of the fine particles in the furnace off-

gas (see Table 2).  

Table 6: Composition of fine particles in the furnace off-gas 

Components MnO SiO2 Al2O3 FeO CaO MgO 

Mass fraction 0.45 0.32 0.11 0.08 0.03 0.01 

Size distribution of the particles in the off-gas is given in Table 3. The distribution has been obtained from data 

available on fines (below 50 μm) content of the raw materials. 

Table 7: Size distribution of fine particles in the furnace off-gas 

Size distribution in the fines (< 50 μm) 20-50 µm 10-20 µm 5-10 µm < 5µm 

18.6 % 8.9 % 0.2 % 72.3 % 

2.4 Distribution of the furnace off-gas on the charge surface  

The furnace off-gas is not evenly distributed on different zones over the charge surface in the furnace [10, 11]. 

Direct measurement of spatial flow distribution of the furnace off-gas on the charge surface is not an easy task to be 

performed. Consumption rate of charge materials in the furnace is not also evenly distributed. In fact, consumption rate 

of charge materials in the furnace and hence off-gas release is higher close to electrodes compared to the zones near the 

furnace side wall (see Figure 4(a) [11]). 

 

Figure 4: (a) Uneven flow of charge materials and reduction gas along an electrode in a furnace [11] and (b) 

off-gas distribution considered on the charge surface in the CFD model 

In the present work we have related the off-gas distribution on the charge surface to the consumption rate of raw 

materials in different zones of the furnace. As a typical case study in the present work the charge surface has been di-

vided into three different zones. These zones together with off-gas flow distribution on the charge surface are shown in 

Figure 4(b).  
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2.5 Numerical method and boundary conditions 

The numerical approach is used in this study. In order to solve the governing mathematical equations based on 

finite volume (FVM) method, the commercial CFD software ANSYS Fluent 14.0 has been used. The transport equa-

tions for mass, momentum and energy together with described equations of heat transfer, and turbulent flows for both 

phases (using DPM model) are solved at the same time. The geometry has been divided into 1.5 million of meshes in-

cluding very fine meshes in outlets of the off-gas channel as well as on the furnace charge surface where the process gas 

and particles are released. 

The average volume of the furnace off-gas from the furnace is 10000 Nm
3
/hr which is distributed on the charge 

surface. Fine particles distribution on the charge surface has been considered to be even on the whole surface. The off-

gas temperature in central zones of the charge surface has been considered 250°C while in the zone which is close to the 

furnace wall it is 200°C. Water cooling is used for the furnace wall, roof and off-gas channels. 

3 Results and discussions 

The CFD model of the furnace off-gas system simulates pressure, temperature and velocity distribution both in 

the furnace freeboard and the off-gas channel in different operational conditions. Trajectories of fine particles in the off-

gas system show distribution of particles in the off-gas system and hence it is possible to determine zones of the system 

having high potential for particles to be accumulated.  

3.1 The off-gas pressure in the freeboard 

The off-gas pressure in the freeboard is an important parameter which is continuously monitored. When the off-

gas pressure is within a defined range depending on the furnace control strategy, it is normally a sign of stable furnace 

operation. Frequent variations in the pressure out of the defined range are usually a symptom of unstable operational 

condition. Figure 5 shows typical measurement of the off-gas pressure in freeboard of the furnace in a period of one 

day. As it can be seen from this figure there are rapid variations in the off-gas pressure which are mostly related to the 

eruption charge phenomenon in the furnace. The average off-gas pressure in the freeboard is 0 - 50Pa.  

 

Figure 5: Measured off-gas pressure in freeboard of the furnace for 24 hours period of time 

Result of the model for pressure distribution in the system is shown in Figure 6. As it is seen from this figure, the 

pressure distribution in the freeboard is very homogeneous and it is in the range of measured pressure. 
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Figure 6: Contours of pressure (Pa) distribution in the central vertical plane of the off-gas system. 

3.2 Velocity and temperature distribution in the off-gas system 

Figure 7 represents contours of velocity distribution in the off-gas system. Zones of the off-gas channel with low 

velocity distribution have high potential for particles accumulation and hence clogging phenomenon. The average off-

gas velocity at the outlets of the channel is 4.05 m/s.  

Result of the model for temperature distribution in the off-gas is shown in Figure 8. As it is seen from this figure 

the off-gas has higher temperature in the furnace center and of course in the zones in vicinity of the charge surface. 

3.3 Particles flow in the off-gas system 

Fine particles in the off-gas normally follow the gas phase in the system. In this respect particles size is the most 

important parameter. Figure 9 represents distribution of the fine particles in different zones of the furnace off-gas sys-

tem 

 

 

Figure 7: Contours of velocity (m/s) distribution in the (a) central vertical and (b) horizontal plane of the furnace 

off-gas system. 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 606  
 

 

 

 

Figure 8: Contours of temperature (°K) in the (a) central vertical and (b) horizontal plane of the furnace off-

gas system. 

 

 

Figure 9: Particles concentration (kg/m
3
) in the off-gas system (a) central vertical plane and (b) horizontal 

planes 1m above charge surface respectively. 

This figure shows that particles concentration close to the furnace wall is much higher comparing to the central 

zone of the furnace. The results show that 59% of the fine particles which are released from the charge surface leave the 

furnace. The rest is accumulated in the furnace.  

Figure 10 represents particles distribution exiting the furnace off-gas system in the case with two gas uptakes. As 

it is seen from this figure, only small particles (below 5μm) exit the furnace and bigger particles are accumulated in the 

furnace either on the charge surface or on the walls. 

  

Figure 10: Particles distributions (both volume frequency (a) and cumulative volume (b)) which exit the furnace 

off-gas including two uptakes.   
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It should be mentioned here that 72.3% of the particles considered in the model have sizes below 5µm (look at 

particles distribution in Table 5). It means that in this case in addition to particles bigger than 5µm, 13.3% of particles 

with size below 5µm are also accumulated in the furnace. 

Results of previous studies on particles distribution in dried sludge from the furnace show that 96% of the parti-

cles obtained in the sludge have a particles distribution below 5 μm which is in a very good agreement with the results 

obtained from the CFD model. 

3.4 Pressure variation due to eruption phenomenon in the furnace 

As it was described earlier because of eruption phenomenon near electrodes in the furnace very rapid and large 

variations in the measured off-gas pressure in the freeboard are observed. This phenomenon has been simulated using 

the developed CFD model.  

The results of the CFD model with steady state method show that the off-gas pressure distribution in the free-

board of the furnace is homogeneous. The rapid variation of the off-gas pressure in the freeboard is an implication of 

transient nature of the eruption phenomenon. Therefore, it is not possible to simulate such phenomenon using previous-

ly applied steady state modeling method. The method used for simulating this phenomenon is a combination of steady 

state and transient methods. In the first stage of modeling the steady state method was used for simulating the system 

under ordinary operational conditions. In the next step the results of steady state solution were used as initial boundary 

conditions for transient simulation of the eruption phenomenon. 

In order to make a model of this phenomenon we have considered release of high velocity and high temperature 

off-gas from one side of B electrode in the furnace. Temperature of the released off-gas has been considered 1273°K. 

The off-gas velocity in this case has not been measured but we have considered 50 times higher than the normal off-gas 

velocity which is released from this zone of the charge surface.  

Variation of the off-gas pressure with time in different zones of the freeboard has then been monitored. Positions 

of the zone with high off-gas velocity as well as monitored points have been shown in Figure 11(a). For all these points 

different heights above the charge surface have been considered.   

 

Figure 11: Positions of eruption zone near B electrode as well as points in the freeboard where the off-gas 

pressure has been monitored (a) and Evolution of the off-gas pressure in Point A 1m above the charge surface 

when the eruption phenomenon occurs in the furnace (b).  

Results of the model for pressure simulation during eruption phenomenon at Point A have been presented in Fig-

ure 11(b). As it is seen from this figure, the off-gas pressure increases to almost 10 mbar just after eruption phenomenon 

happens. There is almost no delay in occurring of eruption phenomenon and observation of pressure increase in the 

measuring point. The pressure then decreases down to 4.3 mbar and remains constant.  

As soon as the eruption phenomenon is over (after 5 seconds in current simulation) and the off-gas velocity and 

temperature return back to their normal level, the off-gas pressure drops (even to a negative value) and increases dra-

matically. This phenomenon happens because of shocking effect of such sudden decrease in the off-gas velocity. How-

ever after a very short time when this shocking effect disappears, the off-gas pressure drops down to the normal value 

which we had before the eruption happens. 

4 Conclusions 

Gas and fine particles flow in the first part of furnace off-gas system has been investigated through developing a 

CFD model of the system. Industrial information which are representative enough of the real operation have been in 

different stages of modeling process. Using the model off-gas pressure, temperature, velocity and particles distribution 

both in the freeboard of the furnace and in the off-gas channels have been simulated. The results show that a large por-
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tion of fine particles which are added to the furnace together with charge materials leaves the furnace through off-gas 

flow. The model simulates very rapid changes in the off-gas pressure in the freeboard when eruption phenomenon oc-

curs in the furnace. Results also show that the increase in the off-gas pressure in the freeboard is rapidly distributed 

evenly as well. The model can be used as a tool for investigation of different phenomena which happen in the off-gas 

handling system. It can also be used as a tool for investigation of the system performance through making different ge-

ometrical and operational changes in the system and hence a tool in order to make optimal design of the off-gas system 

in the future.    
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1. Introduction 

The major input to ferroalloys industry is the natural resources (ore). Availability of consistent quality of ore is 

very difficult. In order to maintain consistency in the quality of output, it is necessary to predict the output quality with 

respect to a set of input mix. The general practice in ferroalloys manufacturing is to prepare a material balance 

(charge mix) for a particular quality of output and keep on fine tuning the mix based on the tapping analysis and 

desired output. However, in this process generation of deviated quality product takes place resulting in increase in the 

cost of quality. 

Recent research activities in artificial neural networks (ANNs) have shown that ANNs have powerful pattern 

classification and pattern recognition capabilities. Inspired by biological systems, particularly by research into the 

human brain, ANNs are able to learn and generalize from experience. Currently, ANNs are being used for a wide 

variety of tasks in many different fields of business, industry and science (Widrow et al., 1994). One major application 

area of ANNs is forecasting (Sharda, 1994). ANNs provide an attractive alternative tool for both forecasting 

researchers and practitioners. Several distinguishing features of ANNs make them valuable and attractive for 

forecasting task. 

Currently the furnace output is monitored by trial and error method. At the end of each/alternate tapping, metal 

and slag samples are tested against the desired chemical composition. Based on the laboratory analysis, necessary cor-

rections are made in the charge mix on a regular basis to minimize the deviation in the quality of the product. This is a 

humble effort made to predict the furnace behavior parameters using ANN. Here, ANN has been developed for predict-

ing the quality of output and other important key parameters.  

3. Model Input  

Following data of 295 consecutive heats (tapings) of a furnace producing Ferrochrome alloys were collected as 

an input to the model. 

 Chemical composition of charge mix,  

 Furnace operating parameters and  

 Furnace output data respective to the input 

The following parameters having strategic importance to the furnace operations, were taken to be the input to the 

ANN model. 

3(a) Input Parameters. 

The following nine parameters were considered as input to the model. Cr2O3, Chromium, SiO2, CaO, MgO, 

Al2O3, Phosphorus, Fixed Carbon (FC), Friable Chrome ore (-5mm size),  

Cr2O3 and Chromium – This is the basic input to produce chromium alloy. The input is in the form of friable 

or lumpy ore, sinters or briquette of chrome ore. The cost of chrome ore is about 50% of the total raw material 

cost. Chromium oxides, along with carbon, get reduced to chromium to form the major part of alloy and 

carbon oxides exhaust in the form of gas. 

SiO2, CaO, MgO, Al2O3 - This elemental input through chromite ore, flux and reductants forms a part of the 

material mix. In the process of reduction, these elements carry the impurities of Alloy and form a major part of 

the slag. 

Phosphorus- This is one of the undesirable elements present in almost all the input materials and gets reduced 

to metal. Presence of this element more than 4 kg per metric ton of alloy is not accepted in the export market. 

Though the presence is negligible, it is one of the critical elements of alloy. Coke is the main source of input of 

Phosphorus to the alloy. 

Fixed Carbon (FC) – Fixed Carbon is the reducing agent in the ferroalloys Manufacturing Process. Low Ash 

Metallurgical Coke, Anthracite coal, etc., which contains about more than 85% of fixed carbon, are used as 

reductant. The reductant constitutes 45% of the raw material cost. Chromium recovery and reduction process 
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efficiency primarily depends upon the quality of reductant.  

(-) 5 mm ore – Major portion of the Chrome ore is available in friable form. The friable ore cannot be fed to 

furnace due to its poor reactivity. Chrome ore briquettes with the lime and molasses binders are used in the 

furnace, but along with the briquette, some – 5mm friable ore is also used. 

3(b) Output Parameters.  

The following six output parameters were selected for the model as they represent the important parameters of 

the ferroalloys furnace operations.  

 Specific Power Consumption ( Mw/MT) 

 MgO/Al2O3 

 (MgO+CaO)/SiO2 

 Slag Volume (no. of times of metal volume) 

 Cr ( Chromium) Recovery ( % ) 

 Chromium in Alloy (%) 

Specific Power – Ferroalloys manufacturing is very power-intensive. Power cost is about 45% of the product 

cost. Power consumption depends upon many factors. The most important ones are the charge (raw material 

mix) conductivity and slag volume. The higher the impurity in the raw material, the higher the power 

consumption is. 

MgO/Al2O3, (MgO+CaO)/SiO2, Slag Volume – In ferroalloys manufacturing, slag formation and slag 

chemistry is as important as that of metal. The basicity of slag need more attention and is very much essential 

to maintain at desired level for slag metal separation. Slag volume is also a very important parameter. The 

higher the slag volume the higher the power consumption is, and therefore it needs to be maintained at an 

optimum level. 

Chromium Recovery – The process efficiency of ferrochrome manufacturing is measured by the chromium 

recovery .Chromium recovery depends upon many factors. Few important factors include the reductant mix, 

charge porosity and conductivity, electrode length, etc. Recovery below 79% is considered to be poor. The cost 

of production increases with reduction in recovery. 

Cr% in Alloy – The sales price of chromium alloy is based on the chromium content in the Alloy. The base 

price is based on 60% chromium content in the Alloy and the actual price of the alloy is decided by prorating 

the chromium content in the alloy. So this parameter is very much significant for the ferroalloys industry. 

4. Model Formulation and Execution 

Furnace operational data from 295 heats (7 experiments) are used for training and validation of the ANN model. 

The structure of the neural network is as depicted in Fig 1. Five different combination options consisting of the 

following parameters are made for training validation. The details of different combination options are mentioned in 

Table 1. 
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Fig.1 Structure of the neural network for predicting the furnace output 

Parameters considered for ANN Network Architecture 

   Number of Hidden Layers (2), No of input (9), No of Output (7) 

Learning parameter, Momentum, Hidden Layer sizes and Initial weight age  

Training and Validation options  
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Present Inputs (whether in Random order or not), No. of Training cycles   

Training Mode (Batch or Sequential)  

Table: 1 Different combination options of ANN Network Architecture, Training options, Validation options and Other 

Parameters  

ANN Network Architecture 

 Option-1 Option-2 Option-3 Option-4 Option-5 

Number of Input – 9 nos 9 9 9 9 9 

Number of Outputs-7 nos 7 7 7 7 7 

Momentum 0.4 0.5 0.6 0.7 0.9 

Learning parameters 0.5 0.7 0.5 0.7 0.5 

No of Hidden Layers 2 1 2 1 2 

Hidedn Layer Size 2 4 2 4 2 

Initial weight range 0.5 0.7 0.5 0.7 0.5 

Training Options 

Input order (Whether in random order or 

not) 

No Yes No Yes No 

No of Training Cycles 250 200 250 200 250 

Training Mode (Batch or Sequential) Sequential Batch Sequential Batch Sequential 

Training and validation of the ANN was conducted in the above combination options as mentioned in Table 1. 

Seven experiments were conducted in the furnace in a controlled environment. The output data with respect to the input 

parameter to the ANN module are collected for testing the models. The details of the data collected from the 

experiments are given in Tables 2 to 9. 

Table 2. Furnace Experiment data (295 heats) 

Input to the Furnace (295 heats) 

 Exp-1 Exp-2 Exp-3 Exp-4 Exp-5 Exp-6 Exp-7 

Cr2O3 1.022 1.0567 1.028 1.047 1.046 1.049 1.049 

Sio2 0.358 0.384 0.415 0.474 0.436 0.352 0.440 

Cao 0.106 0.115 0.135 0.170 0.112 0.108 0.114 

Mgo 0.238 0.251 0.256 0.283 0.244 0.280 0.283 

Al2O3 0.329 0.334 0.317 0.300 0.316 0.319 0.319 

Phos 0.003 0.003 0.004 0.004 0.004 0.004 0.004 

FC 0.411 0.411 0.411 0.409 0.412 0.402 0.402 

-5mm ore 0.19 0.10 0.12 0.080 0.090 0.140 0.150 

Cr 0.699 0.723 0.703 0.717 0.716 0.717 0.717 

Furnace Output (295 heats)  

Power Mwh/MT 3.72 3.7 3.78 3.69 3.698 3.71 3.71 

Mgo/Al2O3  0.84 0.75 0.81 0.95 0.84 0.88 0.89 

Mgo+Cao/Sio2  1.124 1.119 1.236 1.179 1.100 1.110 1.117 

Slag Volume Mt 1.27 1.28 1.31 1.30 1.29 1.29 1.28 

Cr Recovery % 82% 82% 83% 82% 80.9% 82% 81% 

Cr% in Alloy % 59.56 60.01 59.64 59.7 59.85 60.1 60 

The above actual furnace input data is fed to ANN module developed with five different combination options 

(table-1) and the output of the ANN module was compared with the actual furnace output to check the correctness of 

the prediction by ANN. The details of experiments are presented in Tables 3 to 9. 
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Table 3. Actual data of experiment 1 and output of ANN module having trained in different option combinations. 

Experiment-1 

Input (MT/MT of FeCr) Furnace output 

Cr2O3 1.022 Power Mwh/MT 3.72 

Sio2 0.358 Mgo/Al2O3  0.84 

Cao 0.106 Mgo+Cao/Sio2  1.124 

Mgo 0.238 Slag Volume Mt 1.27 

Al2O3 0.329 Cr Recovery % 82% 

Phos 0.003 Cr% in Alloy % 59.56% 

FC 0.411    

Cr 0.699    

ANN Model output at different option 

ANN model 

Prediction

% Actual ANN model 

Prediction

% Actual ANN model 

Prediction

% Actual ANN model 

Prediction

% Actual ANN model 

Prediction

% Actual

Power Mwh/MT 3.72 0% 3.357 10% 3.652 2% 3.56 4% 3.729 0%

Mgo/Al2O3 0.78 7% 1.05 -25% 0.825 2% 0.84 -1% 0.88 -5%

Mgo+Cao/Sio2 1.09 3% 1.42 -26% 1.066 5% 1.236 -10% 1.138 -1%

Slag Volume Mt 1.22 4% 1.581 -24% 1.274 0% 1.289 -1% 1.26 1%

Cr Recovery % 79% 4% 76% 7% 0.799 3% 87% -6% 81% 1%

Cr% in Alloy % 62% -4% 63% -6% 0.616 -3% 60.01% -1% 60.45% -1%

Option-1 Option-2 Option-3 Option-4 Option-5Parameters Units

 

Table 4. Actual data of experiment 2 and output of ANN module having been trained in different option combinations 

Experiment-2 

Input (MT/MT of FeCr) Furnace output 

Cr2O3 1.0567 Power Mwh/MT 3.7 

Sio2 0.384 Mgo/Al2O3  0.75 

Cao 0.115 Mgo+Cao/Sio2  1.119 

Mgo 0.251 Slag Volume Mt 1.28 

Al2O3 0.334 Cr Recovery % 82% 

Phos 0.003 Cr% in Alloy % 60.01% 

FC 0.411    

Cr 0.723    

ANN Model output at different option 
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Table 5. Actual data of experiment 3 and output of ANN module having been trained in different option combinations. 

Experiment-3 

Input (MT/MT of FeCr) Furnace output 

Cr2O3 1.028 Power Mwh/MT 3.78 

Sio2 0.415 Mgo/Al2O3  0.81 

Cao 0.135 Mgo+Cao/Sio2  1.236 

Mgo 0.256 Slag Volume Mt 1.31 

Al2O3 0.317 Cr Recovery % 83% 

Phos 0.004 Cr% in Alloy % 59.64% 

FC 0.411    

Cr 0.703    

ANN Model output at different option 

 

Table 6. Actual data of experiment 4 and output of ANN module having been trained in different option combinations. 

Experiment-4 

Input (MT/MT of FeCr) Furnace output 

Cr2O3 1.047 Power Mwh/MT 3.69 

Sio2 0.474 Mgo/Al2O3  0.95 

Cao 0.170 Mgo+Cao/Sio2  1.179 

Mgo 0.283 Slag Volume Mt 1.3 

Al2O3 0.300 Cr Recovery % 82% 

Phos 0.004 Cr% in Alloy % 59.70% 

FC 0.409    

Cr 0.717    
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Table 7. Actual data of experiment 5 and output of ANN module having been trained in different option combinations 

Experiment-5 

Input (MT/MT of FeCr) Furnace output 

Cr2O3 1.046 Power Mwh/MT 3.698 

Sio2 0.436 Mgo/Al2O3  0.84 

Cao 0.112 Mgo+Cao/Sio2  1.1 

Mgo 0.244 Slag Volume Mt 1.29 

Al2O3 0.316 Cr Recovery % 80.90% 

Phos 0.004 Cr% in Alloy % 59.85% 

FC 0.412    

Cr 0.716    

 

Table 8. Actual data of experiment 6 and output of ANN module having been trained in different option combinations. 

Experiment-6 

Input (MT/MT of FeCr) Furnace output 

Cr2O3 1.049 Power Mwh/MT 3.71 

Sio2 0.352 Mgo/Al2O3  0.88 

Cao 0.108 Mgo+Cao/Sio2  1.11 

Mgo 0.280 Slag Volume Mt 1.29 

Al2O3 0.319 Cr Recovery % 82% 

Phos 0.004 Cr% in Alloy % 60.10% 

FC 0.402    

Cr 0.717    
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Table 9. Actual data of experiment 7 and output of ANN module having been trained in different option combinations. 

Experiment-7 

Input (MT/MT of FeCr) Furnace output 

Cr2O3 1.049 Power Mwh/MT 3.71 

Sio2 0.440 Mgo/Al2O3  0.89 

Cao 0.114 Mgo+Cao/Sio2  1.117 

Mgo 0.283 Slag Volume Mt 1.28 

Al2O3 0.319 Cr Recovery % 81% 

Phos 0.004 Cr% in Alloy % 60% 

FC 0.402    

Cr 0.717    

ANN model 

Prediction

% Actual ANN model 

Prediction

% Actual ANN model 

Prediction

% Actual ANN model 

Prediction

% Actual ANN model 

Prediction

% Actual

Power Mwh/MT 3.725 0% 3.357 10% 3.641 2% 3.533 5% 3.693 0%

Mgo/Al2O3 0.781 12% 1.05 -18% 0.82 7% 0.842 5% 0.87 2%

Mgo+Cao/Sio2 1.093 2% 1.42 -27% 1.06 5% 1.227 -10% 1.12 0%

Slag Volume Mt 1.228 4% 1.581 -24% 1.273 1% 1.288 -1% 1.257 2%

Cr Recovery % 79% 2% 75.60% 7% 79.80% 1% 0.88 -9% 80.50% 1%

Cr% in Alloy % 62% -3% 63.81% -6% 61.60% -3% 59.7% 0% 60.40% -1%

Parameters Units Option-1 Option-2 Option-3 Option-4 Option-5

 

5. Observations 

It was observed from the experiments that the neural network developed and trained with the Option-5 

combinations gives the best output having less deviation from the actual furnace performance. The summary of 

deviations from the actual performance is presented in Table 10. The table shows the experiment wise percentage 

deviation of output derived from ANN developed with different options.  
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Table 10. Summary of deviations between ANN Model prediction and actual performance 

Opt-1 Opt-2 Opt-3 Opt-4 Opt-5 Opt-1 Opt-2 Opt-3 Opt-4 Opt-5 Opt-1 Opt-2 Opt-3 Opt-4 Opt-5

Sp.Power 0% 10% 2% 4% 0% -1% 9% 2% 4% 0% 1% 11% -3% 5% -3%

MgO/Al2O3 7% -25% 2% -1% -5% -5% -41% -11% -13% -4% 3% -30% -13% -6% -2%

(MgO+CaO)/SiO2 3% -26% 5% -10% -1% 2% -27% 5% -10% -1% 12% -15% 1% -1% 2%

Slag Volume 4% -24% 0% -2% 0% 4% -24% 0% 0% 1% 6% -21% 1% 3% 1%

Cr Recovery 4% 7% 3% -6% 1% 4% 7% 3% -6% 1% 5% 7% -2% -4% -1%

Cr% in Prime -4% -6% -3% -1% -1% -3% -5% -3% 0% -1% -4% -6% -2% -1% -2%

Opt-1 Opt-2 Opt-3 Opt-4 Opt-5 Opt-1 Opt-2 Opt-3 Opt-4 Opt-5 Opt-1 Opt-2 Opt-3 Opt-4 Opt-5

Sp.Power -3% 9% 0% 4% -1% -1% 9% 2% 4% 0% 0% 10% 2% 4% -1%

MgO/Al2O3 14% -11% 14% 11% 2% 7% -25% 2% 0% -3% 11% -20% 6% 4% 0%

(MgO+CaO)/SiO2 4% -20% 10% -4% 3% 1% -29% 4% -11% -2% 2% -28% 4% -11% -3%

Slag Volume 3% -22% 2% 1% 3% 5% -23% 1% 0% 3% 5% -23% 1% 0% 2%

Cr Recovery 4% 7% 2% -8% 1% 3% 7% 1% -9% 1% 4% 8% 3% -6% 1%

Cr% in Prime -4% -6% -3% 0% -1% -4% -7% -3% 0% -1% -3% -6% -3% 0% -1%

Opt-1 Opt-2 Opt-3 Opt-4 Opt-5

Sp.Power 0% 10% 2% 5% 0%

MgO/Al2O3 12% -18% 7% 5% 2%

(MgO+CaO)/SiO2 2% -27% 5% -10% 0%

Slag Volume 4% -24% 1% -1% 2%

Cr Recovery 2% 7% 1% -9% 1%

Cr% in Prime -3% -6% -3% 0% -1%

Experiment -5 Experiment -6

Experiment -7

Experiment -1 Experiment -2 Experiment -3

Experiment -4

 

6. Validating the prediction of ANN Model with actual Furnace output  

The above data was processed in the ANN developed and trained with Option 5 parameter combinations. The 

predictions of the neural network compared with the parameters of the actual furnace output are reported in Table 12. 

It has been observed that the prediction of the neural network is reasonably good as compared to the actual 

output of the furnace. The graphical presentations of ANN prediction w.r.t the actual experiment are presented in Fig 2 

to Fig.7. 

Cr.Recovery

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

Exp-1 Exp-2 Exp-3 Exp-4 Exp-5 Exp-6 Exp-7

Actual

ANN Prediction

 

Fig 2. Prediction w.r.t the actual Experiment (Cr.Recovery) 
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Fig 3. ANN prediction w.r.t the actual Experiment (Cr%) 
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Fig 4. ANN prediction w.r.t the actual Experiment (MgO+CaO)SiO2. 
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Fig 5. ANN prediction w.r.t the actual Experiment slag volume 

7 Conclusions  

The model has been developed using a limited number of data. The prediction can be more accurate with in-

crease in data volume. The important findings in the implementation of ANN for predicting the furnace output with 

certain input can be summarized as follows:   

•The unique characteristics of ANNs – adaptability, nonlinearity, arbitrary function mapping ability – make them 

quite suitable and useful for forecasting tasks. Overall, ANNs give satisfactory performance in forecasting.  

•There are many factors that can affect the performance of ANNs. The shotgun trial-and-error methodology for 

specific problems is typically adopted by most researchers which is the primary reason for inconsistencies in different 

combinations.  
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The model facilitates in predicting the output of the furnace before producing the metal. This will result in  

 Minimizing the off grade production 

 Minimizing the quality cost 

 Deciding on the raw material mix 

 Predicting the furnace behaviour with given set of input. 
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Learning and Teaching using Process Modeling and Simulation 
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ABSTRACT 

Depending on the way of teaching, teachers can make enormous difference in the quality of learning and teach-

ing at university. This paper covers how to use process modelling and process simulation to help students to understand 

some of the complex industrious processes easier and better. Many industrial processes, such as the production of fer-

roalloy, are extremely complicated and often those processes are interacted and involve many physicochemical reac-

tions that mostly happen simultaneously. In this paper, application of simulation to learning and teaching of ferroalloy 

production subject is presented. It is observed that students are more likely to infuse the knowledge they learnt into the 

current subject they are studying, if process simulation is integrated into the subject with direct tie-ins of examples of 

what-if scenario that are linked to the real process and have real meaning of improvement. Other issues relevant to sim-

ulation are discussed, including process suitability for simulation, development of a simulation model, classes of simu-

lation, advantages and disadvantages of process simulation.     

Keywords: learning, teaching, process simulation, ferrochrome production 

1. INTRODUCTION 

Ferrochrome production is one of the subjects lectured at the Department of Metallurgy, University of Johannes-

burg. Ferrochrome, an alloy used to make stainless steel and especial steels, is mainly produced by carbothermic reduc-

tion of chromite ore in a submerged arc furnace or in a DC plasma furnace. The raw material, consisting of chromite 

ores, fluxes and reductants, are batched and mixed before being fed into the furnaces. In the furnace, the chromite ore 

(consisting mainly of iron oxides, chromium oxide, magnesium oxide, and aluminum oxide) are reduced with carbon to 

for the alloy. The reduction is highly endothermic and the production process is energy-intensive, and consumes ap-

proximately 3,300-3,800kWh per ton of metal produced. The energy is generally supplied in the form of electrical ener-

gy through carbon electrodes. 

As MgO and Al2O3 are oxides with high liquidus temperature, fluxes like limestone, dolomite and quartz are 

loaded to form liquid slag phase so that it can be tapped out of the furnace. Alloy and slag are tapped through the tap-

hole into ladles in a cascade arrangement, with the alloy being trapped in the first ladle, and the slag overflowing to the 

next ladles or into a pit, see in Figure 1. 

 

Fig. 1. Schematic representation of a submerged arc furnace used to produce ferrochrome, including furnace, raw mate-

rial, slag, metal, electrode, tap-hole and ladles.   



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 620  
 

South Africa, with about 80% of world chromite ore reserves, is one of the major producers of ferrochrome, and 

its production accounts for about 34% of the total production in the world.  With an increased challenge from other ma-

jor producers, such as China and India, the ferrochrome producers in South Africa are exploring options to reduce the 

production cost.  

The cost of electricity accounts for about 35-40% of total production cost. Due to the shortage of power supply 

in South Africa, the cost of electricity has more than doubled since 2008, and a plan has been tabled to increase the 

electricity price by 16% every year from 2013 to 2018.  

With a sharp increase in electricity cost, it is imperative to look for any alternatives that can use less electricity. 

A simulation of ferrochrome production, with no doubt, can be used to investigate various alternatives in a virtual envi-

ronment, including the effect of various chromite ores on the electrical energy consumption [1]. Relevant work used to 

develop a simulation for ferrochrome production has been done and can be found [2-4].  

To help students to apply the principles to the production processes, particularly to understand the pragmatic 

challenges facing the industry, simulation makes the learning easier and faster in the classroom.  

2. PROCESS MODELLING AND SIMULATION 

Process modeling in general is the process of producing a model which is a presentation of the process of inter-

est. A process model is similar to but simpler than the process it represents. The main purpose of a model is to enable us 

to understand, analyze and predict the effect of changes to the process. A process model intended for a simulation study 

can be classified as a first principle model or knowledge-base model. The first principle model is developed using 

mathematics conjunction with science like physics and chemistry. When a process is very complex and is ill-

understood, the process cannot be simplified in any kind of mathematics. With enough experience or experiments, a 

large amount of data can be used to generate a knowledge-based model, using techniques like fuzzy logic, decision tree, 

and neural networks.  

On the one hand, a process model should be a close approximation to the real process and incorporate most of its 

salient features and functions, including, process inputs, outputs and disturbances. On the other hand, a process model 

should not be so complex that it is impossible to understand and experiment with it. A good model is a judicious 

tradeoff between realism and simplicity. It is quoted that “All models are bad, it maters how useful they are” from a 

presentation by X. Pan and B. Livneh [5]. It is accentuated well that a model is a good one only if it is useful. 

3. SIMULATION OF FERROCHROME PRODUCTION 

An excel-based simulation called Ferroalloy Simulation (Ferroalloy-Sim), is developed and used to help learners 

to understand the effect of different chromite ores on the electricity consumption used to produce high carbon ferro-

chrome in submerged are furnace (HCFeCr) [1].  

The Ferroalloy Simulation is developed using the principles of mass balance and energy balance incorporated 

with operational conditions. The interface can be seen in Fig. 2. The simulation requires three inputs and generates the 

results of charge recipe, mass and composition for slag, metal, and off gas, with the energy consumption associated with 

the production process.  
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Fig. 2. Ferroalloy simulation used to calculate charge recipe and electricity consumption for ferrochrome production in 

a submerged arc furnace 

Lumpy chromite ores produced in six different locations of the Bushveld Igneous Complex in South Africa are 

used. Quartzite is added as flux, and coke is used as reductant. The names of different chromite ores produced in South 

Africa are listed in Table I with other process parameters used to produce one ton of ferrochrome. 

Based on the production of ferrochrome in South Africa, the following conditions are used as major smelting pa-

rameters: 

 6% FeO in slag 

 12% Cr2O3 in slag 

 45% SiO2 in the 3-component slag of SiO2-MgO-Al2O3 

 8% carbon in metal 

 4% silicon in metal 

 Slag temperature 1700 ⁰C 

 Metal temperature 1600 ⁰C  

ore names ore kg/t quartzite kg/t coke kg/t slag kg/t CO kg/t MWH/t 

Steelpoort  2202.02 455.73 490.86 1350.10 684.61 3.33 

Lannex 2265.62 413.24 488.43 1369.81 680.29 3.31 

Elandsdrift 2338.73 371.27 486.67 1405.82 678.95 3.32 

Mooinooi 2339.57 372.90 487.49 1423.85 678.63 3.33 

Millsell 2460.79 338.00 489.06 1563.55 679.01 3.41 

Tweefontein 3196.63 164.69 483.11 2017.23 670.50 3.63 

Table 1. Major smelting parameters used to produce one ton of hcfecr in saf using different lump ores 

4. SIMULATION RESULT 

4.1. Smelting Parameters 

The main parameters used to produce high carbon ferrochrome in a submerged arc furnace are selected and listed 

in Table I, including raw material consumption, energy consumption, mass of metal, slag and offgas. They are ex-

pressed in terms of kilogram per ton of produced metal (kg/t):  

 Ore consumption, ore-kg/t 

 Flux, quartzite consumption, quartzite-kg/t 

 Reductant, coke consumption, coke-kg/t 
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 Electric energy consumption, MWh/t 

 Metal produced, t 

 Slag produced, slag-kg/t 

 Offgas produced, offgas-kg/t  

4.2.  Composition of SA Chromite Lumpy Ores 

The selected chromite lumpy ores contain mainly Cr2O3, FeO, SiO2, MgO, Al2O3 and small amount of CaO. 

The range of chemical composition is 29-43% Cr2O3, 20-24% FeO, 4-20% SiO2, 11-17% MgO, 10-14% Al2O3, 1-2% 

CaO. 

The contents of MgO, Al2O3 and CaO have small changes in all selected chromite ores, particularly CaO with a 

range of only 1-2%. The major changes of the chromite ores appear in the contents of SiO2, Cr2O3 and FeO. The con-

tent of SiO2% increases from 4% of Steelpoort ore to 19% of Tweefontein ore, and the contents of Cr2O3%, FeO% 

decreases from 43 to 38, and 24 to 23 respectively, as shown in Fig. 3. The total content of Cr2O3 and FeO decreases 

from 67% to 50%, from Steelpoort ore to Tweefontein ore. 

 

Fig. 3. Chemical composition of chromite lumpy ores, with increase in SiO2% and decrease in Cr and Fe oxides from 

Steelpoort ore to Tweefontein ore  

4.3. Raw Material Consumption 

The consumption of ores, flux quartzite, reductant coke, and the produced mass of slag and CO gas are shown in 

Fig. 4, with left axis in terms of kg per ton of metal (kg/t). The electric energy consumption is also shown in the same 

Figure with right axis in mega watt/hour per ton of metal (MWh/t).  

When producing one ton of high-carbon ferrochrome in SAF, the Tweefontein lump ore has the highest ore con-

sumption at 3200 kg/t, 22% and exceeds by more than 30% the consumption of Millsell and other ores. At the same 

time, the Tweefontein lump ore requires the lowest quartzite consumption at 160 kg/t. It is 205%-225% lower than the 

quartzite consumption comparing the ores of Millsell, Elandsdrift, and Mooinooi, and it is by 277%-251% lower when 

comparing the ore of Steelpoort and Lannex, see in Fig. 5. 

 

Fig. 4. Raw material consumption when producing one ton of high-carbon ferrochrome using different chromite lumpy 

ores of South Africa, with left axis for kg/t, and right axis for MWh/t 
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With the combination of high ore consumption and low quartzite consumptions when using lump ore from 

Tweefontein, the production process generates the most slag, about 2000 kg/t. it is 22% more than that of Millsell ore, 

and 29-33% more than the others.  

 

Fig. 5. Consumption of ore, quartzite, energy and production of slag when producing one ton of high carbon ferro-

chrome, compared with Tweefontein chromite lump ore 

4.4.  Electric Energy Consumption 

The electric energy consumption ranges from 3.31 to 3.63 MWh per ton metal produced (MWh/t), when using 

the selected 6 different chromite lumpy ores. Tweefontein lumpy chromite ore requires the highest electric energy, with 

amount of 3.63 MWh/t, as shown in Fig. 7. Millsell lumpy ore requires the second highest energy at 3.41 MWh/t, and 

the rest of 4 chromite ores consumes similar amount of electric energy from 3.31 to 3.33 MWh/t. 

 

Fig. 6. Electric energy used for heating, reduction of oxides and forming of molten slag and metal when using different 

chromite lumpy ores produced in South Africa. 

5. DISCUSSION OF PROCESS SIMULATION 

5.1. Processes applicable for modelling and simulation 

In general, whenever there is a process that can be modelled and that requires analysis, and carries out what-if 

experiment, process simulation is the right tool of choice, particularly for those processes with the following features: 

 It is impossible or extremely expensive to measure or observe the processes, e.g., the changes of raw materi-

als and the effects on the production of ferroalloy. 

  Process models can be formulated but analytic solutions are either impossible or too complicated with large 

queuing models. 

   It is impossible or extremely expensive to validate the mathematical model describing the processes, e.g., 

due to insufficient data. 

5.2. Development of a simulation model 

A process model used for simulation consists of the following components: 

 Process entities 

 Process input 
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 Process output 

 Functional relationships 

In the simulation of ferroalloy production, for instance, the ferroalloy production processes are the process enti-

ties, the process input includes raw materials, energy, equipment, charge recipe, etc. The process output includes the 

product of ferroalloy, slag, and off gas. The functional relationships consist of all mathematic equations, including mass 

balance of all chemical reactions, enthalpy changes of all materials in the inputs and outputs during the processes of 

heating, chemical reaction and cooling. The sequences of production and some limits of the operation associated with 

ferroalloy smelting are part of the functional relationships.  

Modeling is arguably the most critical part of a simulation study. Indeed, a simulation study can be only as good 

as the simulation model (L Sevgi, 2006)[6]. The development of a simulation model comprises the following steps: 

1. Identify the problem within a concerned process. 

2. Define overall objective of the study with a set of performance measures, as quantitative criteria. 

3. Collect and pre-process real process data.   

4. Develop a process model using a simulation software. 

5. Validate the model using real process data. 

6. Document model for feature use and improvement. 

7. Select appropriate conditions and conduct what-if scenario simulations. 

8. Interpret and present the results 

9. Make recommendations for future actions   

5.3. Classes of simulations 

Simulation helps us to create a virtual system of a real process or a system, with human in the process loop. The 

simulation is made to perform as if it were the real process. The more advanced version of simulation allows the human 

to interface with the virtual mockup operating in a realistic simulation environment. There are three classes of model-

based simulations, namely virtual simulation, constructive and live simulations: 

 Virtual simulations represent systems both physically and electronically. 

 Constructive simulations represents a system and its deployment, including computer-aided de-

sign/manufacturing (CAD/M) 

 Live simulations are simulated operations with real operators and real equipment, such as initial production 

run, operational tests. 

5.4. Advantages and pitfalls of process simulation 

It is no doubt that process simulations have become one of the most used techniques to help identify and improve 

processes both for manufacturing industries and business operations. When used judiciously, a simulation can have the 

following benefits: 

 Obtain a better understanding of the process by developing the process model and observing the system oper-

ation in detail. 

 Test hypotheses about the process for feasibility. 

 Study the effects of certain variables of the process through what-if scenario experiments without disrupting 

the real process. 

 Experiment with new or unknown situations to explore any feasible ways to improve the process.   

 Identify the bottlenecks in the processes, and find the most effective variables to eliminate the bottlenecks. 

  Use a systems’ approach to problem solving based on process analysis and re-designs. 

Process simulation can be a time consuming and complex exercise, starting from model development through 

input-output analysis to the involvement of process experts and decision makers in the entire process. The following is a 

check list of pitfalls to guard against: 

 Unclear objective. 

 Selecting wrong performance measures.  

 Process model is too complex or too simple. 

 Invalid process model. 

 Clashing of two independent process models with contradictory results.  

 Erroneous assumptions of the process. 

 Bugs in the simulation system. 
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5.5. Integration of simulation with learning and teaching 

Researches have been done on the way in which simulation technology is used in a classroom. As stated by the 

office of technology assessment [7], it is becoming increasingly clear that simulation technology, in and of itself, does 

not directly change teaching or learning. Rather, the critical element is how the technology is incorporated into instruc-

tion.  

It is observed that students are more likely to infuse the knowledge they learnt into the current subject they are 

studying, if process simulation is integrated into the subject with direct tie-ins and examples of what-if scenario that are 

linked to the process and have real meaning of improvement. Without the integration of the simulation into a subject, 

students perceive simulation as a separate computer-based subject, unassociated with the context of the real processes. 

Consequently the contents and the concepts of the subject are often left fragmented in the learner’s mind.  

 Integration of simulation into subjects requires teachers to alter their teaching processes, no longer being the 

sole distributor of information and knowledge. It is from the teacher’s perspective to include the use of the simulation 

technology to fit into the overall contents of a subject, whether there are transitions before and after the learning activity 

with the rest of instruction, and the extent to which simulation use is not a separate activity from other instructional con-

tents. 

6. CONCLUSION 

Whereas the usage of computer simulation, particularly in engineering, began over half century ago, only the last 

past 2 decades or so have simulation theory and technology made a dramatic impact across the engineering fields, main-

ly due to the remarkable developments in the computer and computational science including both hardware and soft-

ware. In this paper, application of simulation to learning and teaching of ferroalloy production subject is presented. 

Simulation can provide most needed exercises in the classroom, whereas they are not possible due to the complexity of 

the processes and the long time to carry out the required mathematic calculations. Using simulation, students can under-

stand the processes of production better through the linkage of the subject to the real processes of production.  It is ob-

served that students are more likely to infuse the knowledge they learnt into the current subject they are studying, if 

process simulation is integrated into the subject with direct tie-ins and examples of what-if scenario that are linked to 

the real process and have real meaning of improvement. Other issues relevant to process simulation are discussed, such 

as process suitability for simulation, development of a simulation model, classes of simulation, advantages and disad-

vantages of process simulation.     
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ABSTRACT 

Manganese mines and ferromanganese producers are facing increased pressure from rising operating costs, re-

ducing margins, and increasingly stringent environmental regulations. As price takers, manganese producers must look 

internally for operational and productivity improvements in order to enhance margins and maintain competitiveness. 

Although multiple tools are available for identifying operational improvements, most are focused on one process 

stage, department or discipline. Life Cycle Assessment (LCA) is a tool that provides a broader perspective to create 

bridges across multiple departments, allowing senior managers to visualize the full supply chain prior to making deci-

sions. Conventionally LCA is used for environmental analysis, modelling and reporting. Hatch has successfully adopted 

LCA methodologies to simultaneously use the results to identify viable productivity improvement, energy optimization 

and emissions reduction opportunities through the combined experience of its in-house operations, energy, and sustain-

ability experts. 

Hatch and the International Manganese Institute recently completed the first globally representative LCA of 

manganese alloy production, involving primary site data from 17 manganese mines and smelters. The LCA provides 

industry-sourced process and environmental data for representing all the inputs required for the production of a unit of 

silicomanganese, ferromanganese and refined ferromanganese. The LCA helps evaluate the environmental performance 

of the industry as well as provides useful information to benchmark processes and generate cost and environmental 

performance improvement opportunities.   

This paper applies the results of the manganese LCA to measure the costs and impacts of manganese losses oc-

curring along the ferromanganese supply chain. The analysis assesses the cumulative supply chain cost, environmental 

and throughput benefits associated with projects to enhance manganese recovery at each process stage. The paper con-

cludes that manganese recovery downstream has a compounded benefit on upstream processes and operating costs. By 

employing enhanced manganese recovery systems and management procedures, manganese producers can reduce ener-

gy, costs and GHG emissions. 

1. INTRODUCTION 

Life Cycle Assessment (LCA) is one of the leading tools used to evaluate the environmental performance of 

supply chains and product systems. LCA provides an aggregated assessment of a wide range of potential environmental 

impacts of a supply chain based on mass-energy balance models which extend beyond traditional site boundaries to 

include associated upstream and downstream processes such as power generation, coal mining and hazardous waste 

management. As a tool standardized by the International Organization for Standardization (ISO 14040:2006; 

14044:2006) [1, 2] and the precursor to greenhouse gas (GHG) reporting protocols, LCA is broadly accepted and ap-

plied within several industry sectors including metals and mining. 

Hatch and the International Manganese Institute (IMnI) recently completed the first LCA of global manganese 

alloy production. The study, spanning 17 manganese mine and smelter facilities, provided the industry and its stake-

holders with a standard measure of average industry environmental performance for release of GHGs, particulate matter 

(PM), NOX and SOX, as well as water and energy consumption, and waste generation [3]. By novel approaches to the 

LCA modelling process, the study also utilized the mass-energy model underlying the LCA method to use the LCA as a 

benchmarking tool within the industry to evaluate and help identify process efficiency, throughput and emissions opti-

mization opportunities. By linking processes across the entire manganese supply chain, the LCA can be a powerful tool 

to examine throughput, energy and emissions flows across an entire supply chain or process route, and provides useful 

information about the inter-relationship between unit processes. 

This paper illustrates the potential benefit of applying LCA as a process optimization tool for the manganese in-

dustry. In the paper, LCA is applied to evaluate the benefits of enhanced manganese recovery along the ferromanganese 

supply chain aiming at providing contextual information regarding investments. The approach can be similarly adopted 

to apply LCA data to silicomanganese and refined ferromanganese alloys however have not been included in this paper 

in the interests of brevity.  
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2. METHODOLOGY 

2.1 LCA Methods 

LCA uses a mass-energy balance model to provide a series of metrics measuring the environmental emissions, 

energy and resource consumption of a product or process chain. LCAs are conducted using a standardized methodology 

defined by ISO 14040 and ISO 14044 standards consisting of the following four phases: 

 Goal and Scope Definition – which clearly defines the objectives and intended audience of the study, with 

consistent system boundaries, product systems and environmental impact categories and metrics; 

 Life Cycle Inventory (LCI) – which involves the establishment of mass-energy based models consisting of 

unit processes linked by flows of energy, consumables, emissions and other flows to represent the entire 

product system; 

 Life Cycle Impact Assessment (LCIA) – which uses established weightings to relate emission flows such as 

carbon dioxide and methane emissions to potential environmental impacts such as global warming poten-

tial; and 

 Interpretation – an iterative phase to validate, evaluate and qualify the inputs and results of the study. 

Traditional LCAs typically aim at providing data for external industry stakeholders, including consumers, regu-

lators, and the general public, as well as to optimize the environmental impacts of the supply chain itself. In the manga-

nese LCA, novel approaches to modeling and data management focused on using the LCA to provide benchmark data 

to allow individual producers an ability to evaluate specific processes against industry averages. The empirical bench-

mark data compliments detailed theoretical evaluation and numerical simulation by targeting specific areas for man-

agement and technological improvement, including cost and process optimization in addition to environmental benefit. 

2.2 Modelling Manganese Recovery and Losses 

Metal losses have an important impact on the ferromanganese supply chain, requiring additional manganese-

bearing material from upstream processes to replace losses occurring at any given stage of production. Any additional 

manganese required to account for losses must be carried through the supply chain, incurring additional conversion 

costs and increasing total emissions generated for each tonne of ferromanganese produced.  

The impacts associated with manganese losses are evaluated at each stage of production by calculating the cu-

mulative impact on supply chain costs, consumables and emissions. In each case, the costs of manganese losses are cap-

tured by considering the impacts associated with a 1% increase in the recovery rate of each stage of production. A 1% 

increase in recovery rate at a stage, i, reduces the costs, consumables and throughput of each previous stage of produc-

tion by a factor, Xi, at each previous stage of production, relative to a unit of ferromanganese production: 

i

i

R

X

%11

1



  (1) 

Where Ri is the average recovery rate of stage i. 

Costs have been considered for energy inputs consumed due to the manganese loss effect based on typical indus-

try prices listed in Table 5 below. 

Table 5: Indicative input costs used in conversion cost evaluation. 

Material/Energy Cost (USD) 

Manganese Ore $140/t 

Manganese Sinter $224/t 

Ferromanganese Alloy $872 

Electricity $70/MWh 

Diesel $1.05/L 

Coal $65/t 

Coke $250/t 
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Manganese recovery rate and losses are considered relative to typical global industry averages as determined by 

the LCA study for the ferromanganese supply chain. The cumulative benefits of manganese recovery at a given process 

stage is the sum of the benefits achieved at and upstream of the process stage as determined by Equation 1. 

3. OVERVIEW OF MANGANESE LIFE-CYCLE 

The manganese LCA covered all primary processes from extraction of ore up to and including manganese alloy 

production, as well as secondary processes not directly managed by manganese producers, including coal mining, coke 

production, electricity production and transportation. Figure 13 illustrates the system boundaries considered by the LCA 

and in the evaluation of manganese losses and recovery. 

For the purposes of this analysis, the LCA supply chain has been grouped into the following categories: 

 Mineral extraction and hauling; 

 Ore processing, beneficiation and delivery; 

 Sinter production and delivery; 

 Ferromanganese smelting (furnace production); and  

 Metal casting, crushing and screening, materials handling and other auxiliary smelter activities. 

17 facilities included in the global manganese LCA comprised both surface and underground mines. Surface 

mines are characterized by high diesel consumption and generation of overburden and waste rock relative to run-of-

mine (ROM) ore produced. Underground mines tend to have higher electricity consumption while generating less waste 

materials during extraction. Ore processing and beneficiation activities included in the study comprised crushing, 

screening, dense media separation, tailings management and on-site diesel generating stations. Upstream processes con-

sidered for manganese mining consist of diesel refining and transportation, grid power generation, tyre manufacturing 

and other related processes. 

Sinter formed a portion of the manganese-bearing charge to ferromanganese furnaces. Sinter production consid-

ers the ore and carbon charge, ignition source, and emissions generated by the process. The fuel and emissions associat-

ed with ore and sinter transportation between mine and smelter sites are distributed proportionally (by mass) to ore and 

sinter processing. 

Ore and sinter form the majority of manganese-bearing materials charged to ferromanganese furnaces, in addi-

tion to small amounts of internally recovered manganese materials. In addition to the consumables and emissions gener-

ated at the furnace, the study also considers the associated upstream processes including the extraction, generation and 

transportation of fluxes, reductants, and grid power delivered to the furnace.  In some cases ferromanganese slag gener-

ated at the furnace is recovered in siliconmanganese production, which has not been explicitly considered in the present 

examination. 

Other than the furnace operation, activities at the smelter include processing of feed materials and furnace out-

puts, including slag processing and metal recovery, and metal casting, crushing and screening to final product size. 
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Figure 13: Schematic representation of the system boundaries considered for ferromanganese alloy production. 

4. AVERAGE MANGANESE LOSSES 

Manganese losses occur at each stage of the ferromanganese supply chain through different waste and by-

product flows. At ore processing and beneficiation, manganese is lost to waste ore and tailings as an expense associated 

with sizing the ore and raising the manganese content of the saleable product. Losses during sinter production can occur 

through particulate matter generation and in fines losses. During smelting, manganese losses flow primarily to slag, and 

to a lesser extent to stack emissions, baghouse dusts and sludge. Internal recycle loops, including slag metal recovery 

and recycling of baghouse dusts and sludges reduce losses and have been netted out from the smelter balance in this 

analysis. Losses during casting, crushing and screening include un-recovered metal from the runners, cast beds, and 

crushing and screening area. Metal losses at crushing and screening are the largest for mechanical processed metal, as 

opposed to manual processing, which generates very little losses. 

Manganese losses at each stage of production are shown in 
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Table 6 for industry average ferromanganese production. Most losses occur during ore processing and ferromanganese 

smelting. The lowest recovery rate (relative to manganese input) occurs during smelting. While the recovery rate at 

casting crushing and screening is highest, losses at this stage have the largest cumulative impact on the entire supply 

chain, requiring increased production at all successive upstream processes. Across the entire supply chain, up to a third 

of manganese contained in the extracted-run-of-mine ore is lost in the production of ferromanganese alloy. 

The losses incurred at each stage of production can put in the context of the net value added by the process stage. 

Figure 14 presents cumulative manganese losses at each stage of ferromanganese production. Here the largest manga-

nese losses are incurred in conjunction with the largest removal of non-manganese bearing materials. With this perspec-

tive, some manganese losses may be considered more acceptable than others. However, for the present analysis, the 

value placed on manganese losses at each stage is based solely on the additional energy, consumables and throughput 

required at each upstream process stage to offset marginal losses occurring at various points along the ferromanganese 

supply chain. 
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Table 6: Industry average manganese losses and recovery rate per process stage. 

Process Stage Recovery Rate 

(% of Mn-Input) 

Manganese Losses 

(kg/t-alloy) 

Ore Processing & Beneficia-

tion 

87.5% 140 

Sinter Production 87.5% 40 

Smelting 84.0% 150 

Casting, Crushing & Screen-

ing 

97.5% 20 

Total Supply Chain 68.8% 350 
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Figure 14: Manganese throughput and losses by supply chain stage for industry average ferromanganese production. 

5. ENERGY CARRIERS AND GREENHOUSE GAS EMISSIONS 

Each stage in the supply chain involves additive costs and environmental impacts associated in additive pro-

cessing and consumption of consumables.  Table 7 lists a breakdown of total energy consumption (Primary Energy 

Demand), GHG emissions (Global Warming Potential) and key energy and reductant consumables at each stage of in-

dustry average ferromanganese production. The figures below implicitly include the impacts of manganese lost at each 

successive process stage, which acts to increase the total energy and environmental impacts of the supply chain. Simi-

larly, reducing manganese losses acts to streamline the throughput of manganese through the supply chain thereby re-

ducing the amount of manganese, material, and energy required at each processing stage. 
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Table 7: Industry average energy consumption and greenhouse gas emissions by supply chain stage per tonne of ferro-

manganese production. 

Process Stage Primary 

Energy 

Demand 

(GJ) 

Global 

Warming 

Potential 

(tCO2e) 

Grid 

Power 

(kWh) 

Diesel 

(kg) 

Coal 

(kg) 

Coke 

(kg) 

Explosives 

(kg) 

Extraction 0.6 0.08   13.9     3.2 

Ore Processing & Beneficia-

tion 0.9 0.10 37 19.0       

Sinter Production 3.0 0.30 32 7.3 35 49   

Smelting 26.0 4.27 2811   149 372   

Casting, Crushing & Screen-

ing 1.4 0.31 268 3.5       

Total Supply Chain 31.9 5.06 3148 43.6 184 421 3.2 

6. BENEFITS OF MANGANESE RECOVERY 

Manganese recovery achieves a cumulative benefit at each upstream process along the supply chain by avoiding 

consumables, emissions and increased costs incurred in processing additional manganese to maintain current levels of 

production. To evaluate the benefits of manganese recovery, the cumulative life-cycle effects were compared with sce-

narios where the manganese recovery rate was increased by 1% at a given process stage along the ferromanganese sup-

ply chain. Figure 15 below shows the effect of a 1% increase in the recovery rate at casting, crushing and screening (i.e. 

a 97.5% to 98.5% recovery increase). While the 1% boost in recovery rate (equivalent to 8 kg/t-alloy produced) reduces 

energy consumption by 14 MJ/t at casting, crushing, and screening, the total life-cycle savings amount to over 324 

MJ/t-alloy when factoring in the upstream supply chain effect. 

The cumulative life-cycle effect magnifies the benefit of proportionally modest increases in recovery, especially 

for processes occurring downstream on the supply chain. Table 8 shows the cumulative life-cycle benefit of manganese 

recovery at various stages of production on GHG emissions and energy consumables. Table 9 translates this benefit to a 

total life-cycle cost reduction based on indicative pricing of key consumables. Increasing the recovery rate of down-

stream processes has a larger cumulative benefit to the manganese supply chain, by reducing the manganese throughput 

requirements of upstream processes. The largest savings can be achieved by improving the recovery rate of manganese 

at the furnace and during metal casting, crushing and screening. A 1% recovery rate boost at the furnace and at casting, 

crushing and screening corresponds to 9 kg/t and 8 kg/t increases in manganese recovery, respectively, leading to a cost 

reduction of $4.37 and $4.01 per tonne of saleable ferromanganese alloy.   

Figure 16 compares the potential cost reductions achieved for each 1% increase in manganese recovery occur-

ring at various stages of ferromanganese production relative to a range of profit margins indicative of the ferromanga-

nese industry. As profit margins tighten over time, the relative importance of identifying and implementing manganese 

recovery opportunities increases. While the energy cost reductions are achieved throughout the supply chain, the cost 

savings should be transferred through reduced ore and sinter prices to be realized at the process achieving the reduc-

tions. Alternatively, the increased recovery is realized instead by increased production without increase in production 

costs. 
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Figure 15: Primary energy reductions at upstream process stages as a result of a plus 1% increase in manganese recov-

ery rate at casting, crushing and screening. 

Table 8:Cumulative life-cycle benefits of a plus 1% increase in manganese recovery rate at various points along the 

ferromanganese production chain relative to industry average production.* 

Process Stage of En-

hanced Recovery 

Manganese 

Recovered 

(kg) 

Primary 

Energy 

Demand 

Global 

Warming 

Potential 

Grid 

Power 

Diesel Coal Coke Explosives 

Ore Processing & Bene-

ficiation 
12.7 kg 0.05% 0.04% 0.01% 0.85%  N/A N/A 1.13% 

Sinter Production 
4.1 kg 0.12% 0.08% 0.02% 0.47% 0.21% 0.13% 0.37% 

Smelting 
13.2 kg 1.12% 1.10% 1.08% 1.08% 1.18% 1.18% 1.18% 

Casting, Crushing & 

Screening 
11.4 kg 1.02% 1.02% 1.02% 1.02% 1.02% 1.02% 1.02% 

* Percent reduction in consumables and emissions per 1% increase in manganese recovery rate relative to industry average produc-

tion. 
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Table 9:Cumulative life-cycle energy cost savings of a plus 1% increase in manganese recovery rate at various points 

along the ferromanganese production chain relative to industry average production.* 

Process Stage of En-

hanced Recovery 

Life-Cycle Energy Savings 

(USD/t-alloy/1% Recovery) 

Ore Processing & Bene-

ficiation 
$0.52 

Sinter Production 
$0.46 

Smelting 
$4.37 

Casting, Crushing & 

Screening 
$4.01 

* Percent reduction in energy costs per 1% increase in recovery rate rel-

ative to industry average production. 
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Figure 16: Indicative profit margin increase for a plus 1% enhanced recovery rate occurring at various points along the 

ferromanganese supply chain. Enhanced recovery occurring during mining and sinter production (dashed lines) are rela-

tive to ore and sinter prices, respectively. 

7. CONCLUSIONS 

LCA provides empirical process data which can help to benchmark processes against industry averages, and de-

termine the links between processes across an entire supply chain. In the current analysis, LCA data representing 17 

manganese mines and smelters were used to compare the potential life-cycle benefits of improving manganese recovery 

at various points along the ferromanganese supply chain. The analysis found that recovery at downstream processes has 

the largest benefit, by leading to cumulative upstream benefits relative to each unit of ferromanganese produced. While 

the study applied industry averaged data and approximate costs, analysis of an individual producer may identify new 

results and correlations for individual value chains. Enhanced manganese recovery can have an appreciable benefit on 
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profit margins for both mines and smelters, especially for sites operating on narrow profit margins. This analysis ap-

proach provides a quantitative estimate of the potential operating cost savings from enhanced manganese recovery and 

may warrant further investigation into the costs of management and technological solutions to improving manganese 

recovery across the ferromanganese supply chain. By using LCA data, operators can have a more holistic view of where 

losses occur, value is generated and improvement opportunities reside within the manganese supply chain. Thus the 

LCA can be used as an important tool for guiding investment decisions across a value chain when capital and margins 

are scarce. 
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Abstract 

The shaking ladle is one of the main equipment for producing low & medium carbon ferromanganese with elec-

tric furnace-shaking ladle process. The emulsification behaviour of slag and metal in shaking ladle has been studied 

experimentally using low-temperature oil and water. The entrainment critical shaking speed (ECSS) was defined as the 

lowest shaking speed at which the entrainment of slag occurs. It was found that the ECSS was decreased with the in-

creasing of ladle diameter, eccentric distance and the density of the lower phase, and was increased with the increasing 

of lower phase height, the height difference and the density difference of the two phases, the viscosity of the two phases. 

An empirical equation for the ECSS was proposed as a function of ladle diameter, eccentric distance, the height and 

physical properties of the liquids.  

KEYWORDS: shaking ladle; emulsification; entrainment critical shaking speed. 

1. Introduction 

Low-carbon ferromanganese (LC FeMn) alloys are preferred for the production of low-carbon steel and other 

special grades of steel. Two principal methods of producing LC FeMn are in commercial operation. The first one is 

silicothermal reduction and the second is manganese oxygen refining process (MOR)
[1]

. Because of the high SiO2 con-

tent of Chinese manganese ores, the siliconthermal reduction method is widely used in China 
[2]

. The refining furnace-

shaking ladle process is the most popular one for producing LC FeMn nowadays. A flow-chart of the process is shown 

in Fig. 1.  

 

Fig. 1. Flow chart for the refining furnace-shaking ladle process for the production of LC FeMn
[2]

 

The shaking ladle was developed by Kalling
[3]

 at Domnarvet, Sweden in 1958. The shaking ladle has been 

proved as an excellent metallurgical tool wherever it is necessary to obtain good mixing, for instance, in desulfurization, 

recarburization and alloying of pig iron
[4]

, production of low and medium carbon ferromanganese and ferrochrome
[5]

, 

processing of ferrovanadium
[6]

 and stainless steel
[7]

. 

The single-phase liquid mixing phenomena in shaking ladle has been investigated by different researchers 
[3,8-9]

. 

Eketorp 
[3]

 measured the wave heights in the bath during shaking in different speeds, and proposed the definition of crit-

ical shaking speed, nc, at which a characteristic wave motion was created which looks like a breaker and the wave 

height in the bath reached a maximum value. Ishii
[8]

and Tsai 
[9] 

continued studies in this field and proposed their empiri-
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cal equations for the nc as a function of R (radius of ladle, mm), H (height of bath, mm) and a (eccentricity, mm). In the 

earlier paper
[10]

, the present authors proposed another way to investigate the mixing efficiency in shaking ladle bath by 

measuring the mixing time, and a new critical shaking speed was defined based on mixing time. In addition, a bioreac-

tor named orbitally shaken bioreactor which is used for the cultivation of mammalian cells has drawn the attention in 

recent years, and a lot of research results were reported about the single phase liquid behaviour
[11-16]

. 

However, the mixing phenomena of two immiscible liquids have not been reported yet, though it is very im-

portant for the LC carbon FeMn. In the present work, the mixing process of slag/metal in shaking ladle was studied us-

ing low-temperature oil/water analogues. And an empirical equation for the slag entrainment critical shaking speed was 

proposed. 

2. Experimental Apparatus and Procedure 

Figure 2 shows a schematic of the experimental apparatus. Water and one of the two oils listed in Tab. 1 were 

contained in a cylindrical vessel made of transparent acrylic resin. Three vessels were used, with different size (D=0.19 

m, 0.24 m, 0.29 m). The vessel was placed on the shaking frame. The eccentricity can be continuously set within the 

range of 0~50 mm. The liquids behaviours were recorded by a high speed camera with a capture rate of 200 fps.  

 

Fig. 2. Experimental apparatus 

Tab 1: Operating variables and their ranges of model experiments 

Liquid Density 

(kg/m
3
) 

Viscosity 

(mPa·s) 

Surface tension 

(mN/m) 

Interface tension with water 

(mN/m) 

Bean oil 926 71.8 31.2 13.4 

Machine oil 933 103.2 32.0 12.0 

3. Experimental Phenomena 

As described in an earlier paper
 [17]

 of the present authors, with the increase in the shaking speed the flow pat-

terns of two liquid phases in shaking ladle could be classified into three types: interface oscillatory pattern, lotus-leaf-

like pattern and entrainment pattern (Fig 3). The two layers will maintain stratified status when the shaking speed is 

low, just as the interface oscillatory pattern and lotus-like pattern shows. However, the lower liquid will be entrained 

into the upper liquid with the increase in the shaking speed, and the entrainment pattern formed. The lowest shaking 

speed at which the entrainment of slag occurs is defined as the entrainment critical shaking speed (ECSS). 
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Fig. 3. The flow patterns under different shaking speeds 

4. Results and Discussions 

4.1 Effect of ladle diameter on ECSS 

The effect of ladle diameter on ECSS was studied with 3 different ladles, and the oil used in this experiment was 

bean oil. The experimental conditions are shown in Table 2. The relationships between ECSS and ladle diameter at four 

eccentric distances are shown in Fig. 4. 

Tab. 2. Experimental conditions 

Ladle diameter/m Oil height/10
-2

m Water height/10
-2

m 

0.19 4.4 2.9 

0.24 5.5 3.7 

0.29 6.7 4.5 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 639  
 

0.18 0.20 0.22 0.24 0.26 0.28 0.30

0.8

1.0

1.2

1.4

1.6

1.8  a=0.025 m

 a=0.050 m

 a=0.075 m

 a=0.100 m

E
C

S
S

(r
p

s
)

Diameter (m)
 

Fig. 4. Effect of shaking ladle diameter on ECSS 

As can be seen from Fig. 4, the ECSS decreases with the increase in ladle diameter. It indicates that bigger ladle is 

more favourable for the mixing of slag and metal in shaking ladle. In addition, the dissipating heat of unit volume mol-

ten liquid in a bigger vessel is less than that in a smaller one, which will reduce the heat loss in the process of produc-

tion. 

4.2 Effect of liquid height on the ECSS 

The ladle diameter used in this experiment is 0.29 m and the eccentric distance is 1.5 cm. The height of water is 

3.4 cm, and the height ratio of oil and water varies with the change of bean oil height. The effect of liquid height ratio 

on the ECSS is shown in Fig. 5. It can be seen from Fig. 5 that the ECSS increased with the increasing height ratio of 

the two phases. It indicates that the less slag was better for mixing of slag and metal. When the amount of slag increas-

es, the shaking speed should be increased in order to promote better two-phase mixing. 
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Fig. 5. Effect of height ratio of oil and water volume on ECSS 

4.3 Effect of eccentric distance on the ECSS 

The value of eccentric distance determines the shaking amplitude of the shaking ladle, which is very important for 

the emulsification of slag and metal. The effect of eccentric distance on the ECSS was investigated in three ladles with 

different diameters. The experimental results are shown in Fig. 6. As can be seen from Fig. 6, the ECSS decreases with 

the increase in the eccentric distance indicating that a larger eccentric distance is favourable for the emulsification of the 
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two phases. 
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Fig. 6. Effect of eccentric distance on ECSS 

4.4 Effect of upper phase property on the ECSS 

In actual production, slag phase composition and physical parameters will be different depending on different 

products. Bean oil and machine oil were used to investigate the effect of upper phase property of ECSS in shaking ladle. 

The properties of the two oils are listed in Table 1. It can be seen from Table 1 that the main difference between the two 

oils is the value of viscosity. The experimental result is shown in Fig. 7. As can be seen from Fig. 7, the ECSS for ma-

chine oil-water system is lower than that for the bean oil-water system. It indicates that the lower viscosity makes mix-

ing easier. 
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Fig. 7. Effect of upper phase property on ECSS 

4.5 Effect of lower phase density on the ECSS 

Gravity is the main force to stabilize the interface of two phases in shaking ladle. A NaCl aqueous solution was 

used to investigate the effect of lower phase density on ECSS. The densities of the three liquids are listed in Table 3. 

The experimental results are shown in Fig. 8. It can be seen that the bean oil-NcCl aqueous solution system, for which 

the density difference is bigger, is easier to mix with each other in shaking ladle when the height ratio of the two-phase 
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is small. However, with the increase in the ratio, the effect of the lower phase density decreased and could be ignored. 

Tab. 3. The density differences between the two systems 

 Bean oil-water Bean oil-NaClaqueous solution 

Lower phase density（kg/m
3） 1000 1190 

Upper phase density（kg/m
3） 926 926 

Density difference（kg/m
3） 74 264 
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Fig. 8. Effect of lower phase density on ECSS 

4.6 Dimensional analysis 

Based on experimental results and the preceding discussion, one can carry out a preliminary dimensional analy-

sis by assuming that the ECSS is dependent on the variables listed in the following correlation: 

w( , , , , , , , , , )ce o w w owN f D a H H g        (1) 

where Nce (rps) is the ECSS; D (m) is the ladle diameter; a is the eccentric distance; Hw (m) is the lower phase height; 

ΔH (m) is the height difference of lower and upper phases; μw (Pa·s) is the viscosity of water andμo(Pa·s) is the viscosity 

of oil; ρw (kg/m
3
) is the density of lower phase and Δρ (kg/m

3
) is the density difference of lower and upper phases; σow 

is the interfacial tension between the two liquids; g is the gravitational constant. 

In Eq. (1), there are 11 variables and three fundamental dimensions; therefore, eight dimensionless groups are to 

be obtained: 
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w

N

gH
   (9) 

Through dimensional analysis, the Eqs. (2) to (9) lead to the functional relationship that 

 8 1 2 3 4 5 6 7( , , , , , , )f         (10) 

or, for the first memeber of a polynomial series, that 

 
3 5 6 71 2 4

8 1 2 3 4 5 6 7K
              (11) 

By applying multiple regression analysis to the experimental results, the following relationship between the 

ECSS and other independent variables was obtained: 

 
4 0.83 0.27 0.51 0.07 0.05 0.74 0.80 0.122.36 10ce w o w wN D a H H           (12) 

Fig. 9 compares the measured values and calculated values of the ECSS at different experimental conditions. 

The measurement is approximated by Eq. (12) with a scatter of ±10%. 
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Fig. 9. Relation between measured and calculated values of ECSS 

5. Conclusion 

The entrainment critical shaking speed has been studied experimentally using bean oil-water system and ma-

chine oil-water system. From the present work, the following conclusions can be drawn: 

(1) The ECSS was decreased with the increase in the ladle diameter, eccentric distance and the density of 

the lower phase, and was increased with the increase in lower phase height, the height difference and the density differ-

ence of the two phases, the viscosity of the two phases; 

(2) Dimensional analysis was used to express the empirical equation of ECSS. With the present modelling 

study, the empirical equation can be expressed as fol-

lows:
4 0.83 0.27 0.51 0.07 0.05 0.74 0.80 0.122.36 10ce w o w wN D a H H          . 
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ABSTRACT 

Pyrometallurgical processes in ore-smelting furnaces in the production of ferroalloys to obtain top gas associat-

ed with the determination of their calorific value, chemical composition and dust are presented. The schemes describe 

design solutions of cogeneration plants for heat and power in the gas and in the condensing turbines. Schemes of co-

generation plants for heat and electricity are presented in order to reduce the cost of production of ferroalloys. 

The basic equipments of ferroalloy plant are known to be ore-thermal and refining furnaces. 

Large-scale types of ferroalloys, such as ferrosilicomanganese, carbonaceous ferromanganese, high carbon fer-

rochrome, silicochrome, ferrosilicium of all grades 45%, 75%, 90%, carbothermic silicocalcium, crystalline silicon, 

crude ferronickel, are melted in electric ore-thermal furnaces. 

Pyrometallurgical melting in ore-thermal furnaces is accompanied with release of large amounts of associated 

waste gas containing up to 75% of toxic carbon monoxide with calorific value of 2000-2500 kcal/Nm
3
, those exhaust 

sometimes being quite significant. 

One 63 MVA ferrosilicomanganese electric furnace gives 10000-12000 Nm
3
 of waste gas every hour. These 

12000 Nm
3
/h of gas with calorific value of 2000-2500 kcal/Nm

3
 are equivalent to: 

2200x12000 = 26 400 000 kcal or 26,4 Gcal. 

As 860 kcal are equivalent to 1 kWh: 

26,4/0,86 = 30,697 MWh. 

Considering eventual loss, even under 50% efficiency a single furnace which does not utilize this gas loses 15-16 

MWh power every hour. 

Annual loss comprises 8,600x15 = 129,000 MWh. 

This is equivalent to 129,000 x 6 = 7,740,000 € per annum. Then a unit of 8 electric furnaces loses 8 x 7,740,000 

= 61,920,000 € per annum. 

Our first conclusion, from the economic aspect, is based on the above: this gas must be utilized in order to de-

crease manufacturing costs by investing in construction of cogeneration plants to obtain power and heat. 

The next conclusion is based on the environmental aspect. If waste gas is not recovered and utilized, each 63 

MVA low-hood open furnace emits above 550,000 Nm
3
/h flue gas to the environment. It contains a substantial part of 

unburned carbon monoxide CO, as well as CO2, NOx, SO2 and a lot of  dust. 

For chemical analysis of waste gas see Table 1. 

Table 1: Сhemical analysis of waste gas 

Component Content, mg/Nm
3
 Exit gas temperature, 

o
C Waste gas temperature, 

o
C 

CO 16,4 

200 170 

CO2 3,8 

NOx 3,8 

SO2 5,2 

H2S 2,6 

Thus, one ferroalloy plant emits up to 740,000,000 Nm
3
 waste gas per annum, and this costly product with calo-

rific value of 2000 kcal is mostly burned in bleeders, which is considered totally unreasonable. 

We have learned to reclaim 99,5% of dust, up to the content of 20 mg/Nm
3
, in very costly and clumsy smoke fil-

ters, whereas we cannot recover gas. 

That is an environmental aspect, and this issue must be resolved. 

Proceeding from these two main tasks, in the course of the last 30-40 years ferroalloy industry has made attempts 

to resolve these problems by developing design solutions for electric furnacesand upgrading gas treatment plants of 

both wet and dry types. 
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This led to implementation of several designs of ore-thermal furnaces: 

1. Open 

2. Low-hood open 

3. Funnel closed 

4. Sealed 

Open electric furnaces were installed at Chelyabinsk and Zaporozhye Ferroalloy Plants in the USSR in 1931-

1933. 

Funnel closed furnaces appeared at Stakhanov Ferroalloy Plant in 1963-1964, and later funnel closed furnace 

units were built at Nikopol, Aksu Ferroalloy Plants and at Chelyabinsk Electrometallurgical Combined Plant in 1968-

1978. 

In general, three specific features of the design of units equipped with sealed, low-hood open and funnel closed 

electric furnaces may be singled out. 

Sealed furnaces are the most environmentally friendly as no exhaust is present under the crown, but they have 

strict requirements to charge sieve analysis and moisture content. 

Sealed electric furnaces as an evolution of funnel closed furnaces appeared at Soviet Sibelektroterm in 1980-

1988 and at Tanabe Kakoki in Japan in 1981-1983 following an order from Giprostal Institute, Kharkov. 

Funnel closed electric furnaces require, along with wet gas treatment from under the crown, dry treatment of 

funnel gas (17-20%) in bag filters, which makes this ferroalloy production line more expensive as compared to sealed 

furnaces. 

In this case for power manufacture gas must be compressed to 22 bar, gas turbine generators and condensing tur-

bines installed for gas from under crown (furnace top gas) and dry gas treatment unit for furnace hood gas. 

Low-hood open furnaces make a forced solution for melting high-silica ferroalloys (FS-75 and FS-90) as well as 

SiCa and crystalline silicon. Installation of heat recovery boilers and condensing turbines is a must here (Fig.1). 

Our company develops such schemes and can offer them for implementation at ferroalloy plants. 

In ferronickel manufacturing process tubular rotary furnaces are used to burn nickel ore and obtain cinder at 

temperatures of 850-1000
o
C. 

Tubular rotary furnaces emit 55-60 Nm
3
/h of exhaust gas with temperature of 300-400

o
C. 

We develop some schemes which allow to use exhaust gas heat received from tubular rotary furnaces which in 

turn allows  to obtain 12,5 MW power from two furnaces (see Fig.2). 

If a ferronickel plant has sealed furnaces, top furnace gas treated at wet Venturi unit may be used for additional 

heating. 

Comparison of open and sealed furnaces. 
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Large-scale manganese alloy and carbonaceous ferrochrome production takes place at sealed-type furnaces from 

Tanabe Co., Japan. Along with increased dimensions and capacity, sealed furnaces allow  to use utilities most efficient-

ly and to prevent environmental pollution. 

At the same time, as Japanese and our experts admit, high capacity sealed and closed furnaces suffer certain op-

erational difficulties: 

- strict requirements to the quality of raw material (max.10% fraction under 8,0 mm and max 5% moisture 

content in charge), that is, more thorough charge preparation is required. 

Nevertheless, those difficulties are overcome with excess if   cogeneration units are constructed and exhaust gas 

is used to produce power and steam. Charge moisture content is quite acceptable if it includes sinter, then the total 

charge may contain up to 8% moisture. 

All those difficulties have been successfully, though in different ways, overcome in all countries, including Ja-

pan, as substitution of two or three electric furnaces by one of higher capacity substantially saves investment and opera-

tion costs; besides, exhaust gas from closed and sealed electric furnaces compensates for the complicated design, and in 

general this solution is cost-effective. We must also take into consideration that sealed and closed furnaces are envi-

ronmentally friendly and at the same time provide for better work safety and protection of personnel from hazardous 

effect of high temperatures as compared to low-hood and open-type furnaces. 

Our calculation for a European plant showed that investment cost of a sealed electric furnace is approximately 

30-40% less than that of a low-hood furnace. This calculation did not include waste gas utilization at the plant instead of 

bought natural gas or fuel oil as well as power obtained by burning waste gas at recovery boilers and condensing tur-

bines, or compressing waste gas to 22 bars and installation of gas generator turbines using special equipment, thus in-

creasing even more cost effectiveness of sealed electric furnaces (see Fig.3). Such designs with calculation and equip-

ment procurement may be obtained from TOPAZ LTD and UKRFERRO Research Entity with their partners in 

Ukraine, China and Germany. 

 

What tasks, in our opinion, is ferroalloy industry in Ukraine and elsewhere facing? 

We see the main tasks as follows: 

1. Environmental problems: protection of aqueous and air environment. 

2. Energy saving: obtaining of steam, hot water and power from furnace waste gas, i.e. usage of secondary utili-

ties, in particular, with equipment from MAN DIESEL & TURBO, Germany. 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 648  
 

3. Process improvement: development and detailing of precision alloy technology, including liquid melt mixing, 

DC, plasma and induction furnaces, development of ferroalloy manufacture technologies in such furnaces. 

4. Improvement of furnace unit designs as regards simplicity, environment acceptability, waste absence, process 

mechanization and automation. 

5. Improvement of mud and slag treatment processes in order to recover additional metal from slag as well as in-

troduction of patented technologies such as mud, dust and ore fines pelletizing for subsequent pyrometallurgical recov-

ery of primary element. 

Together with its partners TOPAZ LTD develops and suggests installing lump sorting modules for additional re-

covery of metal from slag. 

6. Process and equipment development for alloy casting (casting machines) in order to minimize the content of 

fines (-5 mm) as well as finalization of metal fines remelting technology after crushing with the use of induction furnac-

es. 

TOPAZ LTD together with specialists of a Ukrainian ferroalloy plant has developed a ferrosilicon fines remelt-

ing process technology in induction furnaces of OTTO JUNKER, Germany.  
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ABSTRACT 

Increasingly marginal ore bodies and rising costs have put already low margins in the smelting industry under 

pressure. Operators have turned to greater efficiencies as a solution and in many cases larger, more intense furnaces 

have played a critical role is delivering greater profitability. Higher power levels and higher electrode voltages result in 

power supply system challenges and a greater potential for power quality implications on the supply system. In addi-

tion, power quality requirements from the power supply utilities are becoming stricter or are being more rigorously en-

forced. These, combined with an increase in the number of islanded power systems being used to power facilities have 

resulted in more complex and intricate designs being required to provide reliable integrated systems. High intensity, 

high power furnaces are here to stay and designers and operators must consider the electrical implications from a 

whole system perspective. 

This paper provides an overview of some of the common challenges large furnaces can create on power supply 

systems, either islanded or not, as well as available design philosophies and developments in electrical equipment for 

the mitigation or elimination of these problems. Technologies applicable to both existing and new facilities are present-

ed and a case study for an existing facility is presented. 

1. INTRODUCTION 

In the past the furnace power loads were small based on the short circuit capacity of the system (high short cir-

cuit-to-load ratio) and larger facilities were developed with multiple furnaces. Usually the values were well over 25, 

sometimes even exceeded 50. In these cases there were no special requirements from the utilities. However, recently 

even when the power supply system is considered strong the utilities may require that the power quality to be main-

tained in a certain range. This will require the user to install power factor compensation capacitors, harmonic filters and, 

sometimes flicker mitigation equipment. On weak power supply systems this equipment becomes a must. If the user is 

required to generate its own electricity, the user can mitigate between its investment in power quality equipment and 

what it is willing to tolerate on its own islanded network. 

This paper will present design philosophies which one could use in developing or upgrading the power supply 

system as well as discusses electrical equipment to address these issues. 

2. DESIGN PHILOSOPHIES 

The successful operation of a smelter complex depends significantly on the robustness of the power supply sys-

tem. To ensure a dependable and reliable power supply, one needs to carefully design the power supply system to ad-

dress present and future requirements of both the plant and the utility. 

The first step is to properly characterize the furnace load. The main characteristics are: 

 Furnace type – 3 electrode circular, 6 electrode rectangular, DC, etc. 

 Furnace load (MW) – present and future 

 Furnace operation – resistive immersed, immersed arc, arcing. Note that these types of operation may change 

during the lifetime of the plant based on the power levels and/or ore composition. 

Based on the operation type it is possible to approximate statistically the magnitude of power quality disturbances, such 

as: 

 Current fluctuation (power stability) 

 Current harmonics spectrum and magnitudes 

 Unbalances 

The second step is to identify the power supply system options: 

 Grid connection 

 Islanded system 

 Combination of the above 
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This identification will be based mainly on availability of the grid power at the plant location and cost of bring-

ing the grid power to the plant. Step two shall be able to provide the strength of the system and its reaction to load step 

changes. In the island mode case this step includes the design of the system, in particular the ride through characteristics 

of the generating system. With this information and the information identified in step one, calculations can be carried 

out to identify the expected magnitudes of the power quality parameters, such as voltage fluctuations, voltage unbalanc-

es, flicker and system stability. 

Power generation for smelters has mostly been based on thermal power generation: such as gas turbines, steam 

turbines or diesel power. On occasion hydroelectric power plants have been used. Recently with the falling costs of 

wind turbines and solar panels, wind or solar power have become attractive solutions in locations with strong renewable 

power resources. Intermittent nature of wind and solar power require other dispatchable sources of electricity to be used 

in a hybrid combination.  In these cases power quality compensation equipment may also be added to smooth the effect 

of renewable power fluctuations. 

One should be aware that most power supply utilities will associate “arc furnace” load with a steel furnace type 

of load, which most likely will not be the case. Thus, one shall properly present and educate the utilities about the ex-

pected load and its actual power quality impact. This will ensure that the compensation system will be optimally de-

signed to both parties’ satisfaction.  

3. POWER QUALITY COMPENSATION EQUIPMENT 

In this section we will describe shortly the most common and some new equipment which one can use to address 

power quality issues. One can broadly categorize this equipment in three types: 

a) Series equipment which is connected in series with the furnace load, such as series reactor, thyristor systems, 

etc. 

b) Shunt (Parallel) equipment which is connected in parallel with the furnace load, such as, SVC, filter banks, etc. 

c) Controls 

Below the most common equipment is presented in brief. 

3.1 Series Equipment  

Series equipment is intended to smooth 

out the current, as well as the power variation 

of a furnace load. Since it is connected in se-

ries with the furnace load, they will have a 

direct effect on the furnace operation.  

3.1.1 Series Reactors[1][2] 

The series reactor, see Figure 17, is ei-

ther fixed or tapped, and is used to stabilize 

the arc in the furnace by ensuring that the cur-

rent variation with time is reduced. Their size 

is optimized for given operational points. 

Sometimes saturable reactors, saturated natu-

rally or by electric means, are used to be able 

to vary the reactance dynamically. However, 

these units can introduce significant harmonics 

and their use is limited. 

3.1.2 Series Capacitor [3] 

Series capacitors, see Figure 18, are intended for power factor compensation. However, due to significant volt-

age increase introduced by this equipment, lately its use has been abandoned. 

 

Figure 17: Series Reactor 

 

Figure 18: Series Capacitor 
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3.1.3 Thyristor systems 

SPLC [4] and “thyristor converter” [5] are the two series connected technologies using thyristor devices. These 

devices have two main objectives: 

 Boosting the furnace power during power dips. 

 Clipping power peaks above the furnace set point.  

The results are: 

 Higher annual average power delivered to the furnace.  

 Reduced operator intervention. 

 Consistent use of balance of plant (kiln, feed transfer, cooling etc). 

 Reduced electrode movement, leading to stable arc cavity. 

 Plant’s possible grid connection approval by utility. 

Usually, the thyristor-controlled devices will require additional shunt 

devices to mitigate the current harmonics and/or reactive power generated by 

such equipment. 

The SPLC, Smart Predictive Line Controller, is located on the primary 

side of the furnace transformers with a reactor parallel to the thyristors, see 

Figure 19. The SPLC varies the series reactance to control the power demand. 

This is done per phase. The SPLC has a wide control range to aid in smoothing 

out the dips and peaks. The technology is proven for 3 electrode, 6 electrode, 

smelting, melting, and high power long arc operation. 

The “thyristor converter” is a single phase converter located on the sec-

ondary side of the furnace transformer, see Figure 20. The converter operates 

by varying the electrode current and voltage to control the power demand. This 

is done per electrode pair in 6-electrode furnaces. The technology is proven for 

6 electrode smelting operations but has yet to be proven on an industrial scale 

for furnaces with high power long arc operations (open or shielded). Although 

it should be feasible, 3-electrode furnace operation is still not implemented. 

3.2 Shunt (Parallel) Equipment 

The shunt connection equipment is designed to maintain the desired 

power quality parameters at the furnace power supply bus. Since it is parallel 

with the furnace load, theoretically, the furnace can still be operated if the 

shunt equipment is taken off the circuit. 

 

Figure 19: SPLC One-Line 

 

 

Figure 20: Converter One-Line 
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3.2.1 Power Factor Compensation Capacitors and Harmonic 

filters [6] 

Such equipment consists of passive components (capacitor, 

reactor and resistor), see Figure 21. Due to this, they can be opti-

mized only for a certain operating regime. If a furnace is expected 

to operate at few different power set points, the system can be de-

signed with banks that, by judicious switching, can provide the 

optimum compensation for each operating point.  

 

 

3.2.2 SVC [7] 

Static VAr Compensator (SVC)has been commercially available since the early 1970s for furnace applications. 

This device provides the same function as a power factor compensation capacitors/harmonic filterswith the additional 

benefit of being able to continuously vary the required reactive power as is demanded by the operation. It consists of 

several harmonic filter/power factor compensation banks in parallel with a thyristor controlled reactor. This technology 

is based on thyristors which are a natural commutation device and have an open loop response time of approximately 

half of an electrical cycle and a close loop response time on the order typically of 2 to 3 seconds. These devices have 

been providing flicker reduction technology to the furnace industry for decades. 

 

 

Figure 22: SVC One-Line 

 

Figure 23: SVC at Case Study Location 

 

Figure 21: Filter One-Line 
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3.2.3 Statcom[7] 

A Static Compensator (Statcom) provides better and faster power quality parameters corrections than an SVC. It 

has been commercially available for over a decade under different trade names. It is more complex than an SVC and 

uses the IGBT (Insulated Gate Bipolar Transistor) technology. A modern multi-level convertor can provide an effective 

switching frequency of 12 kHz. With this effective switching frequency these devices have a very fast response time to 

any disturbances, in the order of a few milliseconds. Due to the multi-level design each level is switched at a low rate 

which results in lower switching losses and a more efficient device. 

3.2.4 Energy Storage Equipment [8] 

Development of energy storage technologies has advanced significantly in recent years. It is possible to use 

stored energy to balance and smooth fluctuating load and/or generation. For furnace applications, probably the best 

technology presently available is the flywheel. Several different flywheels are commercially available with a wide range 

of energy and power capacity allowing the rated power delivery for time spans of up to several minutes. These devices 

can operate with a 10 ms response time and have an unlimited number of charge/discharge cycles, therefore when oper-

ated with margin for both supply and consumption of energy they can change a rapidly fluctuating profile into a smooth 

and slowly varying profile. Therefore, with proper design the active power of the furnace can be smoothed out from the 

generation point of view which reduces wear and tear of on-site generation and grid generation. On a 120 MW six elec-

trode furnace, a system of approximately 45 flywheels would be required. These systems can supply both active and 

reactive power and operate in a frequency control mode therefore during an onsite generation trip or loss of grid power 

the house load can be maintained for minutes while fast starting diesels (10 MW units can start and reach 100% load 

within 140 seconds) come on line to support the load. It is expected that this and similar technologies will be deployed 

on smelter plants in the near future. 

3.3 Controls [9][10] 

3.3.1 Furnace Power Regulation Controls 

A basic furnace power controller consists of a set point regulator, usually a combination of an impedance set 

point and power set point. This will control the electrode positions and the furnace transformer tap.  

Advanced furnace power controllers are software-based solutions that provide additional functions to improve 

the furnace and plant operation as follows: 

 Power demand control which can be connected with the power utility demand controller. 

 Reduction in frequency and duration of power dips and peaks by anticipating future furnace behaviour.  

 Avoidance of furnace trips 

 Coordination with the furnace feed and tapping systems 

 Dynamic set-point control based on furnace mass balance, localized hot spots and energy balance 

 Ability to dynamically tune and adjust the activity, speed and sensitivity of the electrodes and transformer tap 

actions. 

 Optimize power input to extend furnace refractory campaign life. 

 Customizable to the actual plant conditions and process. 

3.3.2 Master Control to Match Generation and Load  

In addition to the furnace power regulation controller it is advantageous to implement a master controller. This 

master controller oversees the total plant, coordinating multiple furnaces and multiple generation sources. It does this by 

providing supervisory commands to the system equipment; this system equipment controller itself is generally not 

aware of events outside of its boundaries and needs this intervention by the master controller. 

3.3.3 High-speed Control 

Depending on the specifics of a system event, power control by electrode and tap movement could be ineffec-

tive. This is because the electrode movement and tap changer operation speed is relatively slow (seconds). High-speed 

controllers adjust set points on high speed power electronic equipment such as: DC Furnace rectifier, SPLC, Thyristor 

Converter, Energy Storage Power Supply, SVC, Statcom, etc. Such equipment has a response time in the range of 50 

ms or less. The result is effective mitigation of the system event. The communication between the system devices and 

the master control system has to be sufficiently fast. Hardwired inputs are the obvious solution but networked technolo-

gies such as IEC 61850 also provide communication at sufficient speed. 
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4. Case Study – Islanded FeNi furnace 

As an example of how the above mentioned devices are applied and chosen, we present the case of ProNico op-

erating a 90 MW nameplate three-electrode round furnace in El-Estor, Guatemala. This site development was based on 

a smelter plant mothballed 30 years ago. The original smelter consisted of a local (islanded) generator and a 40-MW 

furnace. Based on the proposed new mining developments, a new furnace was required which could be operated at two-

power levels. The first power level is at 40 MW, which is an immersed operation. The other power level is the name-

plate value of the furnace, at 90 MW. 

This operation will be an arcing opera-

tion.  

 

Figure 24: Case Study - Simplified One-Line 

 

 

Figure 25: Case Study - Arc Furnace Load Profiles – Phase 1 
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Based on an overall 

review of available elec-

trical energy options, grid 

connection at this stage 

was not feasible. Although 

the power grid has been 

developed in the last 30 

years, its capacity for the 

plant use was capped to 

around 2.5 MW. Thus, it 

has been decided that the 

existing 72-MVA steam 

turbine generator will be 

refurbished and upgraded for the initial lower power requirements. The limited grid power will be used only for essen-

tial and emergency services. In addition, an SVC was installed. The SVC was designed for the future full plant load. 

However, it would operate at a reduced capacity at the beginning and will help to maximize the active power output 

from the generator (see Figure 24). A second generator was to be commissioned later, after furnace start-up, so the en-

tire plant power can be provided. In addition, allowance was made for the future installation of a series reactor or SPLC, 

if required. 

4.1 Furnace Load Profile 

Figure 25 and Figure 26 show the load profiles for the furnace at two power set points. At 40 MW immersed op-

eration the power is very smooth. At 90 MW shielded arcing operation the power levels vary quickly and considerably. 

The fluctuation is due to the inherent variation in the electric arc’s impedance. Power swings of +20% and -50% are 

common. 

Arc-stability can be an issue in arcing furnaces. Systems with low reactance and long arcs can be inherently sus-

ceptible to loss of arc. These losses of arc lead to very rapid changes in the power demand, typically the power demand 

in a 3-electrode furnace will dip by 50% in several milliseconds. At Pronico, during furnace operation at 40 MW in arc-

ing mode, the measurements of the electrode current showed that no loss of arc occurred, as predicted by the model. 

4.2 Stage One Power Limit 

The first challenge in an islanded system is power capacity. In our case study the generator limit of 72 MVA lim-

ited the arc furnace to an average of 40 MW in order to operate the balance of plant simultaneously. In order to maxim-

ize the active power delivered to the load it was necessary to use reactive power compensation at this stage. The SVC 

allowed the generator to operate at its rated active power without exceeding the rated current. In the absence of the SVC 

the arc furnace was limited to approximately 30 MW. 

During stage one the generator was generally run at its rated capacity. The arc furnace occasionally dipped pow-

er by approximately 40% within a few seconds. These dips were due to feed cave-ins inside the furnace. These power 

dips were a source of generator trips; the generator would trip on under-frequency during the power ramp up after the 

power dip. The challenge was to decrease the rate of power ramp-up in the furnace and to increase the power ramp-up 

capacity of the generator. The generator and furnace controllers were tuned to solve this issue. 

4.3 Local effects of Power Quality 

The low fault level on the 34.5 kV bus did lead to some power quality issues. During energizing of the furnace 

transformers several of the more sensitive devices in the motive plant system failed, mostly variable speed drives. The 

failures were due to voltage transients. Similar issues occur during loss of furnace load, where 50% of furnace load re-

jections lead to drives tripping in the motive plant. In order to mitigate against this problem the point of common cou-

pling is set at the 13.8 kV bus. This is an ongoing matter at ProNico with generator co-ordination and tuning under de-

velopment 

 

Figure 26: Case Study - Arc Furnace Load Profiles – Phase 2 
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4.4 Active Power Smoothing 

As the power is gradually ramped up to 90 MW the power instability will increase. Co-ordination of the two 

generators and the unstable furnace load is the main challenge. This operation is still ongoing; depending on the results 

of the co-ordination it may be necessary to implement an active power smoothing system. Refer to Figure 27 for an 

example load profile where the active power has been smoothed by using an SPLC. With similar compensation at 

ProNico it will be possible to maintain an average furnace power near the rating of the generation system. It should be 

noted that the SVC will suitably compensate the reactive power demand such that the generation system does not have 

to provide the reactive power shown in Figure 27. In addition it may be required to install a master power controller to 

coordinate the two gen-

erators and the furnace 

loads. 

 

 

Figure 27: Estimated Load Profile with Active Power Compensation 
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5. CONCLUSIONS 

As presented in this paper, the selection of the power supply system for a furnace load is a complex procedure 

which has to take into account the available energy options, power quality requirements and furnace and plant load pro-

files – present and future. On this basis, one can choose from several electrical equipment options and develop an opti-

mized system for the particular plant. However, this shall be a well thought out and an in depth process to ensure that 

the power supply is optimized for present and future plant demands. 

The paper also highlights that proper design of the system is essential to avoid future costly equipment upgrades 

for an ever evolving plant operation. Thus, the long-term plan of the operation shall be considered in a design. 
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ABSTRACT 

Development of the technique of ferroalloys melting using charge materials of small fraction fines, production 

wastes and gas cleanings dust is one of the major environmental and economic problem facing the metallurgical indus-

try. 

Various techniques of processing fine-dispersed charge materials were developed at “ZFP” PJSC using the fur-

naces of alternating current and furnaces of direct current. 

The growth trend of sales volumes of ferroalloys cut of 10-50 mm, 10-80 mm predetermined significant increase 

in the volume of fraction screenings of 0-10 mm.  

Possibilities of selling fractionating screenings are limited. The traditional way to process the screenings - melt-

ing of screenings by adding the appropriate grade of alloy to the composition of the charge in the ore-smelting furnaces 

is accompanied by quite substantial losses through the waste and loss. Depending on the volumes of uploaded screen-

ings on the mouth, the losses reached 15-20%. 

Technique for processing of fractionation screenings of ferrosilicon and ferrosilicomanganese was worked out 

by “ZFP” PJSC on different types of furnaces. At the plant, there was a unique opportunity to work out the technique of 

screenings of ferrosilicomanganese MнC17 processing on the same furnace at its operation under alternating current 

and ultra-low frequency and to compare the obtained results with the proven technique of processing of MнC17 screen-

ings on direct current furnaces. While working out the technique on ultra-low frequency furnace better results on ex-

traction, loss, consumption of electricity etc. were achieved. 

In this study, the various ferroalloy furnaces are compared with ultra-frequency furnaces. Advantages and dis-

advantages, important design solutions for ensuring the required technique are presented in details. The peculiarities of 

introducing the technique for direct current and ultra-low frequency furnaces are estimated. 

KEYWORDS: ultra-low frequency furnace, direct current furnace, processing of fractionation screenings, ore-

thermal melting. 

1. INTRODUCTION 

“Zaporizhzhia Ferroalloy Plant” PJSC (“ZFP” PJSC) is one of Europe's largest producers of ferroalloys. The 

plant was put into operation on October 10, 1933. “ZFP” PJSC is one of Europe's largest producers of ferroalloys, 

and the only one that smelts a wide range of manganese and silicon ferroalloys as well as metal manganese. At the 

plant, 31 ore-thermal electric furnaces with transformers of installed power from 5 to 27.6 MVA are being operated.  

Prospects of the enterprise are guaranteed by the proximity of raw and power bases of Dnipro region with 

well-developed transport systems.  

The plant produces 400-450 thousand tons of high-quality ferroalloys per year, namely ferrosilicon, ferrosili-

comanganese, ferromanganese.  

At the same time, stringent requirements for the breakup of ferroalloys have been established in the market of 

ferroalloys in recent years. This situation has identified the need to develop techniques for processing (melting) of frac-

tionation screenings of ferroalloys. 

Nowadays, direct current furnaces are the most widely spread for these purposes in the world practice. However, 

this technique in the reconstruction of the existing furnaces requires complete replacement of electric furnace of alter-

nating current, furnace transformer and high capital costs for reconstruction. 

2. FEATURES OF THE FURNACE OF ULTRA-LOW FREQUENCY  

At “ZFP” PJSC, different processing techniques of ferroalloys fractionation screenings were considered and test-

ed:  

- on furnaces of alternating current of both low (7.5MVA) and high power (up to 27.6 MVA);  

- in 2010 two furnaces of direct current - DShPT-5.0 were put into operation. The main difference between the 

furnaces of direct current DShPT-5.0 and known analogues is the absence of the bottom electrode; 
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- in 2014 the reconstruction of the РКО furnace – 7.4MVA was made with its transfer to the ultra-low frequency 

(RKOUNCh – 7.4MVA).  

During the reconstruction the furnace was equipped with the reversible three-phase transducer V-TPZhR-3х10.5-

205 UKhL4 by “Preobrazovatel’” PJSC which characteristics are shown in Table 1. 

Table 1: Characteristics of the reversible three-phase transducer V-TPZhR-3х10.5-205 UKhL4 

Serial 

No.  
Name of characteristics  

Measurement 

unit 
Value  

1 Rated voltage of the supply mains кV 10 

2 Rated power consumed by DC from network кVA 6700 

3 Rated output current of the electrode А 3х18500 

4 Rated output current of the transducer А 3х10500 

5 
Permissible overload of the transducer of current with a fully operating 

thyristors 
% 20 

6 Rated voltage of the transducer V 205 

7 Rated line voltage of the electrodes V 170 

8 Rated active power of the furnace kW 5500 

9 Range of reverse frequency control  Hz 0.1-0.001 

10 Number of steps of the off-circuit tap-changer transformer pcs 7 

11 Value of control step of the off-circuit tap-changer, not more than V 6÷6.5 

12 Efficiency factor of the rectifier in the nominal mode, not less than % 94.0 

13 
Shear coefficient in the first harmonic of the rectifier in nominal mode 

(cos 1) at  = 0, not more than 
 0.925 

14 Transformation curcuit  3-phase paved reverse 

15 Depth of the smooth regulation of the output current % 10-100 

16 Accuracy of the output current maintaining, not worse than % 2 

17 Accuracy of the arc power maintenance, not worse than % 5 

Schematic of the power circuits of the ultra-low frequency furnace RKOUNCh – 7.4MVA in shown in Fig-

ure 1. 
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Figure 1: Schematic of the power circuits of ferroalloy ultra-low frequency furnace RKOUNCh – 7.4MVA 

Figure 2 shows the current waveform of thyristor bridges and furnace electrodes that demonstrate the power 

supply operation. 
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Figure 2: Diagrams of currents bridges and furnace electrodes 

Effective current value of the furnace electrode is determined from the formula: 

A1 – Thyristor transducer V-

TPZhR 3x10.5k 205UKhL4 

A2 – Electric furnace 

T1 – Transformer ETTs-9000/10M 
10.5kA 

10.5kA 

10.5kA 

10kW 

Bridge 1 

Bridge 2 

Bridge 3 

direct connection dead time dead time reverse connection dead time 
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Ilrms= √2*Id, (1) 

where Id – rectified current of each bridge. 

The effective value of the voltage under the electrode is calculated by the formula: 

Ulrms=√2*Ud/3, (2) 

where Ud – rectified voltage of each bridge taking into account the voltage switching decrease, angle of thyristors con-

trol and resistance losses. 

Hence, active power introduced into the furnace: 

Pd=Ilrms*Ulrms*3=2*Id*Ud (3) 

Alternation under the electrodes of the furnace of currents with changing amplitude by 2 times at a particular 

frequency of reverse leads to a rapid descent of the charge and mixing of the melt.  

By adjusting the duration of current flow of each rectifier bridge the current can be changed separately in 

each electrode down to its shutdown in one of them. Symmetrical loading of supply mains phase is provided.  

Stabilization of the current in each phase of low frequency allows at the same electrode currents keeping dif-

ferent voltages under them, and without symmetry breaking of the supply mains currents. In addition, the current stabi-

lization provides a soft arc mode that reduces the metal loss, as well as creates favourable conditions of electrodes sin-

tering, increasing their durability and reducing consumption. 

Figure 3 shows the actual values of the electrodes currents. 

 

Figure 3: Actual values of the electrodes currents 

3. FURNACES’ PARAMETERS AT TECHNOLOGY WORKING OUT 

For the fractionation screenings processing techniques allowing for the furnaces parameters were developed 

at “ZFP” PJSC. 

Three types of furnaces are used:  

- furnaces of direct current DShPT-5.0; 

- furnaces of alternating current with frequency of 50Hz RKO-7.4 

- furnace of ultra-low frequency RKOUNCh–7.4. 

Table 2 shows the comparative characteristics of the furnaces.  
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Table 2: Main technical specifications of furnaces for screenings melting 

Ser. 

No. 
Name of parameter  RKO-7.4 DShPT-5.0 RKOUNCh–7.4 

1 Frequency, Hz 50 0 0,1÷0,001 

2 Number of electrodes  3 2 3 

3 Type of electrodes  Self-baking Graphitized Self-baking 

4 Diameter of electrodes, mm 600 300 600 

5 
Total power consumption of 

the circuit, kW 
7400 5000 6700 

6 
Maximum active power of the 

furnace, kW 
5600 4250 5500 

7 Linear secondary voltage, V 139÷175 126÷161 139÷175 

8 
Electrode current of furnace, 

kA 
26.5 15.5 30.0* 

9 

The diameter of the furnace 

bath, mm 

- on top 

- on-button 

 

 

5800 

3200 

 

2650 

1450 

 

 

5800 

3200 

10 Height of furnace bath, mm 1620 1360 1620 

11 Lining material  

periclase periclase periclase 

* maximum peak value is 2*Id 

4. TECHNIQUE OF FRACTIONATION SCREENINGS MELTING  

Ferrosilicomanganese produced by fractination screenings melting must meet the requirements of State Stand-

ard of Ukraine (DSTU) 3548-97 (Table 3).  

Table 3: Requirements of State Standard of Ukraine (DSTU) 3548-97 to ferrosilicomanganese produced by fractiona-

tion screenings melting method 

 

Alloy grade 

Mass fraction of the element, % 

silicon manganese carbon phosphorus sulfur 

Not less than Not more than 

МнС17 15.0-20.0 65.0 3.5 0.6 0.03 

Used at the time of reconstruction completion of the furnace RKOUNCh–7.4, the techniques of screenings pro-

cessing were based on a periodic process of melting, heating and melt tapping.  

The following components are used as charge materials:  

- Screenings MнC17 sized 0-10 mm;  

- ВСМ17 sized 0-100 mm (metal-containing secondary raw materials);  
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- coke and dust pellets. 

Charge materials are fed into the melting housing from charge stock separately to the dosage unit of the furnace. 

On dosage unit charge materials are fed at the prescribed ratio to the hopper bucket (V-1,2 m³) mounted on weighing 

cells automatically in turn on the vibrating chutes.  

Uploaded bucket is delivered to the furnace hoppers by electric bridge cranes - the content is poured into the 

hopper. The charge is further fed to the furnace bath by feed chutes. 

Metal and slag are tapped through the notch simultaneously into steel buckets mounted in cascade. Buckets have 

a skull of manganese metal slag. Tapping duration is 10-20 minutes. At the end of the melt tapping the notch is sealed 

with a refractory mixture. Buckets with a melt are delivered to a casting bay. After removing the slag from the metal 

surface it is casted into cast iron molds or cavities in the screenings. 

The cooled metal is extracted from the molds and sent to the warehouse of finished products for further pro-

cessing and shipment to the customer.  

Bypass of self-baking electrodes is made 2 times a day when the furnace is turned off. The total bypass is 300-

500 mm. Baking of the electrodes is carried out by a planned increase in current loads following specially established 

schedule shown in Table 4. 

Table 4: Schedules of the planned increase in current loads for electrodes baking 

Mode of electrodes coking after bypass in normal conditions. Duration of 1 h 10 min (bypass of electrode by up to 

200 mm) 

Duration of baking Period  
Stated current load, 

кА 

Permissible peak values, (not more 

than) 

10 min 10 minutes 5.0 7000 

20 min 10 minutes 7.5 10500 

30 min 10 minutes 10.0 14000 

40 min 10 minutes 12.5 17500 

50 min 10 minutes 15.0 21000 

1 h 10 min 20 minutes 17.5 24500 

further  - 18.5 30000 

For several months of developing RKOUNCh-7.4 furnace two different alloying techniques were developed: a 

batch process and a continuous process with a closed furnace mouth. Processing of MнC17 screenings for alternating 

current furnace was adopted as a basic technique. 

4.1 Mнc17 Screenings Processing Technique With An Open Periodic Process Of The Furnace Operation 

Composition of the charge for melting: 

- screenings MнC17 - 5.0-6.0 tons; 

- ВСМ17 - 1.7-1.9 tons; 

- dust and coke pellets - 0.25-0.35 tons. 

During the development of the furnace and working out of the technique more than 5 modes were tested that 

differ in the method of the charge uploading under the electrodes maintained by electric mode. The mode with the fol-

lowing features was chosen as the most optimal: 

- the charge is uploaded in the furnace bath within 1-1.5 hours from the beginning of melting in small portions 

directly under the electrodes. Progress of melting is shown in Figure 4; 
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Figure 4: MнС17 screenings melting with an open periodic process 

- voltage on the electrodes at the initial melting stage is maintained in the range of 35-45 V, after loading of all 

charge and the appearance of liquid phase around the electrodes, voltage increases by lifting the electrodes to 

60-80 V and maintains until the end of melting automatically by adjusting the position of the electrodes;  

- tapping of melt from the furnace – on disconnected furnace at a rate of 7,000-8,000 KWh. Processing of 

MнС17 screenings with an open periodic process of furnace operation is shown in Figure 5. 

  
а) b) 

Figure 5: Processing of MнС17 screenings with open periodic process of furnace operation:  

a) active mixing of the melt during melting, b) the state of the furnace bath after the melt discharge 

This technique allowed full melting of screenings and other components of the charge, active mixing of the liq-

uid melt at the final stage, the normal discharge of the melt through the notch. The melt temperature on discharge was 

1500-1570 degrees, and temperature of the metal at casting was 1250-1270 degrees. 

Under these conditions, the furnace performance was about 38 base tons per day. Specific energy consumption 

was 1300 - 1330 kWh/base tons.  

A distinctive feature was some reduction of active furnace power from 2.6 MW/h (AC) to 1.6-1.8 MW/hour 

(УНЧ furnace) by lowering the average value of the electrode current to 18.5 kA. This decrease is caused by the neces-

sity to operate at lower values of the currents in the initial period of melting until formation of the crucibles under the 

electrodes. 
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4.2 Technique Of Mнс17 Screenings Processing In A Continuous Process With A Closed Furnace Mouth 

Search of directions to further reduce energy consumption for the recycling process (alloying) of the screenings 

dictated the need to shift to the mouth operation mode, which in its turn was to reduce the loss of major elements with 

melting and eliminate heat losses through radiation from the molten liquid.  

By selecting the ratio of the charge components as well as electric mode we managed to shift to a permanent tech-

nique of screenings alloying with a closed furnace mouth (Figure 6). 

 

Figure 6: Processing of MнС17 screenings in a continuous process with closed furnace mouth 

Composition of the charge has not been changed significantly: MнС17 screenings, wastes of own production, 

dust and coke pellets. To ensure continuity of the process and maintenance of the level, the charge was periodically (in 

10-15) minutes fed on the mouth to the zone of maximum melting around electrodes. This method of uploading allows 

maintaining the level of the mouth at the same constant value. This provides the immersion of the electrodes in the 

mouth on 500-800 mm and the distance from the ends of the electrodes to the level of the notch does not exceed 500-

600 mm. 

The melt is taped when the furnace is turned on at power consumption of 6,000-7,000 KW/h, that is lower than 

the values of the melt tapping with the periodical open operation process by 1,000-2,000 KW/h.  

The furnace performance indicators for 20 days of January 2015 of МнС17РБ screenings processing in a contin-

uous process with a closed furnace mouth are shown in Table 5.  
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Table 5: The furnace performance indicators for 20 days of January 2015 of МнС17РБ screenings processing in a con-

tinuous process with a closed furnace mouth 

Date  
Number 

of melts 

Total metall amount (t) Weight of slag  Read of 

electricity 

(thousands 

kW) 

Consumption 

of electricity 

on base t. 

(kW) 
(N. t) (B. t) Slag volume (N.t) Mult. 

1 2 3 4 5 6 7 8 

01.01.2015 7 52.080 55.48 11.00 0.21 48.0 865 

02.01.2015 7 48.115 51.55 9.20 0.19 47.4 919 

03.01.2015 7 54.300 58.19 10.00 0.18 49.2 845 

04.01.2015 7 54.270 58.10 11.30 0.21 48.6 836 

05.01.2015 7 50.455 53.95 10.60 0.21 46.2 856 

06.01.2015 7 51.735 55.10 11.60 0.22 47.4 860 

07.01.2015 7 49.600 52.80 11.50 0.23 51.0 965 

08.01.2015 7 49.720 53.03 9.90 0.20 48.0 905 

09.01.2015 7 47.995 51.12 11.20 0.23 46.2 903 

10.01.2015 7 50.770 54.22 11.30 0.22 47.4 874 

11.01.2015 7 47.055 50.12 13.30 0.28 47.4 945 

12.01.2015 8 50.955 54.39 11.30 0.22 46.8 860 

13.01.2015 7 53.550 57.19 8.80 0.16 48.0 839 

14.01.2015 7 48.040 51.29 9.50 0.20 47.4 924 

15.01.2015 7 50.780 54.72 12.20 0.24 49.8 910 

16.01.2015 7 51.560 55.28 7.80 0.15 49.8 900 

17.01.2015 7 56.890 60.85 9.20 0.16 48.6 798 

18.01.2015 7 52.685 56.36 10.90 0.21 46.2 819 

19.01.2015 7 47.170 50.50 7.90 0.17 48.6 962 

20.01.2015 7 50.750 54.21 8.20 0.16 46.2 852 

The technique of screenings remelting with closed mouth is still being improved. The efforts are focused on:  

- increasing the mouth resistance, which will raise the furnace power and ensure an increase of the voltage on the 

electrodes without changing the depth of their immersion,  

- ensuring the conditions for the continuous charge feeding on the mouth,  

- exploring options for the melt tapping directly into the casting cavities.  

Operation of RKOUNCh-7.4 furnace showed significant advantages of using ultra-low frequency currents for 

screenings melting technique. Along with an increase in furnace performance, reduction of specific energy consump-

tion, reduction of screenings losses, more optimal conditions for the formation and operation of the electrodes are pro-

vided (Figure 7). 

  

а) b) 

Figure 7: Condition of electrodes: a) on RKО-7.4 furnace; b) on RKOUNCh-7.4 furnace 

The main comparative industrial and technological indicators of the furnaces involved in the remelting of screen-

ings at "ZFP" PJSC (Table 6).  
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Table 6: The main comparative industrial and technological indicators of the furnaces involved in the remelting 

of screenings at “ZFP” PJSC 

Indicator 
Measure-

ment unit 

Furnace 

DShTP-5.0 

Furnace RKО-

7.4 

Furnace RKOUNCh-7.4 

Periodical pro-

cess 

Continuous pro-

cess with a 

closed furnace 

mouth 

1 2 3 4 5 6 

Performance Bas. t/day. 21 44.5 38-40 45-51 

Furnace power (daily aver-

age) 
MW/h 0.71 2.6 1.8-2.0 1.92-2.0 

Specific energy consumption  kWh/bas t 860 1360 1300-1330 880-920 

Consumption of electrodes / 

el. paste 
kg/bas t 8.65 33.0 19.0 11.40 

Loss of manganese % 6.4 9.6 5-6 4.0 

Loading of screenings for 

melting 
t 5.0 5-6 5-6 

Constant supply 

of burdering 

Rated current strength on the 

electrodes 
кА 10.0 22.0 18.5* 18.5* 

Voltage on the electrodes V 40-60 65-80 35-80 40-55 

Electricity consumption for 

melting  

thousand 

kWh 
4.5-5 6-7 6-8 6-7 

Duration of melting h 4 2.5-3 2.5-3 3-3.5 

*average operating current within oscillations is in the range of 12-30 kA 

5 CONCLUSION 

Application of reverse thyristor of three-phase transducer operating at ultra-low reverse frequency allowed us:  

- to reduce the specific energy consumption compared with the furnace of alternating current;  

- to significantly reduce losses and waste during remelting;  

- to increase the reaction zone by 3 electrodes in comparison with the furnaces of direct current;  

- to reduce consumption of electrodes;  

- to organize mixing of the melt and intensive descend of charge by adjusting reverse frequency and changing 

the current waveform with the redistribution of power under the electrodes, 

- to provide symmetrical loading of power line phases at asymmetrical loading of the electrodes; 

- stabilization of the arc current and automatic maintenance of the voltage under electrodes of electric furnace.  

As compared with the furnaces of direct current, the reconstruction of the furnace using 3-phase ultra-low fre-

quency rectifier required substantially lower capital cost (more than 2 times less). 
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ABSTRACT 

Improved understanding of energy distribution in the furnace and of the effect of different parameters on specific 

energy consumption is important when means to reduce energy consumption are evaluated. 

A staged energy and material balance has been calculated for HCFeCr production at Ferbasa based on the 

charge mixture in February 2011.  In the main example, the calculated total   energy consumption per ton of alloy is 

3585 kWh/ton of alloy. Losses in power supply and heat losses from furnace shell are not included. This is assumed to 

be within the normal range for HCFeCr production.  73 % of the energy is consumed at temperatures between 1200 
O
C 

and 1700 
O
C, in the coke bed zone in the furnace.  Total consumption and consumption in the different zones is similar 

to values calculated earlier for Elkem Rana.  

The effect on energy consumption of different parameters has been calculated based on the results from this bal-

ance.  Here a theoretical charge mixture based on a single   Brazilian chromite ore, Jacurici, was used. The effect of 

variations in temperature and composition of both off gas and slag were calculated as well as the effect of varying Si-

content in the produced alloy. Drying and preheating are possible methods to reduce energy consumption and effect on 

energy consumption of moisture and raw material temperature have was thus been calculated for various cases.  Ener-

gy distribution in the furnace is described by a staged energy balance. 

1 INTRODUCTION 

High Carbon Ferrochromium, HCFeCr is an important alloy for production of stainless steel. It is mainly pro-

duced by reduction of chromite ores by carbon in Submerged Arc Furnaces (SAF). The produced alloys contain 45-75 

% Cr depending on ore composition and around 0-10 % Si depending on customer specification. Production of HCFeCr 

alloy is energy intensive and requires around 3500 – 4000 kWh/ ton of alloy. The energy consumption and chromium 

yield vary with product composition and ore type [1] as well as with furnace operation. Specific energy consumption 

can be reduced by pretreatment of the ores [2] 

In this work the effect on energy consumption by changing ore type and the possibilities for reducing specific 

energy consumption at the Ferbasa plant in Brazil has been investigated.  Ferbasa produces HCFeCr in 5 furnaces with 

a size from 18.5 to 24 MVA [3]. The chromium sources have traditionally been two local ores, Comisa and Jacurici. 

Both lump ores and concentrates from these have been used. The concentrates are sintered before they are fed to the 

furnaces. Coke is used as reductant. A mixture of the two ores has been used in the charge fed to the furnace. A staged 

heat and material balance based on industrial data from use of this mixture has been calculated to gain more knowledge 

about the energy distribution in the furnace. Currently a change towards use of only Jacurici ore in the charge mixture is 

evaluated. The effect of various parameters on energy consumption with use of only Jacurici ores has therefore been 

evaluated by theoretical calculations.  

The raw materials used for ferrochromium production are chromite ores, fluxes and carbon. When the charge 

mix of chromium sources, fluxes and carbon is heated in a reducing atmosphere, several chemical reactions will occur. 

At low temperatures the water will evaporate, consuming 0.63 kWh/kg of water (at 100 °C) according to reaction (1). 

H2O(l) = H2O(g)       ΔH
°
298 = 44.0 kJ   (1) 

Some chromite ore contains hydrated water; most often serpentine that decomposes around 800 
o
C. Produced 

H2O reacts with CO to CO2 which at these temperatures reacts further by the energy demanding Boudouard reaction 

with C to CO2. Produced H2 content is seen in the off-gas analysis. The total reaction is summed up in (2).  

H2O(g) + C = H2(g) + CO (g)    ΔH
°
298 = 175.3 kJ   (2) 

In chromite ores containing free hematite, at temperatures between 800 
o
C and 1200 

o
C iron may react with as-

cending CO-gas in parallel with the Boudouard reaction, giving total reaction (3) 

Fe2O3 + 3C = 2Fe + 3CO (g)    ΔH
°
298 = 117.7 kJ   (2) 

At higher temperatures above 1200 
o
C, the chromite spinel will be reduced. The ore mineral is a solid solution 

between the spinels FeCr2O4, MgCr2O4 and MgAl2O4 which are mixtures of the oxides Cr2O3, FeO, MgO and Al2O3. 

Total energy consumption for the industrial case is calculated based on reduction of the separate spinels while the com-

parisons of different cases are based on reduction of the different oxides. These simplifications induce some inaccuracy. 

But these are as discussed below assumed to be lower than the inaccuracies induced by the calculation of amount of 
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each spinel in the different theoretical cases Both the spinels and the oxides are reduced with carbon by the following 

reactions  

FeO + C = Fe + CO (g)     ΔH
°
298 = 161.6 kJ   (3) 

FeCr2O4 + 3C = Fe + Cr2O3 +CO (g)   ΔH
°
298 = 207.9 kJ   (4) 

Cr2O3 + 3C = 2Cr + 3CO (g)     ΔH
°
298 = 808.0 kJ   (5) 

MgCr2O4 + 3C = 2Cr + MgO + 3CO (g)   ΔH
°
298 = 851.1 kJ   (5) 

SiO2 + 2C = Si + 2CO     ΔH
°
298 = 689.8 kJ   (5) 

Both chromium and iron oxide can be partly reduced to metal in solid state in the charge bed in the upper part of 

the furnace or by separate pre-treatment outside the furnace. Reduction of the remaining Fe and Cr oxides together with 

magnesiachromite, MgCr2O4 will take place in the coke bed where particles of chromite dissolve in the liquid slag 

phase and Fe and Cr oxides is reduced from the slag. In the cases studied here, dissolution of chromite into in the slag 

was slower than reduction from it and the slag had a relatively low content of Cr and Fe [Ошибка! Закладка не 

определена.]. The energy needed for melting of the oxides and alloys comes in addition to the energy needed for re-

duction. 

Drying, calcination and preheating of chromite ores outside the furnace have been reported [Ошибка! Заклад-

ка не определена.] to reduce consumption of electrical  energy in the furnace down to 1.7 MWh/ton alloy compared 

to the traditional consumption of around 3.5 MWh/ton. The effect will vary from case to case depending on characteris-

tics of raw materials and of furnace operation.  Pelletising and prereduction units are installed on several industrial fur-

naces. The effect of drying and preheating are discussed below 

2 CALCULATIONS 

Energy consumption during HCFeCr production at Ferbasa has been calculated by two different approaches. The 

first case is based on industrial data from February 2011 and the charge mixture and raw materials used that month. 

Energy and material distribution between the different zones in the furnace as well as total energy consumption is calcu-

lated. In the second study the effects on specific energy consumption of different parameters were investigated by com-

paring different scenarios with a base case and comparing the relative effects of the parameters. 

HSC chemistry software from Outotec was used for calculating the energy consumption. In the first approach 

HSC 6.1 was used while HSC 7.1 was used in the second in order to have access the most updated databases Energy 

losses as heat loss and losses in bus bar are not included. They normally account for around 20 % of total consumption, 

so the calculated values are round 80 % of what will be experienced industrially. 

The enthalpy for dissolution of carbon and the other mixing enthalpies in the alloy are omitted in the balance. 

The enthalpy of heating and melting of slag is calculated by assuming that the pure oxides are heated up to 1400 
o
C 

where they melt, and that all mix enthalpies are zero. 

2.1 Staged  material energy balance for February 2011 

Specific energy consumption and staged material and energy balance is  calculated based on consumption and 

production figures for Ferbasa in February 2011 given in  Table 10 to Table 12. 

Table 10 Raw materials used by Ferbasa February 2011 

Material 
Kg/ton alloy 

% 

Cr2O3 
% FeO %SiO2 %Al2O3 %CaO %MgO % C fix 

Lump Jacurici ore 1391 38.3 15.7 10.8 14.3 0.5 15.0 
 

Lump Comisa ore 106 38.9 17.4 9.9 11.4 0.4 17.0 
 

Comisa concentrate 36 38.8 28.4 7.4 7.6 0.2 13.5 
 

Chromite Sinter 987 36.4 21.9 12.9 10.1 1.0 13.5 
 

Recovery raw material 44 31.2 20.4 10.2 11.8 3.3 14.5 6.8 

Quartz 290 0.0 0.5 98.5 0.1 0.0 0.0 
 

Mg rich flux 109 19.0 12.4 27.0 15.7 5.1 19.8 
 

Coke 512 
      

84.1 

Sum kg 3474 9314 4620 5782 3175 222 3709 3805 
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Table 11 Slag produced by Ferbasa February 2011 

kg/ton alloy 

% 

Cr2O3 % FeO %SiO2 %Al2O3 %CaO %MgO 

1802 9.0 2.1 35.6 21.0 1.5 28.8 

Table 12 Alloy produced by Ferbasa February 2011 

  %Cr %Fe %Si %C 

HCFeCr 55.42 32.33 3.68 7.57 

The amount of different minerals is calculated by a mass balance based on amount and analysis of raw materials 

and products. Tonnage of slag can be calculated from slag analysis by assuming that all Al2O3 and MgO from the raw 

materials end up in the slag. Tonnage of the other elements can then be found from their percentage. Since the slag con-

tains some alloy with Fe and Cr, this amount will deviate from the amount calculated by difference. For Ferbasa the 

deviation is 2-5 %. Since the amount of raw materials and products and the chemical analysis of these are considered to 

be most accurate, these are used in the calculations and the content in slag is assumed to be the difference between con-

tents in raw materials and in products. 

The amount of each of the minerals is calculated by the following method: It is assumed that all Fe in slag exists 

as FeCr2O4 and that remaining chromium content in slag is found in MgCr2O4. This is all the content of MgCr2O4 in the 

raw materials. Remaining chromium in the raw materials is found in FeCr2O4. Amount of FeO left, is assumed to be 

FeO while remaining amount of MgO is assumed to exist as MgO or in other MgO minerals. The amount of other min-

erals is not calculated and only the chemical compounds are used in the calculation. This will have minimal influence 

on the calculation.  It must be mentioned that the calculation procedure will be different when there is more (in mol) 

Cr2O3 than FeO in the raw materials. 

The amounts of various compounds in the raw materials, based on this calculation, are shown in Table 13. 

Table 13 Amount of chromite minerals and oxides in raw materials and slag  

Compound kmol/ton 

alloy 

kg/ton 

alloy 

kmol 

in slag 

kmol 

in gas 

kmol 

reduced 

FeCr2O4 6,28  0,95  5,33 

MgCr2O4 0,15  0,15  0 

Fe2O3 0  0  0 

FeO 0,32  0  0,32 

MgO 9,50  9,50  0 

SiO2 10,09  8,78  1,31 

CaO 0,42  0,42  0 

Al2O3 3,26  3,26  0 

C  33,25  0 26,94 6,31* 
* C dissolved in produced alloy 

A staged energy balance is calculated based on method from earlier work [Ошибка! Закладка не определе-

на.], the input data described above and by use of the program and database in HSC 6.1 from Outotec. 

The furnace is divided in to 4 different zones 

25 -300
o
C:  Zone 1: Drying and heating.  

   Burning of CO. Drying. No supply of electrical energy. 

300 -1000
o
C: Zone 2: Heating.  

   Heating to 1000 
o
C. Reduction of hydrated water 

1000 -1200
o
C: Zone 3: Solid state reduction.  

   Reduction of iron oxide not bound in chromite 

  

1200 -1400
o
C: Zone 4: Reduction to liquid alloy.  

   Iron chromite is reduced to liquid alloy and chromium oxide. 

1400 -1700
o
C: Zone 5: Liquid state reduction.  

Magnesia chromite and chromium oxide are reduced to alloy. Liquid slag is formed and 

some silica is reduced to silicon in the alloy. 

Burning of CO-gas to CO2 near the top of the charge produces enough energy to evaporate the moisture in the 

charge and to heat it to 300 
o
C. Neither the temperature nor the amount of CO2 in the off-gas from Ferbasa is known. 
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The off gas temperature is assumed to be 450 
o
C and the amount of produced CO2 is adjusted so no extra energy is re-

quired in this zone. 

Structural water in the minerals is normally assumed to be reduced around 700 
o
C and will then contribute to H2 

in the off-gas [Ошибка! Закладка не определена.]. Since neither amount of crystalline water in the ore nor amount 

of H2 in the off-gas at Ferbasa is known, this is calculated from the carbon balance. Amount of carbon in the raw mate-

rials that is not consumed by other reactions is assumed to be used for reduction of crystal bound water. This is a very 

rough estimate since carbon consumed by Boudouard reaction is not included, but it is used since gas analysis  at 

HCFeCr production at Elkem Rana[Ошибка! Закладка не определена.] indicated that very little C was consumed 

for CO2 production. 

It is assumed that there is no trivalent iron in the charge mixture. Industrial excavations [Ошибка! Закладка 

не определена.] have shown that iron is produced at high levels in the furnace. It is here assumed that all FeO is re-

duced in zone 3 between 1000 
O
C and 1200 

O
C. CO2 produced by reduction with CO-gas will at these temperatures 

react with carbon to CO.  

 A liquid alloy can exist above approximately 1200 
o
C. Iron chromite is then assumed to be reduced to liquid Fe 

and to Cr2O3. A liquid slag is formed around 1400 
o
C. The maximum temperature in the furnace is assumed to be 1700 

o
C.  Between these temperatures, in zone 5, the remaining chromite is reduced, the slag melts and SiO2 in the slag is 

reduced to Si in the alloy. Carbon dissolves in the alloy until the final carbon content is reached.  The heat exchange 

between the ascending off gas and the descending charge is included in the balance. 

2.2 Comparison of different scenarios 

The effects on energy consumption of various parameters have been investigated by calculation of different sce-

narios by HSC 7.1.  A base case has been defined, and the change in specific energy consumption for the scenarios has 

been compared with the base case. In all cases Jacurici ore is the only chromium source in all scenarios. Its composition 

is given in Table 10. The main parameters in the base case can be seen in Table 14. Parameters used in the different 

scenarios are described together with the results in section 4. 

Table 14 Main parameters in base case 

Ore Raw material 

temp  
o
C 

% H2O in 

charge 

Off gas 

temp  
o
C 

% SiO2 in 

slag 

% Cr2O3 in 

slag 

% Si in al-

loy 

Jacurici 25 0 300 35 10 4.2 

Calculations in the base case are in addition based on no prereduction of the ores. It is also assumed that all iron 

is bound in the chromites as FeO.  Changes in carbon content in the alloy due to varying Si content are not included and 

in all scenarios 7.5 % C in the alloy is used. In order to vary few parameters within each scenario and thereby clarify the 

effects better, the calculations are based on the content of oxides in the slag instead of the content of chromite minerals 

in the slag. Content of oxide compounds instead of content of chromite minerals are therefore also used for the raw ma-

terials including Jacurici ore. This means that energy needed for breaking up of the minerals is not included. This will 

give lower energy consumption than in the industrial cases, but differences between the scenarios are comparable and 

will be more general.   

Amount of slag and alloy and their percentage of the different components are in principle calculated by the 

same method as for the Staged material and energy balance based on analysis of raw materials and products. It is as-

sumed that all Al2O3 and MgO from the raw materials end up in the slag. % FeO in the slag is assumed to be bound in 

partially reduced chromite particle and from earlier investigations of partially reduced chromite, mol ratio of Fe/Cr in 

slag is estimated to be 0.5*Fe/Cr mol ratio in chromite.  When % Cr2O3 and % SiO2 in the slag and %Si and % C is giv-

en, amount of slag, alloy and required amount of each of the raw materials can be calculated. 

3 STAGED HEAT AND MATERIAL BALANCE 

The resulting staged material and energy distribution is shown in Figure 28. Amount of the compounds are 

shown as kmol per ton of alloy. Temperatures of charge in to each zone are shown in the left column while mol of gas 

and gas temperatures are shown in the right column.    

The energy requirement is 3585 kWh/tonne when the energy losses in transformers, conductors and electrodes 

and the heat losses from the furnace shell are disregarded. If the sum of thermal and electrical efficiency is 85 %, the 

total registered energy consumption will be about 4200 kWh/tonne alloy. The specific energy consumption at Ferbasa 

seems to be in the normal range for HCFeCr production and the distribution is comparable to a distribution calculated at 

Elkem Rana in 1996[Ошибка! Закладка не определена.].  

Most of the energy, 73 %, is consumed between 1200 
o
C and 1700 

o
C in zones 4 and 5, at the top of the coke bed 

and in the coke bed. Here energy is supplied to the furnace as ohmic heating by the current through the cokebed. Energy 
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supply to zone 2 with its relatively large energy consumption is not clear. The calculated consumption is based on ana-

lysed crystalline water in raw materials and analyses of H2 in the off gas. If the reaction takes place with CO instead of 

C at lower temperatures than assumed here, the energy consumption in this zone will be lower.  

Charge in 
 

Gas out 

25
o
C 

3,39 H2O(l) = 3,39 H2O(g) 

1.55CO +0,78 O2=1.55CO2 

450
o
C 

25.5 CO 

300
o
C 

2,7 H2O + 2,7 C = 2,7 H2+ 2,7 CO 

778 kWh 

1000
o
C 

27,0 CO 

1000
o
C 

0,32FeO + 0,32C = 0,32 Fe + 0,32CO 

169 kWh 

1200
o
C 

24,3 CO 

1200
o
C 

5,33 FeCr2O4+5,33 C=5,33 Cr2O3+5,33 Fe+5,33 CO 

530 kWh 

1400
o
C 

24,0 CO 

1400
o
C 

5,33 Cr2O3+16C =10,66 Cr+ 16 CO 

1,31SiO2+2,62C=1,31Si+2,62 CO 

6,31 C= 6,31 C 

8,8 SiO2=8,8 SiO2(l) 

9,5MgO=9,5MgO(l) 

3,26 Al2O3=3,26 Al2O3(l) 

0,42CaO = 0,42 CaO (l) 

2108 kWh 

1700
o
C 

18,62 CO 

1700
o
C 

 Total 3585 kWh 
 

Figure 28 Staged heat and energy balance for Ferbasa February 2011 

4 COMPARISON OF ENERGY CONSUMPTION IN DIFFERENT SCENARIOS 

The effects on energy consumption in the furnace were investigated for varying off-gas temperatures. Slag tem-

peratures, raw material temperatures, % Si in alloy, % Cr2O3 in slag and % H2O in charge mixture. Values for the varia-

bles in each scenario and the resulting energy consumptions are given in Table 15.  

For each scenario only one variable is changed and the results are compared with a base case where the energy 

consumption is 3440 kWh/ton. In this case raw materials with zero moisture are fed to the furnace with a temperature of 

25 
o
C, gas leaves the furnace top with a temperature of 300 

o
C, and slag with 10 % Cr2O3 is tapped from the furnace at a 

temperature of 1700 
o
C. Slag/alloy ratio is 1.42. Produced alloy contains 4.2 % Si. Jacurici ore is the only chromium 

source in all cases. When % Si or % Cr2O3 varies and all other parameters are kept constant, the slag/alloy ratio will 

vary. 
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Table 15 Effect on specific energy consumption in the furnace of various parameters  

Scenario Base case 1 2 3 4 5

Off gas temperature 300 100 300 500 800

kWH/ton 3440 3398 3440 3484 3552

∆  kWh/ton 0 -42 0 44 112

Slag temperature 1700 1600 1650 1700 1750

kWH/ton 3440 3383 3412 3440 3469

∆  kWh/ton 0 -57 -28 0 29

Raw material temp 25 100 200 400 600

kWH/ton 3440 3387 3311 3140 2952

∆  kWh/ton 0 -53 -129 -300 -488

% Si in alloy 4.2 1 3 4.2 5 7

kWH/ton 3440 3303 3375 3440 3476 3566

∆  kWh/ton 0 -137 -65 0 36 126

Slag/alloy 1.42 1.47 1.44 1.42 1.41 1.37

%Cr2O3 in slag 10 5 8 10 12 15

kWH/ton 3440 3318 3390 3440 3505 3627

∆  kWh/ton 0 -122 -50 0 65 187

Slag/alloy 1.42 1.21 1.33 1.42 1.53 1.72

%H2O 0 2 5 10 15

kWH/ton 3440 3494 3575 3711 3845

∆  kWh/ton 0 54 135 271 405  

The effect of variations in temperatures is shown graphically in Figure 29 while the variations in analysis are shown in 

Figure 30. The vertical scale is the same in both figures so the resulting changes in specific energy consumptions can be 

compared directly. The deviation from a straight line for % Si in alloy and % Cr2O3 in slag are a result of the variation 

in slag/alloy ratio in these calculations. 
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Figure 29 Variation in kWh/ton by varying temperatures of raw materials, off gas and slag during HCFeCr produc-

tion in a Submerged Arc Furnace (SAF) 
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Figure 30 Variation in kWh/ton by varying values of %H2O in raw materials, % Cr2O3 in slag and % Si in alloy 

during HCFeCr production in a Submerged Arc Furnace (SAF) 

The calculations show that changes in the different variables can have a major impact on the energy consumption 

in the furnace. Slag temperature has the largest relative effect; a decrease in slag temperature from 1700 
o
C to 1600 

o
C 

will reduce specific energy consumption by 57 kWh. But since slag temperatures can only be varied within a relatively 

narrow interval, other parameters will have a larger impact on total energy consumption. 

Energy consumption will vary with product quality. An increase in % Si in alloy from 4.2 % Si as in the base 

case to 7 % Si requires 126 kWh more per ton alloy produced if all other parameters are kept constant. This is a conse-

quence of the relatively high ∆H for Si reduction. 

Parameters that are affected by furnace operation or use of charge mix will influence the energy consumption. 

When the off-gas temperature decreases, less energy is lost in the off-gas.  A decrease in off-gas temperature from the 

base case value of 300 
o
C to 100 

o
C will decrease energy consumption by 42 kWh. A reduction of % Cr2O3 in the slag 

from 10% to 5 % reduces specific energy consumption by 122 kWh/ton. The reduced energy consumption is mainly a 

result of reduced slag/alloy ratio. Reduced slag temperature, will decrease the energy losses through the slag. Due to the 

high temperature, the effect of changes is larger than, for instance, changes in off-gas temperature. But slag temperature 

can only vary within a limited range. A reduction in slag temperature from base case value of 1700 
o
C to a value of 

1600 
o
C that might be below the acceptable will reduce specific energy consumption by 57 kWh/t.  If we look at the 

accumulated effect of these changes we will have a new case with 100 
o
C off-gas temperature, 1600 

o
C slag temperature 

and 5 % Cr2O3 in the slag and a total energy consumption of 3219 kWh/ ton. This is 221 kWh/ ton lower than in the 

base case where off-gas temperature is 300 
o
C, Cr2O3 in the slag is 10 % the slag temperature is 1600 

o
C and the energy 

consumption is 3440 kWh/ ton. The difference in energy consumption between these two cases is thus only 6.4 % alt-

hough the operational parameters are relatively different 

Properties of raw materials will also affect energy consumption. In the base case it is assumed that there is no 

moisture in the raw materials. Most raw materials contain some moisture varying with type, size, porosity and how they 

are handled and stored. Use of raw materials with in total 10 % moisture will increase energy consumption in the fur-

nace by 271 kWh/ ton compared with the base case. This also means that drying of raw materials with 10 % moisture 

will reduce energy consumption by 271 kWh/ ton. The parameter that can contribute most to the energy consumption is 

heating of the raw materials. If they are heated from 25 
o
C, the temperature in the base case, to 600 

o
C, energy con-

sumption in the furnace will decrease by 488 kWh/t.  The total effect of drying and heating of the raw materials is a 

reduction of 759 kWh/ton compared with the base case but with 10 % moisture. The energy consumption is then de-

creased from 3711 kWh/ton to 2952 kWh/ton. Pretreatment of the raw materials is hence a method that can give a large 

reduction of energy consumption in the furnace. Such a pretreatment of the raw materials requires energy. Since no 

heating method has 100 % energy efficiency it will require more energy than can be gained in the furnace.  But if ener-

gy that has no other usage is utilised, it will have positive impact.  At most smelters there are several sources of low 

temperature heat streams and other energy sources that can be possible to utilise for drying and preheating. This can for 

instance be heat in cooling water or heat in off gas. To reach high temperatures such as 600 
o
, other sources must be 

used in addition. This can be electrical energy or burning of various carbon sources or the more environmental friendly 

alternative of burning of CO- gas. 

Production of HCFeCr generates CO- gas with high energy content. In closed furnaces, the off-gas can be cap-

tured and the energy in the CO in the off gas can be utilised.  Production of 1 ton of HCFeCr with the conditions de-
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scribed in the base case will generate 565 Nm
3
 CO gas with a temperature of 300 

o
C. Burning of this amount of CO gas 

with O2 at 25
o
C, followed by cooling to 100 

o
C, will generate 2018 kWh This is more energy than required for drying 

and further preheating to 600 
o
C of the raw materials  needed to produce one ton of HCFeCr  

The staged heat and material balance were calculated based on content of the chromite minerals, FeCr2O4 and 

MgCr2O4 while the scenarios are calculated based on the compounds FeO, MgO and Cr2O3. Comparison of the two 

cases, shows that calculations based on compounds instead of minerals does not introduce a significant error. When the 

staged balance from 2011 was calculated based on compounds, total energy consumption was 3598 kWh/ton, a differ-

ence in only 13 kWh/ton or 0.36 % less than the base case. This is a lower variation than expected, due to inaccuracy in 

the method of calculation of mineral content. The difference includes also possible changes in the data base by using an 

updated version of HSC. 

The difference between the charge mixture used in 2011 and the base case with only use of Jacurici ore was in-

vestigated by calculating the case from 2011 with the same assumptions that were used in the base case. This is no 

moisture in the raw materials, no crystal bound water and an off-gas temperature of 300 
o
C. The case from 2011 then 

had a specific energy consumption of 3479 kWh /ton e.g.106 kWh/ton lower than when the industrial data were used in 

the calculations. Energy consumption calculated with the simplified calculation method was thus only 3% lower than 

the calculation based on the industrial date.  The charge mixture in the base case with only Jacurici ore had an energy 

consumption pf  3440 kWh/ton while the charge mixture from 2011 had  when the  same  calculation method was used, 

an energy consumption of 3479 kWh/ton. The two charge mixtures hence had with the assumptions used here, approx-

imately the same energy consumption. Effects of the different ores on operational parameters as Cr2O3 in slag and off-

gas and slag temperature are not included in the calculation. Such parameters may as discussed above have a major ef-

fect on energy consumption and must be taken into account when industrial use are discussed.  

5 CONCLUSIONS 

Calculations of theoretical energy consumption in different scenarios show that energy consumption in HCFeCr 

production can be reduced by different methods. The most actual of these are 

 Reduced chromium content in slag. If the content of chromium oxide is reduced from 10%  to 5% in the 

described base case, specific energy consumption will be reduced by 122 kWh/ton 

 Reduced off-gas temperature. If the off-gas temperature at the charge top is reduced from 300 
o
C to 100 

o
C, 

specific energy consumption is reduced by 42 kWh/ton 

 Preheating and drying of raw materials. Drying of raw materials with 10 % moisture and further preheating 

to 600 
o
C reduces specific energy consumption in the furnace by 759 kWh/ton. Total energy consumption 

will increase since heating of the raw materials cannot be done with 100 % efficiency. If not otherwise en-

ergy sources are utilised, preheating can have a positive impact on economy and on environmental footprint 

of the production. 

 Prereduction of Chromite ore will further reduce energy consumption. The effect is not calculated here. 

 Burning of CO in the off-gas will generate more than 2000 kWh/ ton of alloy. This can either be used inside 

the plant or converted to electricity. In both cases, the total energy consumption of the plant and its envi-

ronmental footprint is reduced. 

A staged heat and material balance shows that nearly 75 % of the energy is consumed at temperatures above 1200 
o
C, 

e.g. at the top of and in the coke bed 
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ABSTRACT 

AC and DC power supplies can be used for melting ferrous and non-ferrous metals. A DC electric arc furnace 

(EAF) is the natural choice for melting when network short-circuit capacity is very low or if the furnace is operated in 

island mode. Selecting a DC EAF for Ferro-nickel (FeNi) smelting, or similar, is possible due to the latest developments 

in submerged arc furnace technology. 

Even if such DC furnaces are operated in constant power mode, fluctuations in current and voltage are inherent. 

This leads to reactive power swings that results in flicker. Active power swings can lead to unstable generation or even 

power supply interruptions. Although DC EAF operation is suited to weak grids, it poses various challenges to rectifier 

controls and generating equipment for island mode operation or for extremely weak grids. 

Such challenges are overcome by using special algorithms within the rectifier controls that allows constant pow-

er operation by minimizing the step loading on generation. Electrode control which plays an important role in furnace 

operation, also affects the electrical performance. Adaptive controls with special signal processing need to be imple-

mented. 

A communication link between the rectifier control system and generation which monitors the frequency and 

adapts the load shedding can be implemented to avoid adverse effects on generating equipment. 

For very weak grids or island mode operations, network frequency can be stabilized by installing static power 

compensator (SPC). This compensates for power swings or power perturbations resulting from furnace operation. An 

intelligent monitoring system can be implemented that supervises generation levels, available spinning reserve and fre-

quency, and also connects governors and the controls for rectifier, SVC, SPC and excitation. 

The objective of this development is to achieve the highest production continuity and arc stability while optimiz-

ing network performance and minimizing the effect on generating equipment, thereby providing longer life and mini-

mum power interruptions while operating DC EAFs on weak grids or in island mode. 

1 INTRODUCTION 

In present economic and socio-political situations, DC EAF plants are not only planned where strong reliable 

grids are available, but more often in remote areas where grids are weak or practically non-existent. In this case study 

the furnace can be fed by a captive power plant, with or without a connection to a weak grid. This poses totally different 

challenges to DC power supply designers. On one side, power to a DC EAF has to be reliable (with high availability), 

while on the other side power generation and its limitations need to be considered. 

Arc impedance variations are a stochastic phenomenon. This is more predominant in scrap melting. Neverthe-

less, they are also present in the case of submerged arc furnaces used in the smelting process. These furnaces are mainly 

operated in constant power mode, but still contain current and voltage fluctuations. Although operated in constant pow-

er mode, the network experiences large current swings, along with active and reactive power variations. 

In a submerged arc system, power to the furnace and the feed rate must be coordinated. Consistency in feed ma-

terials, the feed method and feed rate dictates the required arc power. Bath power required for slag that in turn defines 

the temperature and fluidity of slag, is highly critical. In a DC EAF feed rate consistency, time constants of current and 

electrode controllers, size of DC reactors as well as hydraulic characteristics, results in power variations. Even when the 

furnace is operated in constant power mode, power variations are unavoidable.  

An electrical system connected to a strong grid is not affected by such power variations. However, frequency 

variations and unwanted network oscillations are caused by operating on a weak grid or with a captive power plant that 

maybe connected to a weak grid. This is due to the lack of spinning power and/or inertia of the feeding system and gen-

erally a slower response to power variations. An adequately designed static Var compensator (SVC) maintains voltage 

stability without straining the generator’s excitation system. 

Extreme conditions are experienced if the arc is extinguished, the furnace trips or the DC voltage reaches zero 

due to short-circuit in the furnace. Such incidents cause large power dips, as the reaction time of the generators is slow-

er than the incidents in the furnace. This results in overfrequency and/or overvoltage as the load is thrown off.  
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The actions taken in the generator to control the frequency and/or voltage do not allow for a fast pickup of power 

on the load depending on the amount of power lost and on the type and size of generator.  

This, therefore, applies constraints to the process which can lead to production loss and/or process instabilities. 

The less generation power and inertia that are available, the higher is the aforementioned impact. 

One example is that arc re-ignition can lead to a slow ramp up of the process. Ramping up the process has to be 

handled carefully and needs to be well coordinated between generation and load. This ensures the lowest possible pro-

duction impact and avoids damaging or aging the generation equipment or disturbing other loads, internal or external, to 

the plant. 

Should the arc get stretched or the bath/slag chemistry alter, the result is a sudden change in power demand. This 

leads to a variation in frequency and/or voltage. 

The rectifier control system needs special algorithms to: 

 help compensate for frequency and/or voltage variations 

 control the loading rate on the generation in various scenarios 

 avoid low frequency oscillations 

 stabilize power 

This paper presents various techniques which could be incorporated to avoid tripping of generators and increase 

the availability of the DC power supply to the EAF in order to get uninterrupted and targeted production. As a part of 

various measures to stabilize frequency, implementation of Static Power Compensator (SPC) is proposed. 

2 TYPICAL DC POWER SUPPLY CONFIGURATION 

 As shown in the Figure 31, the basic 

configuration of a DC power supply consists of 

switchgear, cable, rectifier transformer, rectifi-

er, DC reactors, NoArc system with DC isola-

tors, R_C protection on transformer, cooling 

system for transformers and rectifiers, and 

overvoltage protection for rectifiers. 

Control panel functionality includes 

measurements, metering, protection, control, 

switchgear controls and other associated con-

trols. 

Communication features include com-

munication to furnace control system or to any 

other supervisory system. 

Hardware link is implemented between 

rectifier control panel and hydraulic system for 

electrode control. 

Fibreoptic link between rectifier system 

and SVC system is implemented as fast for-

ward loop for flicker reduction. 

Figure 31: Basic DC power supply setup 

3 CHALLENGES FOR CONTINUOS OPERATION 

Constant voltage and constant frequency are the main requirements of a supply network. These two parameters 

are dependent on generation capacity and connected loads. In steady state, if loads are constant and generation is suffi-

cient, then voltage and frequency remain constant. Voltage and frequency changes due to fluctuations in load, disturb-

ances on load side as well as on generation side, are explained in greater details below: 

Load side fluctuations/disturbances: 

1. Switching-on rectifier transformers(in rush current) 

2. Sudden tripping of furnace 
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3. Arc instability due to 

a. Short-circuit between anode and charge 

b. General arc fluctuations 

c. Loss of arc 

4. First striking of arc/ re-ignition of arc 

5. Change of furnace power demand due to feed variations from conductivity changes in the slag 

Supply side disturbances: 

1. Grid or captive power plant losing part of its generation through, for example, heavy load fluctuations 

2. Grid being disconnected and leaving only the captive power plant in operation 

3. Unstable operation of generators leading to instability and tripping of synchronization when generation 

capacity reduces 

4. Other loads causing disturbances on the grid 

Power system behavior: 

Power systems are designed for satisfactory operation with normal loading and defined contingencies. Excess 

built-in steady-state or installed capacity is limited,quite often through lack of investment. Transient capacity depends 

on the size, the amount and the type of generators installed. This is valid for inertia and spinning power. Hence during 

overload conditions “load shed process” is adapted to avoid loss of generation, line tripping, equipment damage or a 

chaotic random shutdown of the network, mainly due to unsustainable under-frequency. This can lead to cascade trip-

ping causing total blackouts. 

Such outages can be due to: 

1. Real power shortage (limitation on prime mover side) 

2. Reactive power shortage 

3. Overloads in magnitude and suddenness (random and quick occurrences) 

4. Slow progressive overloads 

Such overloads are detected and differentiated by various methods: 

1. Frequency monitoring 

2. Voltage monitoring 

3. Utility SCADA (supervisory control and data acquisition) monitoring 

4. Local equipment overload monitoring  

Load shedding methods can be effective if system disturbances are monitored. Basic analysis may include: 

1.  Simple frequency decay rate analysis using initial energy reserve power, transmission line ratings, 

load behavior under-changing frequency and voltage, generator response (governor and turbine), minimum 

and maximum frequency allowed, etc. 

2.  A power system study is recommended to cover loss of generations, frequency analysis,active power 

and reactive power transfer limitations, frequency and voltage effects on loads, generator response, etc. A 

generator response study may cover governor response, relation with frequency of generator output, voltage 

regulator response, voltage-to-frequency ratio, voltage regulator overload capacity, etc. Care should be 

taken to see the effects on turbine life and maintanance intervals of shut down and frequency variations. 

Key to stability is overload detection and load shedding methods. 

3.  Operating DC EAF on a weak grid or in island mode is indeed a challenge. The influence on rectifier 

transformer and on the rectifier itself is not the main issue under discussion. Influence on network, or 

particularly local generating equipment, is the prime concern. Most smelting furnaces are operated with 

constant power control. The rectifier system receives a power and an arc resistance as reference. Software 

converts these values into corresponding voltage and current reference during normal operation. A special 

start-up sequence is implemented. In island mode operation, the objective is to maintain the load as 

constant as possible, thereby keeping frequency as constant as possible, maintain loading rate within 

specified limits and avoid oscillations which could lead to plant stoppage. 

4 TYPICAL POWER SYSTEM CONFIGURATION 

As shown in Fig. 2, a typical system configuration contains a network of generators, rectifier system including 

electrode control, a SVC system, a SPC System and a master controller. A fast forward link between the rectifier 

controls and the SVC as well as the SPC is foreseen. SVC takes care of reactive power compensation, flicker and 

harmonics injected into the network. SPC is proposed to absorb power fluctuations, which are beyond the limit of 

spinning power capacity, to maintain constant frequency. Dimensioning of the SPC depends upon power absorbed 

during normal operation as well as the eventual emergency tripping of the power suppply.  
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5 PROPOSED SOLUTION 

The following sections discuss ways to achieve continuous, stable operation. Some concepts are tested in the 

field while others are proposals which need to be tested by simulation and verified in acutal plants. 

5.1 Constant power of rectifier system 

The current controller and electrode controller, used to achieve constant power control, are implemented as a 

basic feature. Both controllers are adaptive and performance is optimized for different melt conditions. Such adaptive 

controllers are implemented and tested on DC EAFs for scrap melting as well as for submerged arc applications. It is 

observed that reactive power fluctuations are reduced during constant power mode, compared to scrap melting with 

constant current mode. 

In addition, slow ramps must be considered, so as not to negatively impact the generation after striking the arc 

and also after a partial power loss. 

5.2 Feedback signal processing 

Actual DC voltage is used for electrode control. Fast voltage feedback signal processing is very important, 

particularly when voltage changes are large and fast. It is important to avoid any delay which could cause extra loading 

on the generation system.The algorithm has to adapt signal processing speed, depending upon deviation of the actual 

voltage from the reference voltage. 

5.3 Master controller 

Please refer to overall configuration of master controller in Figure 32. 

 

Figure 32: Typical system configuration 

In a proposed configuration as shown in Fig. 2 there are many major sub-systems including: 

 rectifier system for DC power supply 

 SVC ArcComp system 

 Static power compensator 

 Grid or islanded generation and loads 

There are proposed communication links between all these systems as shown in the Figure. If there is more than 

one furnace, a link is also proposed between the two furnace control systems. 
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The master controller communicates to electrical systems via furnace control systems. The master controller has 

links to utilize the load shedding system as well as the local generation control systems. 

The proposed communication links are good enough for slow power swings or slow changes on the generation 

side. Such load shedding is commonly achieved with frequency signal as well as rate of change of frequency signal. 

In summary, the conventional setup with rectifier and SVC is at its limit for weak grids or captive power plants 

operated in island mode operation. If very fast changes in active power (MW) are present, it is recommended to use a 

SPC. 

The main task of a master controller is to communicate to the generator system about loadings and take 

necessary actions to handle loads depending upon availability of the generation system.  

5.4 Concept of static power compensator 

Static Var compensators (SVC) have been used in plants for decades. ABB’s proven ArcComp technology 

improves the performance compared to a conventional SVC. The SVC system maintains a constant voltage up to certain 

limit, depending upon the size of the SVC. Next level of action to maintain constant voltage is from excitation system in 

islandoperation. 

As the SVC is intended to handle reactive power compensation, it has no possibility to compensate active power 

during furnace operation. Hence alternative means are necessary to stabilize active power loading on the network and 

hence to minimize variations in frequency. 

As shown in Fig. 3, SPC is used to maintain constant active power. For example when active power swings are 

caused by arc dynamics must be compensated. This helps to maintain constant frequency on weak grids or island 

operation. SPC sizing depends upon the power range to be compensated during normal working. If the SPC has to 

handle furnace trips, then sufficient short-time rating of the SPC is necessary to handle the total DC EAF power. 

The SPC consists of a proven thyristor stack which is also used for SVC applications along with a resistor bank. 

 

Figure 33: Typical DC power supply including SPC 

By stabilizing the active power (MW) loading on generation, we can expect a significant reduction in oscillations 

which could be generated in the local grid. This will also help to increase the life expectancy of generating equipment 

and maximize the production. 
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6 CONCLUSION 

DC EAF plants installed at remote locations with weak grids or mostly operating in island mode can be operated 

satisfactorily without significantly compromising the life time of the generating equipment. Along with various control 

algorithms, static power compensator will stabilize the load to avoid frequency variations and possible unstability in 

generation. SPC techniques will result in a continuous demand to the power supply, and thus a successful operation of 

the furnace and the trouble-free power generting equipment. 

Uniterrupted power supply is the key to the economical viability of the plant. 
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ABSTRACT 

The successful operation of DC plasma arc furnaces depends to a large extent on gaining a fundamental under-

standing of the arc phenomenon itself, and ensuring its presence in the furnace at all times. This is particularly im-

portant when operating in brush-arc mode, where the electrode tip is located in close proximity to the slag. 

A method for confirming the presence of an arc in a DC circuit has been developed and successfully demonstrat-

ed on medium-scale pilot-plant facilities using characteristic frequency spectra on the anode-cathode voltage caused by 

the arc dynamics. The system has since been applied to a large-scale industrial furnace. Taking into account the order 

of magnitude differences in electrical and geometrical scale, the results are consistent with those obtained on pilot-scale 

tests, demonstrating that the arc-detection technology is applicable to production-scale furnaces. 

1. INTRODUCTION 

In a closed DC furnace, the arc is the primary heating and stirring element, by way of converting electrical ener-

gy to thermal energy and transferring it to the bath. The arc forms part of a series circuit, comprising the DC power 

supply, choke, bus bars and the slag bath. As a result, the majority of the operating voltage sourced from the power sup-

ply is divided between the arc and the bath. 

The degree of split between the arc and bath is dependent on arc length and the combination of operating current 

and slag resistivity. The longer the required arc, the larger the voltage dropped across it. Similarly, the deeper and more 

resistive the slag, the higher the volt drop. 

In designing a DC furnace, the power supply must be able to provide adequate voltage to the arc when taking in-

to account anticipated slag resistivities and operating currents. Providing this “headroom” can add significant capital 

cost and it may therefore be more desirable to operate at reduced arc lengths. Brush-arc operation requires a lower total 

voltage, while retaining the process advantages of operating with an arc presence [1]. Operating at such short arc 

lengths may make it difficult to continuously maintain the electrode above the slag layer. 

A further consequence of the dependence on slag resistivity is that if the properties of the actual slag produced 

vary significantly from the design parameters, even a well-designed power supply may not be able to sustain a suitable 

arc. Given the importance of the arc in these processes and the closed geometry of DC furnaces, under these circum-

stances it would be beneficial to be able to determine the existence of an arc at any given time. 

A method to determine the presence of an arc has been devised and previously demonstrated on pilot-scale fur-

naces at Mintek [2][3]. The design has subsequently been optimised and applied to a full-size industrial furnace. 

2. MODELLING 

2.1 Theoretical treatment 

The transient behaviour of the arc results from the interaction of the various field variables that describe the 

plasma system. These field variables are in turn described by the fundamental equations governing the physical phe-

nomena relevant to magneto-hydrodynamic flow, and include fluid flow (the Navier-Stokes equations), heat transfer 

(the energy conservation equation) and electromagnetism (Maxwell’s equations). More details are provided in [4]. 

A theoretical model was previously obtained by treating the arc as a purely inertial response system [3]. This re-

sults from a simplification of the Navier-Stokes equation governing the velocity field v, and hence the shape of the arc 

column over time is as follows: 

 
(1) 

Here,  is the plasma density, t is time, P is pressure,  is plasma viscosity, j is the local current density, and B 

is the local self-magnetic field that forms as a result of the current flow. 
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Over short time scales and in the region near to the arc’s attachment to the graphite electrode where much of the 

dynamic behaviour originates, the Lorentz driving force term j×B tends to dominate (1). The arc’s response may 

therefore be crudely approximated using: 

 
(2) 

Here, r is a displacement vector related to the position of the arc column in space. It is interesting to examine the 

dependence of the Lorentz term on furnace current. Inside the body of the arc, and particularly near the cathode spot on 

the graphite electrode, the current density tends to be approximately constant due to the limitations of thermionic emis-

sion from the graphite surface [5]. The cross-sectional area of the arc therefore increases in proportion to the furnace 

current, and the resulting peak magnetic field also scales proportionally – this can be thought of by analogy to the mag-

netic field generated around a long straight conductor, which scales proportionally to the current carried by the conduc-

tor. The Lorentz force term therefore scales approximately proportionally to furnace current, and may be described as: 

 (3) 

where CF is a normalised vector function describing the time-dependence of noise and other disturbance signals coming 

from the power supply, grid, and environment, and I is the furnace current. 

The Fourier transform of (2) is taken, following the same analysis presented in [3]. This gives: 

 
(4) 

Substituting (3) into (4), taking the magnitude of both sides, and taking the logarithm then produces: 

 
(5) 

The furnace current may be brought out of the Fourier transform since it is a constant value and the transform is 

linear. Decomposing the first term on the right-hand side then gives: 

 
(6) 

This relationship would be expected to hold across a range of furnace scales (as defined by the current I), with 

the first term on the right-hand side then capturing the scale and frequency independent effects. If a white-noise signal 

is assumed for CF, the relationship in (6) may be illustrated as shown in Figure 1. 

 

Figure 1: Dependence of Fourier transformed variables on frequency and furnace current 

As r effectively determines the shape of the arc and therefore the voltage and other measurable parameters in 

this model, it would seem that arcs may be detected using voltage signals measured on DC furnace circuits by perform-

ing a Fourier transform operation on the data and seeking parts of the spectrum that exhibit a two decades per decade 

falloff. This falloff may also be expected to shift to higher frequency ranges as the furnace current increases. 

2.2 Computational modelling results 

The analysis method for arc detection was assessed using results generated by computational models of the DC 

plasma arc. These models use high-fidelity numerical solutions of the differential equations of magneto-hydrodynamics 

in order to track the evolution of the temperature, velocity and electromagnetic fields in and around the arc in space and 

time. 

For this study two-dimensional, planar models of the arc region were used. These models are less mathematical-

ly rigorous than their three-dimensional counterparts, but have the advantage of being far less computationally demand-

ing when used in parameter variation studies. Their ability to reproduce realistic arc behaviour has been demonstrated in 

previous publications [4]. The operating parameters used for the modelling work are shown in Table 1. 
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Table 1: Parameters used in computational arc model 

Parameter Value Parameter Value 

Region dimensions 0.2 m x 0.05 m Arc currents 200 A, 600 A, 1000A 

Electrode diameter 0.05 m Mesh resolution 1024 x 256 

Cathode spot current density 3.5 x 10
7
 A/m

2
 Simulation time 10 ms 

Plasma gas Air FFT sample time 5 ms – 10 ms 

The models use a “flash start” initial condition, in which the arc is struck through a cloud of hot conductive 

plasma. Once the arc is established and the initial conditions decay, a sample of the time-dependent arc voltage is taken 

and subjected to Fourier analysis. A power-law equation is then fitted to the falloff section of the Fourier spectrum in 

accordance with equation (6). 

The temperature fields from the end of the simulations are shown in Figure 2. There is noticeably more turbu-

lence and high-velocity mixing as the arc current is increased. 

  
(a) 200A (b) 1000A 

Figure 2: Temperature fields from 2D arc models at 10ms 

Scale: 2000 K (black) to 15000 K (blue/white) 

The sampled voltage data is shown plotted against time in Figure 3. The increase in frequency of the chaotic mo-

tion of the arc is noticeable in the voltage traces. Completing the Fourier transform of the sampled data then gives the 

results shown in Figure 4, shown with fitted power-law curves. It can be seen that increasing the arc current in the mod-

el shifts the falloff section appreciably toward higher frequencies. 

  

Figure 3: Model voltage vs time Figure 4: Spectral analysis of model voltage data 

The fitted power law relationships are shown in Table 2. The gradient of the falloff remains largely constant 

across a substantial range of currents, but the intercept value increases, shifting the curves to the right of Figure 4. 

Table 2: Fit parameters 

Arc current Power-law fit (falloff region) 

200A  

600A  

1000A  
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From equation (6), the difference in the intercepts between 200 A and 600A would be expected to be log10(600) 

– log10(200) = 0.477, compared to the modelled value of 0.420. The difference in intercepts between 200 A and 1000A 

would be expected to be log10(1000) – log10(200) = 0.699, compared to the modelled value of 0.998.  

Considering the degree of approximation required to arrive at both the theoretical and computational model re-

sults, this level of agreement may be considered acceptable. It is, however, expected that more extensive modelling and 

experimental work would be of use in validating the dependence of the falloff frequency on arc current. 

3. MEASUREMENT EQUIPMENT 

The prototype unit used to previously evaluate the theory on pilot-scale furnaces was modified and optimised to 

provide the required functionality with a minimal footprint. This facilitated transport to a remote furnace for evaluation. 

The system comprises three main components. Firstly, the high (~1 kV – 2 kV) anode-cathode voltage is reduced 

to a measureable operating level and centred at earth potential for safety. The unit contains further over-voltage protec-

tion to prevent damage from extreme spikes which can occur in the event that the arc extinguishes causing an open cir-

cuit condition. 

A high-speed data acquisition system captures data samples of the reduced voltage waveform, and a signal pro-

cessing computer computes the spectral analysis to identify regions exhibiting the expected characteristics explained in 

the previous section. 

Figure 5 below shows a block diagram of the components, as well as the connection points in the furnace circuit. 

 

Figure 5: Block diagram of measurement system and connections to the furnace 

3.1 Frequency Response of the Interface Unit 

An additional consideration in designing for larger furnaces is the dependence of the roll-off frequency band on 

electrode current, as indicated in section 2 above. The system was therefore modified to operate with a much higher 

bandwidth than the initial prototype, which was limited to about 15 kHz. 

Figure 6 below shows the bandwidth of the interface unit, together with the characteristic -2 dec/dec roll-off be-

haviour of arcs. The -3 dB point is at approximately 42 kHz. Since the response is that of a first-order low pass filter, 

the roll-off is significantly shallower than -2 dec/dec at frequencies below the order of 100 kHz. 

High speed 

data 
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Figure 6: Frequency response of the high voltage interface unit 

4. RESULTS AND DISCUSSION 

A brief furnace shutdown was arranged to install the high-voltage interface unit on the 40 MW power supply. 

The unit was connected in parallel with the existing anode-cathode transducer. (The existing device had a limited 

bandwidth of the order of 5 kHz and was thus unsuitable for the high-frequency signal analysis required for this pur-

pose.) 

Upon furnace restart, a “touch-down” was performed to determine the electrode holder position with the elec-

trode in close proximity to the slag. This provided a reference holder position that could be used to determine whether 

the electrode was subsequently operating in open arc or immersed conditions. 

Figures 7 and 8 below represent high current (30 kA) operation with arc lengths greater than 30 cm.  
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Figure 7: 51 cm arc / 30 kA 

-2.10 dec/dec roll-off 

Figure 8: 37 cm arc / 30 kA 

-2.38 dec/dec roll-off 

It is clear that the characteristic -2 decade/decade roll-off is present on the industrial furnace. However, at higher 

currents, the frequency band where this occurs is significantly higher (20 kHz – 60 kHz) than previously experienced at 

low current (~1 kA) pilot-scale, where this behaviour was located in the 1 kHz – 5 kHz band [3]. 

Figures 9 and 10 illustrate the arc behaviour while immersed in the slag by about 30 cm, at a slightly lower cur-

rent, since the furnace was idling. 
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Figure 9: -31 cm (immersed) / 21 kA 

-0.72 dec/dec roll-off 

10-1

10-2

10-3

10-4

1 10 100

A
rc

 v
o

lt
ag

e 
-

R
el

at
iv

e 
m

ag
n

it
u

d
e 

(u
n

it
le

ss
)

Frequency (kHz)

-31 cm (Idle mode 1) / 21 kA

Region of interest (20 - 60 kHz)

-2.0185  dec/dec

 

Figure 10: -31 cm (immersed) / 21 kA 

-2.02 dec/dec roll-off 

While immersed operation generally resulted in a much flatter frequency spectrum as expected (Figure 9), there 

were brief instances where behaviour typical of arcing occurred (Figure 10). This could be indicative of sporadic arcing, 

despite the electrode tip being immersed in the slag. 

In the case of highly resistive slags, it is possible for arcing to continue even with the electrode submerged into 

the slag to a considerable degree. This is in accordance with the principle of minimum voltage, with an arc-slag system 

in series producing a lower overall voltage drop than simple conduction through the equivalent quantity of slag if the 

resistivity of the slag is sufficiently high. 

If an arc is present with the electrode immersed into the slag layer, this would be expected to be a highly unsta-

ble condition with a large degree of fluid turbulence in and around the cavity formed around the arc beneath the slag 

surface (the “arc bubble”). This is predominantly due to the interaction between the very large thrust force generated by 

the arc jet at high currents [5] and the buoyancy forces acting on the surface of the arc bubble. This dynamic interaction 

is likely to lead to continuous, erratic expansion and collapse of the arc bubble, with the system momentarily reverting 

to purely resistive conduction before the arc re-establishes itself and the process repeats. 

While unusual, this has been observed during pilot-scale testing of at least one other process at Mintek. Such be-

haviour could give rise to problems of superheated metal, if the arc remains present even when idling immersed at low 

power. 

It is important to note that the voltage levels during the immersed tests were at the lower end of those that could 

be accurately measured by the arc monitor, and that quantisation noise during the digital sampling could thus have had 

an effect on the accuracy of those spectra. If this were the case however, it would seem more likely that the higher fre-

quencies would be artificially exaggerated, thereby flattening the roll-off of the frequency spectrum, rather than accen-

tuating it. 

5. CONCLUSIONS 

Refined modelling of plasma arc dynamics has shown that the previously explored principle of determining the 

existence of an arc through analysis of the Fourier spectrum is consistent across various operating scales, but exhibits a 

frequency dependence on the current. 

Industrial testing of the arc detection principle confirms that the larger currents cause an upward shift in the fre-

quency spectrum, but that the characteristic -2 decade/decade roll-off continues to apply. 

Fixed installation of the instrument may be usefully applied as an operator-guidance tool on DC plasma arc fur-

naces, particularly where the presence of an arc is necessary, but otherwise difficult to verify. 
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ABSTRACT 

Bulk ferroalloy production with pyrometallurgical methods actually needs a high temperature to provide 

appropriate conditions for chemical reactions. Reduction reactions which are carried out by carbothermic, 

metallothermic (silicothermic or aluminothermic) process generate a high temperature of flue gas. This off-gas holds a 

huge quantity of heat energy which is going to be wasted in the atmosphere simultaneously. 

Recently, these heat recovery recycling process has become popular among bulk ferroalloys producers. As an 

example, Turkish ferrochrome smelter Eti Krom Inc. has been working on a pioneering project in its high carbon 

ferrochrome production plants to implement a dedusting and energy recovery system. Mainly the unit consists of a 

waste-heat boiler, a filter bag station, a fan and a clean gas stack. The excess heat is estimated to produce more than 35 

tons per hour of steam which is then fed into a system to drive a steam turbine to generate 5,5 MWe of electrical power. 

This is then either fed back to the plant or loaded onto the national grid. 

Similarly, Russian ferroalloy industry holds 2 million tons of production capacity with 85 electrical furnaces and 

1121 MVA transformers power capacity. Accordingly, this paper shows the reasonable waste heat energy recovery and 

dedusting opportunities for Russian ferroalloy smelters [1,2,3] 

1 INTRODUCTION 

Ferroalloys are mainly used as master alloys and additive material for special treatments in the iron-steel and 

stainless steel industry. 

Depending on the production rate, ferroalloys can be divided into two main categories, bulk alloys and special 

(or noble) alloys. Especially in the European Union, bulk ferroalloys (ferrochrome, ferrosilicon, ferromanganese, sili-

comanganese and ferronickel) account for about 90% of the total production of ferroalloys. Compared to bulk ferroal-

loys, the production rate of special ferroalloys (ferrovanadium, ferromolybdenum, ferrotungsten, ferrotitanium, ferrobo-

ron, and ferroniobium) is rather small.  

This paper will focus on the assessment relevant to bulk ferroalloys industry. Generally, bulk ferroalloys are 

principally produced either by the carbothermic or metallothermic (silicothermic or aluminothermic) reduction of oxidic 

ores or concentrates. Carbothermic reduction as reducing agent requires coke (metallurgical coke), coal, charcoal or 

anthracite. The metallothermic reduction is mainly carried out with either silicon or aluminium as reducing agent. [1] 

During bulk ferroalloys smelting, reduced oxides generate metal phase and unreduced oxides generate slag 

phase. As an output of reduction reactions, huge amount of the energy wastes in the flue gas and disappears in the at-

mosphere.  

As global perspective, considering consumption quantity and cost of electrical power, nowadays capturing waste 

heat energy and recycling it back to the process have been becoming more important. 

On the other hand, while capturing the waste energy, off-gas filtering and dedusting are also crucial operations as 

a next step of the integrated energy recovery process to achieve the minimization of carbon footprint and improvement 

for environmental standards. 

2 HEAT RECOVERY PROJECT OF ETI KROM INC. [3] 

2.1 Project Description 

Turkish ferrochrome smelter Eti Krom produces high carbon ferrochromium which is an iron-chromium alloy 

consisting 50-70% of Cr and 4-10% of C. Pyrometallurgical high carbon ferrochrome process is carried out through 

submerged arc furnaces (SAF). Total 4 submerged arc furnaces of Eti Krom holds a 140,000 mt annual capacity and a 

secondary treatment facility holds 10,000 mt annual metal recycling capacity. Transformer capacity of each furnace is 

given as below. 

 2 x 17 MVA opened type SAF has total annual capacity of 50,000 mt (Figure 1), 
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 2 x 30 MVA semi-closed type SAF has total annual capacity of 90,000 mt. 

 

Figure 1: Opened type submerged arc furnace, Eti Krom Inc. 

Required heat source for carbothermic reduction reactions is supplied by electrical arc. The arc generates a tem-

perature between 2,500 °C and 3,000 °C at the reaction zone. Simultaneously, a blend containing raw materials and 

reductants in the furnace charge are smelted by consuming excessive quantity of electrical energy.  

Eti Krom has been commissioning a pioneering project with SMS SIEMAG AG in its high carbon ferrochrome 

production plants to implement a dedusting and energy recovery system.  

Fundamentally, the facility consists of a waste-heat boiler, a filter bag station, a fan and a clean gas stack. The 

waste gas which holds 600°C temperature is recovered by evaporative cooling and transformed into steam to be used 

for transformation of mechanical energy to the electrical power generation. The excess heat is estimated to produce 

more than 35 tons per hour of steam which is then fed into a system to drive a steam turbine to generate 5,5 MWe of 

electrical power. This is then either fed back to the furnaces or loaded onto the national grid (Figure 2).  

Dedusting unit will be synchronized for 4 of Eti Krom furnaces and waste heat energy recovery will be applied 

only for 2 of 30-MVA semi-closed furnaces. Therefore, purpose and objective of the project is not only to recover the 

waste heat energy but also to eliminate off-gas dusts and reduce carbon footprint of overall 25.000 tons CO₂ emission 

per annum which means less requirement for global and domestic fossile based energy production. 

 

Figure 2: Eti Krom dedusting and heat recycling project flow chart. 

2.2 The Waste Heat Boiler 

The boiler mechanism instruments contain economizer, evaporator, super heater, screen, steam drum and blow-

down tank. Inlet temperature of the flue gas into the boiler (steam generator) is approximately 600°C and the outlet 
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temperature is approximately 200°C. The process that takes place inside the boiler can be described as an evaporative 

cooling system through water vaporization. Flue gas temperature can be reduced significantly through the phase transi-

tion of liquid water to water vapour (evaporation), which can cool air using much less energy than refrigeration.  

2.3 Power Generation System 

The power generation system consists of the steam turbine package including the condenser turbine, gear box, 

generator and condenser. The steam turbine is able to generate 5.5 MWe of electrical energy. The package is a compact 

unit and fits on a turbine table. A special spring system is installed between the turbine table and the ground. 

Basically, the steam turbine is a mechanical device that converts thermal energy in pressurized steam into useful 

mechanical work; this mechanical force is then converted into rotational force, which is then converted to electricity. 

The electricity generated in the circuit is then fed to the electrical substation, which transfers the power to the furnace 

transformers or the national grid. 

2.4 Bag Filter House (Dedusting System) 

Flue gas is introduced to the bag filter house through two ways: 

I. Flue gas which comes from the boiler for 2 of 30 MVA furnaces 

II. Flue gas which comes from directly from 2 of 17 MVA furnaces 

Filter equipment of dedusting system are designed to be used at a temperature not more than 200°C. Thus, the 

temperature of off-gas from boiler is lowered from 600°C to 200°C in order to be fed for bag filter house. For the flue 

gas from 2 of 17 MVA furnaces, an additional cooling treatment is not required due to its off-gas temperature is lower 

than 200°C.  

In the filtering process fans push the clean gas through the clean gas stack into the atmosphere, and the collected 

dust is collected in a dust silo. It is discharged into a truck that disposes of the dust at a landfill site in compliance with 

environmental regulations. 

3 SUSTAINABILITY OF ETI KROM PROJECT 

Indeed, this heat recovery and dedusting project is domestically a milestone in the field of ferrochrome production and 

is globally one of the pioneering enterprises due to holding many profits with environmental, efficiency and social im-

pacts. 

3.1 Environmental Impact 

Electricity generation through the combustion of fossil fuels is one of the source of CO2 emissions. For instance, 

in United States generating electricity through fossil fuels is accounts for about 37% of total U.S. CO2 emissions and 

31% of total U.S. greenhouse gas emissions in 2013 [4]. 

In Eti Krom project, dedusting system reduces approximately 25,000 mt of CO2 emissions per year as well as 

significantly minimizes carbon footprint. In this manner, the project globally purposes to build an awareness among 

ferroalloys smelters in the field of advanced environmental protection. 

Moreover, there is an opportunity to certify this type of projects by Gold Standard. In the last decade, Gold 

Standard certified projects took 20 million tonnes of carbon out of the atmosphere. In 2015, this figure is expected to 

reach 65 million tonnes. [5] Eti Krom has also applied and initiated Gold Standard Certification process.  

3.2 Efficiency Impact 

During energy cycling, per hour 30 tons of produced steam is continuously recovered to drive mechanical tur-

bine in order for generating 5.5 MWe of electrical power. Each 2 of 30 MVA electrical arc furnaces has a nominal 23,5 

MWh consumption capacity. If the recovered energy is fed back to the smelters, it would reduce electrical consumption 

spontaneously. Therefore, this makes the process energy efficient as well as cost-efficient.  

3.3 Social Impact 

The dedusting project minimizes emissions and saves life cycle onto earth by disposing wastes and diminishing 

greenhouse gas emissions which influence global climate change. Thus, one of the main purposes is also to save local 

community settled around the smelting territory. 

According to a long-standing approach, waste heat energy recovery is valuable process for sustainability of next 

generations by saving energy, emitting less gases and consuming less natural sources for electricity generation. 
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Figure 3: Eti Krom plant site 

4 OPPORTUNITIES FOR RUSSIAN FERROALLOY SMELTERS 

4.1 Russian Ferroalloys Industry Background 

Russia is one of largest ferroalloys producing countries in the world. Russian ferroalloy industry holds 2 million 

tons of production capacity. Almost half of the industry depends on silicon based alloys. The remaining are ranking as 

chrome alloys, manganese alloys and others. Sufficient raw material sources and availability of power make the indus-

try sustainable [2]. 

48%

16%

30%

6%

Silicon Alloys Manganese Alloys

Chrome Alloys Other Alloys

 

Figure 4: Russian ferroalloy industry [2] 
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Table 1: Some Russian ferroalloy smelters 

Company Ferroalloy 

Products 

Transformer Ca-

pacity - 

Number of Fur-

naces 

Production Ca-

pacity 

Serov Fer-

roalloy 

Plant 

 

Medium 

Carbon 

FeCr, Low 

Carbon 

FeCr, 

160 MVA total 

capacity for 18 

smelting and tilting 

furnaces 

200,000 tpy 

 

ChEMK 

Industrial 

Group 

FeSi, Low-

Carbon 

FeCr, 

FeSiCr, Si-

Ca, SiMg, 

FeMg 

335 MVA total 

capacity for 35 

electric arc furnac-

es 

700,000 tpy 

 

Kuznetsk 

Ferroalloys 

 

FeSi 290 MVA total 

capacity for 16 

smelting furnaces 

380,000 tpy 

 

 

Yurginskiy 

Ferroalloy 

Plant 

FeSi 108 MVA total 

capacity for 4 elec-

tric arc furnaces 

120,000 tpy 

 

Bratsk Fer-

roalloy 

Plant 

 

FeSi 132 MVA total 

capacity for 4 elec-

tric arc furnaces 

150,000 tpy 

 

 

 

Tikhvin 

Ferroalloy 

High Car-

bon FeCr 

96 MVA total ca-

pacity for 4 electric 

arc furnaces 

120,000 tpy 

4.2 Heat Recovery and Dedusting Availability  

In Russia measured carbon dioxide (CO2) emissions per real gross domestic product (GDP) is 60% higher than 

the average of IEA member countries. Therefore, it seems that overall carbon footprint in the country needs to be re-

duced [6].  

Russian ferroalloy industry holds 2 million tons of production capacity with 85 electrical furnaces and 1121 

mega-voltampere (MVA) transformers power capacity. Thus, these huge quantity of consumed energy in the smelters 

would have a significant off-gas heat energy which needs to be recovered.  

Simultaneously just after the energy recovery treatment, there is an opportunity to filter flue gas as well as signif-

icant carbon dioxide (CO2) emissions reduction together and greenhouse gas emissions. 

Economical calculations are not performed in this paper due to complexity of some variable operational and de-

sign parameters as given below [8,9,10]. 

 Variable flue gas heat energy depending on the type of furnace such as opened type, closed type, and 

semi-opened furnaces, 

 Various furnace transformer capacities, 

 Variable flue gas temperature depending on each alloy quality, 

 Various raw material and reductant types usage. 

 

In this aspect, the paper mainly purposes to build an awareness to encourage efficient and environmentally 

friendly smelting technologies. 
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4.2.1 Added values to Russian ferroalloys industry  

Environmental Values  

 Reducing carbon footprint and CO2 emissions, 

 Minimizing wastes and reducing greenhouse gas emissions, 

 Contributing life cycle sustainability, 

 International Gold Standard certification opportunity. 

Efficiency Values 

 Availability of feeding recovered energy back to the process, 

 Energy cost reduction, 

 As result of utilizing steam, opportunity to have hot water for household requirements, 

 Cost efficiency. 

Social Values 

 Improving awareness for health and life cycle. 

 Precaution for global climate change by reducing greenhouse gas emissions, 

 Environmentally sustainable society, 

 Supporting local communities by providing hot water. 

5 RECOMMENDATION 

Since energy recovery and dedusting process contribute a better sustainable world, it should be financially en-

couraged by international organizations such as IFC, EU, EBRD. 

6 CONCLUSIONS 

Indeed, heat recovery is an efficient technology in order for reducing energy costs and dedusting is an environmentally 

friendly project for diminishing hazardous emissions and saving the life cycle. Since Russian ferroalloys smelters hold a 

large waste heat energy potential in the flue gas, there should be more motivation in the country to be an entrepreneur 

for applying such a valuable technology in many aspects.  

7 REFERENCES 

[1]  European Commission, Integrated Pollution Prevention and Control (IPPC) Reference Document on Best Avail-

able Techniques in the Non Ferrous Metals Industries, December 2001, p.501-503 

[2] Leontyev L.I., Zhuchkov V.I., “Current Situation and Main Trends of Development of Russian Ferro-Alloy In-

dustry”, Institute of Metallurgy of Ural Division of Russian Academy of Science., 12
th 

INFACON, 2010, Hel-

sinki, Finland. 

[3] http://www.e-mj.com/features/4625-recovering-useful-energy-from-ferrochrome-furnace-flue-

gas.html#.VTn_G2dxnIU , 29.01.2015 

[4] http://www.epa.gov/climatechange/ghgemissions/gases/co2.html , 29.04.2015 

[5] http://www.goldstandard.org/ , 30.01.2015 

[6] OECD / IEA 2014 Report 

[7] Charap S., Safonov V.G., “Climate Change and Role of Energy Efficiency”, Peterson Institute For International 

Economics, Russia, 2010 

[8] Kolbeinsen L., Lindstad T., Tveit H., Bruno M., Nygaard L., “Energy Recovery In The Norwegian Ferro Alloy 

Industry”, SINTEF Materials Technology, Elkem, Tinfos, Ila & Lilleby 7th INFACON, 1995, Trondheim, Nor-

way. 

[9] Els L., Andrew N., Noakes S., “Process Modeling and Testing Methods For Evaluating Ferroalloy Furnace Off-

Gas Waste Energy”, Resonant Environmental Technologies, 13th INFACON, 2013, Almaty, Kazakhstan.  

[10] Samaradivakera L., Sahu G.P, “Opportunities To Reduce Carbon Foot Print In High Carbon Ferrochrome Pro-

duction Process In A Sub Merged Arc Furnace”, FAM Tata Steel, Ferro Alloy Production, Tata Steel, 13th 

INFACON, 2013, Almaty, Kazakhstan. 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 695  
 

The determination of real phase parameters of rectangular six-

electrode ore-smelting furnace of type RPZ-63. 

V.S.Kutsin,
1
 V.A.Gladkikh,

2
 V.I. Olshansky,

1
 I.Yu.Filippov,

1
 S.N. Kuzmenko 

1
 A.V. Ruban 

2
 

1
 PJSC Nikopol Ferroalloy Plant, Nikopol, Ukraine 

2
 National Metallurgical Academy of Ukraine, Dnepropetrovsk, Ukraine; artem_ruban@ukr.net 

ABSTRACT 

The influence of instantaneous current values of neighboring phases on the measured instantaneous values of 

"electrode – hearth" area in the rectangular six-electrode ore-smelting furnace of type RPZ-63 has been investigated. 

The trend of changing the coefficients of induction interaction from close phase to distant phase has been established. 

The correction method of measured instantaneous value of electrode voltage, considering the influence of instantaneous 

current values of neighboring phases for the furnace electrical mode control has been proposed. 

1. INTRODUCTION 

The advance level of computer technology introduction during manganese ferroalloys melting at PJSC Nikopol 

Ferroalloy Plant makes it possible to acquire the data package of alternate current and voltage instantaneous values with 

the required interrogation rate, the usage of which allows evaluating, in terms of quality and quantity, the processes that 

occur in the ore-thermal furnaces, when the alternate current flows through the "electrode – hearth" area, incorporating 

the non-linear arc resistance [1, 2].  

When calculating the electrical characteristics of six-electrode ore-thermal furnaces of type RPZ-63 it is required 

to consider the features of electrode drop measurements [3]. 

In '90s, when implementing the information sub-system of automation process control system of six-electrode 

furnaces, special attention was paid to the input information reliability at PJSC Nikopol Ferroalloy Plant. The analysis 

of vector diagrams of the six-electrode furnaces currents and voltages demonstrated that measured voltage at "electrode 

– hearth" area incorporates uncontrolled EMF value of mutual induction induced by the currents of neighboring elec-

trodes [3]. The authors [3] conducted researches of measured electrical parameters of the furnace in the course of power 

voltage and fixed electrode phases transposition. Based on the research results, it was concluded that currents of close 

and distant phases have induction effect on measured electrode voltage and the method of measured value correction 

using the induction interaction coefficients (Kii) between the phases determined by sequential single-phase switch of the 

furnace transformers was proposed.  

The deployment of the above described method for operation with instantaneous current and voltage values is 

constrained, since the measured effective values of electrode voltage being the derived value of harmonic analysis are 

corrected. As a consequence, non-linear nature of current and voltage curves are ignored.  

2. EXPERIMENT 

In order to develop the correction method of measured instantaneous electrode voltage value error con-

sidering the influence of instantaneous current values of neighboring phases, the researchers were conducted at 

the furnace of type RPZ-63 that melts ferrosilicon manganese (Fig. 2.1). The measurements were made with one 

operating phase with sequential simultaneous disconnection of furnace transformers of the other two phases 

("А" - electrodes 1, 2; "В" - electrodes 3, 4; "С" - electrodes 5, 6). 

Fig. 2.2 illustrates the curves of "C" phase current, which operates in the single-phase mode and non-operating 

phase electrode voltages induced by it. The value of phase displacement angle of voltage towards current is typical for 

electrical circuits with resistance including reactive and active components.  

As can be seen from the above, the voltage on electrode "3" induced by "C" operating phase, when "A" and "B" 

phases (u3iiС) are non-operative, is equal to: 

dt

tdi
XfRtitu С

iiСiiССiiС

)(
2)()( 333    (2.1) 

where: iС is С phase current, R3iiС ,X3iiС are active and reactive components of induction interaction coeffi-

cients К3iiС. 
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When "A" phase is operating: 

dt

tdi
XfRtitu А

iiАiiААiiА

)(
2)()( 333    (2.2) 

where: iА is A phase current, R3iiА ,X3iiА are active and reactive components of K3iiА. 

 

Figure 2.1: Closed six-electrode rectangular electric furnace of type RPZ-63: 

1 - bath, 2 – charging pipes, 3 – electrode holder, 4 – charging hoppers, 5 - transformer, 6 – hoists for ladle cars rolling 

down. 

In case of three-phase closing, the measured voltage on the 3
rd

 electrode is as follows:  

)()(
)(

)()( 33333 tutu
dt

tdi
LRtitu iiСiiА

B
Вii    (2.3) 

where: R3 is active resistance of near-electrode space of the electrode; L3 is induction of near-electrode space of 

the electrode 3; iВ is B phase current. 

Consequently, in order to obtain the corrected (actual) instantaneous value of electrode 3 voltage (u3(t)) it is nec-

essary to subtract the voltages induced by "A" and "C" phases current from the measured value: 

)()()()( 3333 tutututu iiСiiАii 
 (2.4) 

In order to determine K3iiА the instantaneous phase current values and electrode voltages of non-operating phases, 

measured in the mode of single-phase closing and calculated by FFT (fast Fourier transformation) method, induced as a 

result of its induction interaction, were used: 

)sin(...)sin()( 11 iCnmCniCCmC ntItIti  
 

(2.5) 

)sin(...)sin()( 3313133 iiСiuiiСimiiСuСiimiiC ntUtUtu    (2.6) 
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Figure 2.2: Curves of operating phase current "С" - iC (        ) and electrode voltages of non-operating phases induced 

by it: (      ) u1 is electrode 1; (      ) u2 is electrode 2; (      ) u3 is electrode 3; (       ) u4 is electrode 4, of six-electrode ore-

thermal electric furnace. 

The induction interaction coefficients are determined for each harmonic constituent and equal to the relation of 

peak stresses Um3ивСт to the operating phase current ImСn. Кив for values of the first harmonic of current iС and voltage 

u3iiС is equal to: 

13

13
13

Сm

ивСm
ивС

I

U
K 

 
(2.7) 

Active component Кii is as follows: 

)cos( 131133 ивСuiCивСивС KR    (2.8) 

Reactive component Кii is as follows: 

)sin( 131133 ивСuiCивСивС KX    (2.9) 

For other harmonic constituents and electrodes Кii, Rii, Xii are located similarly.  

3. RESULTS 

Table 3.1 shows the dependence of active and reactive components Kii on "C" operating phase current for the 

first harmonic, which implies that the quantities of active and inductive components Kii do not depend practically on the 

current values and are determined by location of electrodes towards operating phase. The shorter the distance between 

the electrode and neighboring phase is, the higher value of ХII and RII is, and the degree of current effect on the meas-

ured voltages of neighboring phases is higher. The developed correction method of measured instantaneous electrode 

voltage value error, considering the influence of instantaneous current values of neighboring phases, makes it possible, 

during each single-phase furnace closure, to find XII and RII for instantaneous non-operating phases electrode drop. 

Table 3.1 

Parameter IC R1iiС1 R2iiС1 R3iiС1 R4iiС1 X1iiС1 X2iiС1 X3iiС1 X4iiС1 

UOM kA Mohm Mohm Mohm Mohm Mohm Mohm Mohm Mohm 

Value 

1 63.8 0.048 0.049 0.056 0.081 0.067 0.090 0.130 0.238 

2 65.7 0.048 0.049 0.055 0.081 0.067 0.090 0.130 0.237 

3 74.8 0.046 0.046 0.053 0.078 0.066 0.089 0.129 0.234 

4 82.9 0.045 0.046 0.053 0.078 0.069 0.092 0.132 0.239 

5 87.6 0.045 0.046 0.053 0.077 0.068 0.091 0.131 0.238 
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4. DISCUSSIONS 

As part of automatic electric mode control system (AEMCS) of six-electrode furnace on ferrosilicon manganese 

melting [4], the model, which was based on the correction method of measured instantaneous electrode voltage value 

error, considering the influence of instantaneous current values of neighboring phases, was developed and implemented. 

The model implementation makes it possible to obtain, automatically on a real time basis, the real values of amplitudes 

and phase displacement angles of harmonic components of electrode voltages involved in determining the active re-

sistance, power and other electric characteristics of near-electrode space employed in the industrial process manage-

ment. 

Figures 4.1 and 4.2 illustrate the results of the model operation efficiency checking. During the furnace operation 

in the three-phase mode, the calculation of real voltage (Fig. 4.1) and active resistance (Fig. 4.2) values of near-

electrode space using instantaneous values of voltage drop directly measured at "electrode – hearth" of conducting 

hearth and real (corrected) values. After that, in order to exclude the effect of neighboring phases current on electrodes 

3, 4 drop (phase "B"), without changing their position, the phases "A" and "C" were deactivated. The same calculation 

was made using the instantaneous values of voltage drops directly measured on the electrodes 3, 4 of phase "В".  

It follows from the analysis results shown in Fig. 4.2 that resistance values of the third and the fourth electrodes 

determined during the single-phase furnace operation mode (no influence of neighboring phases) are almost the same as 

the resistance determined based on the real voltage values. As a result of direct voltage measurements, the values of 

active resistance of the electrodes 3 - 4 become mirror representation of electrode resistance values determined during 

operation of single phase "В" – greater resistance becomes less one and vice versa. 

 

Figure 4.1: Values of real electrode voltage values of six-electrode ore-thermal electric furnace:  - during operation 

of single phase "B" without effect of neighboring phases current; during three-phase closing:  - without correction;  

- corrected. 
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Figure 4.2: Values of calculated active resistance of near-electrode space of six-electrode ore-thermal electric furnace: 

 - during operation of single phase "B", without effect of neighboring phases current; during three-phase closing:  - 

without correction;  - corrected. 

SUMMARY 

It is shown that degree of current influence on measured voltages of neighboring phases does not depend on its 

value and is determined by electrodes location towards operating phase. The shorter the distance between the electrode 

and neighboring phase is, the higher value of ХII and RII is, and the degree of current effect on the measured voltages of 

neighboring phases is higher. 

 The model developed based on the correction method of measured instantaneous electrode voltage value error 

considering the influence of instantaneous current values of neighboring phases makes it possible to obtain the real val-

ues of amplitudes and phase displacement angles of harmonic components of electrode voltages involved in determin-

ing the active resistance, power and other electric characteristics of near-electrode space employed in the operative in-

dustrial process management. 

The deployment of the developed model as part of automatic electric mode control system of six-electrode ore-

thermal electric furnace allowed optimizing the technical-and-economic parameters.  
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ABSTRACT 

The basic costs of energy resources in orethermal production and ways to use the deadweight costs of heat and 

chemical energy of ferroalloy production by-products are covered. 

1. INTRODUCTION 

Orethermical processes are among the most energy-intensive among metallurgical production processes. The is-

sue of saving electricity in the ferroalloy industry has been vital for many years. Finding of radical solutions is a rather 

complicated and complex task due to several factors: 

- Reduction processes occur at high temperatures; 

- 30% of the electricity used is lost with chemical energy of the exhaust gases; 

- Products of smelting (metal, slag) withdraw a significant share of heat (15-20%); 

- A significant amount of heat is lost in transit and also further processing of melting products. 

2.  BALANCE OF POWER FLOWS  

For example, let’s consider the heat balance of orethermal furnace in ferromanganese smelting using flux-free 

process [1], see Table 1. 

Table 1. Thermal balance of ore-smelting furnace 

 Profit heat кДж/ кг %  Energy expenditures kilojoule / 

kg 

% 

1 2 3 4 5 6 7 8 

1 The heat of electric arc 12550 50.92 1 Chemical energy of oxides recovery 8963 36.36 

2 Chemical energy of coke and 

electrodes  

11435 46.39 2 Chemical energy of blast furnace gas 6716 27.25 

3. Chemical energy of slag for-

mation reactions  

627 2.55 3 Physical heat of dumping slag   3050 12.38- 

4 Physical heat of charge materials 35 0.14 4 Chemical energy of carbon that went 

into metall 

2201 8.93 

    5 Physical heat of ferromanganese  1390 5.64 

    6 The heat of elements evaporation (Mn, 

Si, P) 

837 3.39 

    7  The loss of heat through the lining 416 1.69 

    8 Physical heat of blast furnace gas, in-

cluding water vapor (t = 425 ° C) 

394 1.60 

    9 The heat of melting slag and metal 284 1.15 

    10 Chemical energy of water vapor de-

composition 

208 0.85 

    11 Heat of evaporation of moisture in 

charge 

188 0.76 

 Total 24647 100,0  Total 24647 100.0 

Generalization of costs is reported in Figure 1. The values of costs are given in % in the chart. 
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Fig.1. Diagram summarizing energy expenditures of furnace technology, % 

3. ANALYSIS OF ENERGY LOSSES AND SAVING METHODS 

As the table and the chart summarizing costs state, more than 27% is lost with furnace gas only. 

Physical heat of melting products, metal and slag are almost 18% (5.64% and 12.38%, respectively) of the total 

losses. Due to lack of design solutions in construction of enterprises that are mostly focused on getting the basic prod-

uct, or lack of technical solutions by-product heat utilization significant energy resource is lost. 

Heat of melting products is almost not used thus heating the atmosphere. For example, the heat being radiated by 

slag carriage, filling machines, heat from cooling electric furnaces is still of little use. Heat of slag buckets may be used 

to reduce the moisture in the raw materials defrosting them in winter, or for domestic purposes. Off-gases is an im-

portant secondary source of energy (chemical energy of blast furnace gas is more than 27% in the thermal balance of 

the furnace) and are used only partially. This is prevented by outdated standard designs which almost did not provide 

technical solutions to reuse heat and energy of melting products. 

Calculations show that the chemical energy of blast furnace gas accounts for almost 60% of chemical energy of 

coke and electrodes. Partly off-gases are directed to domestic needs to heat the factory facilities, but in the warmer 

months such a resource is just lost. Effective use of off- gases is prevented by high sulfur content which in a moist envi-

ronment creates damaging acids. A solution of such problems may be the use of modern methods of treating gas and its 

use in steam turbine power generators. The electricity produced by using the utilized gas may be transported over long 

distances (unlike the awkward heating mains) or used in factories thus saving up to 10% of electricity consumed. 

At the same time, operation experience of large capacity ore-smelting furnaces which structural elements are 

made of ferromagnetic materials (structural steel) necessitates taking into account losses due to magnetic fields and 

finding ways to reduce them. The authors performed calculations of electromagnetic losses in the construction of the 

arches of RPZ-63I1 and RKG-75 furnaces based on measurements of magnetic field intensity on the surface of arches 

and heat losses from the surface of the furnace mantle. 

The results obtained are shown in Table 2. 

Energy for recovery 

 
37% 

Energy of furnace gas 

 
27% 

Physical slag heat 

 
12% 

Physical metal heat 

 
6% 

Other expenses 

 
18% 
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Table 2. Heat and electromagnetic losses of RPZ-63I1 and RKG-75 furnaces 

 Indicators and types of furnaces RPZ-63I1 RKG-75 

1 Installed capacity of furnace transformers, MVA 63.0 81.0 

2 The total surface of furnace mantle heat emission, m
2
 471.55 343.83 

3 Heat loss from the furnace mantle surface, kW 1327.72 1774.83 

4 Specific heat from the furnace mantle surf, W/m
2
 1362 2546 

5 Typical losses as % of installed capacity 2.1 2.21 

6  Electromagnetic losses in the structures of furnace arch, kW:   

 - of structural steel 660.35 - 

 - of non-magnetic steel 8943 96.3 

7 Electromagnetic losses in % of installed capacity:   

 - in furnace arch of structural steel  1.05 - 

 - in furnace arch of non-magnetic steel 0.127 0.119 

8 Total losses of the furnace, kW 1988.0 1871.0 

9 Total loss of the furnace in % of installed capacity: 3.15 2.31 

Analysis of the data obtained shows that the electromagnetic losses in the arch of RPZ-63I1 furnace exceed by 

six times those in RKG-75. Manufacturing of furnace arch design element for RPZ-63I1 furnace of non-magnetic steel 

will reduce energy costs in the operation of the furnace by 30-35% and reduce unit costs of electricity during the pro-

duction of silicomanganese by 50-60 kW h/ton. 

In view of the above it should be noted that utilization of blast furnace gases as an energy source, heat of ferroal-

loy melting products, improving of technical and design solutions and construction materials of furnaces will signifi-

cantly increase energy efficiency in ferroalloy production. 

4. CONCLUSIONS: 

1. The problem of energy efficiency and the use of secondary resources are particularly relevant these days for 

energy-intensive industries, including ferroalloy industry. It is shown that the share of irrevocably lost energy is about 

45%. 27% of chemical and thermal energy is lost with the most affordable component (off-gases) only. 

2. One of the main directions in addressing energy efficiency issue should be an integrated approach in designing 

electric furnace units using non-magnetic materials and auxiliary furnace equipment for efficient use of secondary re-

sources in ferroalloy production. 

5. REFERENCES 

[1] Svinolobov NP, Brovkin V.L..Pechi Steel: A manual for higher schools. - Dnepropetrovsk: Thresholds, 2004. - 

154 p. 

[2] Kravchenko VA., Nezhurin V.I., Shestopalov N.S., Koval A.V. On the question of reducing energy losses during 

operation of high-capacity ore-smelting furnaces.- Proc .: High-temperature and plasma-chemical processes., L .; 

LTI; 1984, p.18-21 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 703  
 

DUST EMISSION MINIMAZING, MEASURING AND 

MONITORING IN FeCr-PRODUCTION IN TORNIO WORKS 

M. Päätalo
1
, J. Raiskio

2 

1 
Outokumpu Chrome Oy, 95490 Tornio, Finland; email: mika.paatalo@outokumpu.com 

2 
Outokumpu Chrome Oy, 95490 Tornio, Finland; email: joni.raiskio@outokumpu.com 

ABSTRACT 

Environmental pressure from authorities and local people on the Tornio Works FeCr production has being con-

stantly increased. FeCr plant in Tornio has invested more than 60 million euros in the environmental area in the last 

five years. All dust emissions of the processes and material handling are measured or calculated and reported to au-

thorities. Most of the measuring systems of dust emission are continuous-time. 

Hot and explosive process gases are typically cleaned with wet scrubbers. In the sintering process, off-gases are 

cleaned with cascade scrubbers, and dust emission and SO2-content are measured and monitored on-line. In the smelt-

ing furnace and preheat shaft kiln, off-gases are cleaned with venturi scrubbers. In addition, furnace CO-gases are also 

cleaned with CO-filters. The cleaned CO-gas is utilized in the FeCr plant and in the neighboring stainless steel plant. In 

practice, 95 % of the CO-gas produced in the three FeCr furnaces is utilized. The utilization of the CO-gas is an im-

portant environmental aspect considering CO2 and SO2 emissions. 

Dry and cold process dusts are cleaned with bag filter units. Bag filters are typically used for material handling 

processes and general de-dusting of buildings. Different types of dust can be collected into different bins and recycled 

back to the process. 

In the future, the biggest challenge for decreasing environmental load is diffuse emissions. For example, diffuse 

emissions are generated in transporting, by conveyors and by casting area operations. Most of this kind of work is done 

in large areas or outdoors, and de-dusting systems can be very complicated and expensive. 

Keywords: Dust emission, bag filters, SAF, BAT 

1 INTRODUCTION 

Outokumpu Tornio Works is the largest ferrochrome (FeCr) producer in Europe. Annual production capacity is 

530 000 tons. The production is based on chromium ore from the company’s chromite mine. The closed furnace smelt-

ing technology used in Tornio is developed in Finland. Today, the closed furnace technology is the most used and sold 

in the world due to energy and environmental benefits compared to other furnace types. For example, the energy con-

sumption and emissions of hazardous compounds are the lowest. In closed furnace, it is possible to gather the generated 

CO gas, and to clean and sell it as fuel for other plants instead of oil and natural gas. 

Environmental permits (licenses) are granted by the Regional State Administrative Agencies in Finland. The 

permit terms are supervised by local Centre for Economic Development, Transport and the Environment. Because the 

plant is situated just by the Swedish border, the Swedish authorities are also involved in licensing process [1]. 

Current environmental permit was granted in August 2012. It includes all the operations on the site: ferrochrome, 

steel melting and rolling and most of the sub-contractors. Majority on the limits were taken from the EU Iron& Steel 

and Non-Ferrous metal BREF documents (BAT conclusions) [1]. 

In Tornio, more than EUR 60 million was invested in environmental applications during construction of the new 

ferrochrome sintering and smelting line that was ramped up during 2013 and 2014. The largest individual investments 

were dust-filtering units, gas scrubbers and a new unit for process water handling [2]. 

2 DUST EMISSION MEASURING AND MONITORING 

Outokumpu continuously monitors and evaluates legislative initiatives and estimates their impact on the facto-

ries’ operations. Different types of dusts have traditionally formed the most significant source of emissions resulting 

from the operations by the metal industry.  

Continuous improvements in the monitoring of factories’ production operations reduce the environmental risks. 

Ferrochrome sintering and smelting plants are equipped with continuous-time on-line dust measurement units. The de-

tailed daily emissions data obtained from the monitoring system allow potential filter leakages to be rapidly identified 

so the immediate remedial action can be taken. In Figure 1, a typical monthly report from continuous-time dust meas-

urement system is shown. This data is also documented and reported to Finnish authorities.  
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Figure 1. Dust emission data from continuous-time measurement reporting system (daily average). 

Dust emission limits are 5 mg/m
3 

(STP) for bag and cassette filter units and 10 mg/m
3 

for wet scrubber off-gas. 

Emissions are reported in daily averages but measurement systems are continuous-time with typical sampling interval 

of one second for data recording. Most of the results from continuous-time measurement systems can also be calculated 

as emissions, e.g. kg per day.  

All continuous-time measurement systems can send automatic alarm to control room for operators and a txt-

message for shift foreman if the dust emission level is too high. In the case of an alarm (emission comes near the limit), 

de-dusting unit will be checked and corrective actions will be made as soon as possible. In some cases, it might mean 

that the process will be ramped or shut down for a while.   

Typical installation place for continuous-time measurement unit in the off-gas stack is shown in Figure 2. All de-

dusting and gas cleaning facilities in Tornio FeCr plant are presented in Table 1. 

 

Figure 2. Sampling point on off-gas stack fora continuous-time measurement. 
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Table 1. De-dusting and gas cleaning facilities in Tornio FeCr plant 

De-dusting type 

Number of 

units in Tornio 

FeCr plant 

Typical applica-

tion 

Max capacity per 

unit [m
3
(STP)/h] 

Measurement 

system 

Measured 

component 

Bag or cassette 

filter 
17 

Dosage system, 

Furnace tapping, 

Material handling 

300 000  on-line Dust 

Venturi Scrubber 12 

Smelter gas clean-

ing, 

Preheating off-gas 

cleaning 

15 000  periodic Dust 

Cascade Scrub-

ber 
7 

Sintering plant 

 off-gas gleaning 
100 000  on-line 

Dust, SO2 

and NOx 

CO-gas filter 9 CO-gas cleaning 15 000  
on-line  

gas analyzer 
CO, CO2, H2 

Slag granulation 

 Hood 
5 Slag granulation 1 000 000  periodic Dust 

3 PROCESS EMISSION CONTROL 

3.1 Wet Scrubbing 

In general, wet scrubbing is used in Tornio FeCr plant for hot gases in the temperature range of 100°C to over 

1000°C. Wet scrubbing is especially safe and suitable method to rapidly clean and cool off the large volume of hot and 

explosive CO-gas formed in SAF (submerged arc furnace) [3]. There are two kinds of wet scrubbers in Tornio: the ven-

turi scrubbers used for SAFs’ CO-gas and preheating kiln off-gas, and the cascade scrubbers for SBS (steel belt sinter-

ing) furnaces’ off-gases. Typical dust emissions after wet scrubbing per produced metric ton of ferrochrome or chromite 

pellets are presented in Table 2. 

Table 2. Residual emissions after different wet scrubbing processes 

Process 
Dust emissions 

kg/t mg/m
3
(STP) 

Closed SAF: 

venturi scrubber 

+ CO-filtering 

< 0.01 / t FeCr 

 

< 5 

 

Preheating: 

venturi scrubber 
0.002 / t FeCr 10 

SBS: 

cascade scrubber 
0.01 - 0.02/ tpellets 10 - 15 

The scrubbers used by SAFs are of two-stage, ejector-venturi type with integrated droplet removal. Water is 

sprayed through a nozzle at very high pressure. This creates a jet of very small water droplets that collects dust effec-

tively and also sucks the gas from the furnace. Dust particles are removed as slurry from the bottom of the scrubber. 

The remaining small dust particles are removed from the CO-gas with sintered plate filters after the scrubber. The sepa-

ration degree of the ejector-venturi scrubber is nearly 99.9 % with the cleaned gas containing dust particles around 50 

mg/m
3
(STP) [4]. After the sintered plate filtering, the residual dust level is only 1-5 mg/m

3 
(STP). The SAF CO-gas 

cleaning with scrubbing and backwashed plate filtering is demonstrated in Figure 3. Preheating kiln off-gases are 

cleaned with scrubbing only. The residual off-gas dust level is under 10 mgm
3 
(STP). 
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Figure 3. CO-gas cleaning with scrubbing and filtering 

The cascade scrubbers used in SBS-plants utilize off-gases’ kinetic energy to form small water droplets which 

collect dust particles. The off-gases are sucked through nozzles at high velocity and impacted into a water bath. The 

induced droplets are redirected to form a thin water film through which the gas travels while exiting the cascade nozzle. 

As a final stage, the cleaned gases are run through a droplet separator to remove entrained water. Dust particles settle to 

the bottom of the scrubber and are removed as slurry. 

In addition to solid particles, the cascade scrubbing also removes gaseous emissions effectively. This is particu-

larly practical while reducing sulfur dioxide emissions. Outokumpu takes advantage of alkaline water produced at stain-

less steel slag handling process to control the sulfur dioxide absorption through altering the scrubbing water’s pH–level. 

Control of both dust and gaseous emissions is precise with online-monitoring of dust, SO2 and NOX in the SBS process’ 

flue-gas stack. Corrective actions can be done based on process’ real-time response in order to minimize emissions. 

Dust emission levels with cascade scrubbers are typically below 10 mg/m
3 
(STP). 

The sludge from venturi scrubbers is processed with thickening and centrifugal decentering, while the solids 

from cascade scrubbers are separated with sedimentation. Remaining moisture is removed by air drying in both cases. 

3.2 Dry Gas Cleaning 

For dry process gases close to ambient temperature, filtering is a feasible method to reduce dust emissions. De-

pending on process, Outokumpu uses either bag or cassette type filters. Applications vary from single spot dust collec-

tion to building de-dusting. The size of the filter unit depends on gas flow volume and the type of solids.  

During tapping, fumes can escape from the furnace tap-hole area into the surrounding atmosphere. These fumes 

can be collected with hooding system and then cleaned with bag filters. Outokumpu has recently invested in equipment 

for every SAF to collect and clean tapping hole fumes. This application requires gas temperature dilution with excess 

air. A filter unit for tapping fumes de-dusting is shown in Figure 4. 
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Figure 4. Bag filter unit for SAF3 tapping area fumes handling 

In every location, the operating principle is the same: residual dust level is monitored on-line by direct measure-

ments from the stack. In case the dust level increases above a threshold, preventative maintenance operations are per-

formed on the filter unit in order to minimize emissions before the environmental limits are reached. The separated dust 

is collected for re-usage in appropriate processes. 

3.3 Dust Recirculation 

Different dusts collected with dry cleaning techniques are stored separately and re-used as they are, i.e., mostly 

by feeding them back into the processes. Fine coke particles and dust are used as chemical energy. After drying, the 

sludge from wet scrubbers is used in land grading, e.g. instead of bentonite. 

Dust emissions from Outokumpu’s operations typically contain small quantities of metals (etc. Fe, Cr, Zn), most 

of which are present in harmless form. Chromium is usually found in its trivalent form and not in the hazardous hexava-

lent form. 

3.4 Diffuse emission reduction 

The main sources of diffuse emissions in Tornio plant are materials conveying, furnace tapping, FeCr casting 

and ingots handling, products crushing and screening. 

After tapping fumes de-dusting, the next big challenge is to avoid diffuse emissions produced by FeCr casting. 

The casting operations happen within large areas outdoors and de-dusting systems can be very complicated and expen-

sive to implement. Best way the minimize emissions is to avoid casting. In Tornio, liquid FeCr can be sent to stainless 

steel mill nearby, and only some part of the produced ferrochrome must be cast into ingots. 

The cast material is fed into an integrated crushing and screening plant to produce the wide range of product siz-

es. These operations are a potential source of diffuse emissions and require consequent covering. Extraction and bag 

filters are used and the collected dusts are reused [3]. 

Other methods to reduce diffuse emission are water spraying (see Figure 5), walls and buildings and optimized 

working order, i.e., for example, handling and moving cast ingots as little as possible before crushing.  

During tapping and casting, slag also creates a lot of fumes and dust. Most of the slag in Tornio is granulated 

with water. The vaporized water from slag granulation is exhausted through collecting hoods and stacks. 
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Figure 5. Water spraying with a “snow cannon”. 

4 CONLUSION 

One of the Outokumpu’s operating principles is to use best available techniques (BAT) to reduce emissions and 

minimize harmful environmental impacts which could result from factories operations. BAT means the best available 

pollution prevention technology from technical and economic perspective. 

Employing BAT means that the latest technology will be used to keep emissions from Outokumpu’s operations 

at the lowest achievable level. Outokumpu continuously develops processes and pollution prevention techniques to 

maintain high levels of emissions control also in the future. Outokumpu is also an active participant in the process of 

updating the reference documents (BREF) which specify related technologies, helping to set the high standards applica-

ble within the European Union [2]. 
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ABSTRACT 

Minimizing energy consumption has become a priority for many industrial facilities, both from an economic per-

spective and in response to political and community pressure to reduce greenhouse gas emissions. Suppressed combus-

tion ferroalloy smelting furnaces typically produce hot and dusty syngas consisting of primarily CO and H2, which of-

fers the potential for recovery of high-grade chemical energy. However, syngas handling (conveying, cooling and clean-

ing) can pose a significant risk of explosion or fire, and even minor leaks of this toxic gas can result in poor workplace 

hygiene and associated acute health risks. Furthermore, many jurisdictions in the world no longer allow for conven-

tional wet gas cleaning due to limited water availability and restrictions on secondary pollution. 

Hatch has developed a novel combustible gas treatment process that effectively targets the associated health and 

safety hazards. The process requires no water and incorporates several patented technologies, including an inherently 

safe 100% positive pressure gas handling system that enhances in-plant hygiene. This article describes the key technical 

advantages of this ‘dry’ process and highlights some of the main drivers for development. Implementation of the system 

for the largest calcium carbide smelting furnaces in the world at Qinghai Salt Lake Industry Co. (QSLIC) in Golmud, 

China is profiled as a case study. 

1. INTRODUCTION 

While ferroalloy smelting has a long established history of continuous development, ranging from the adoption 

of new technologies to the implementation of countless incremental process improvements, until recently, sustainable 

development practices have not been at the forefront of this progression. This is rapidly changing as operations target 

reduced energy costs and regulators in many jurisdictions increasingly call for processes with the lowest environmental 

impacts. 

Exhaust systems for ferroalloy smelting furnaces have evolved greatly in the past century. Originally, gas han-

dling systems for ‘open’ furnaces consisted of little more than chimneys to disperse contaminants overhead. When envi-

ronmental regulations eventually called for gas cleaning, many ferroalloy furnaces retained their open design and con-

verted the smelter buildings into large enclosures that were exhausted to a common location for gas treatment. Hygiene 

within these buildings was notoriously poor, prohibiting access to most areas during normal operation. Eventually, the 

majority of furnaces migrated to ‘semi-closed’ or ‘closed’ designs, with associated suppressed combustion freeboards 

that allowed for a reduction in the volume of gas to be handled and higher concentrations of CO and H2. At first, furnace 

exhaust was cleaned and flared due to the low price of fuel and a lack of incentive to do otherwise. However, safety 

issues associated with handling the combustible gas and continuing poor hygiene around the furnaces led to the devel-

opment of full combustion furnace freeboards. 

Whereas full-combustion systems effectively addressed many of the safety and hygiene issues associated with 

suppressed combustion designs, they were generally more costly to install and operate due to the higher post-

combustion gas volumes. As a result, despite their inherent disadvantages, suppressed combustion systems continued to 

be used at the majority of greenfield ferroalloy developments well into the 21
st
 century. 

Up to this time, virtually all suppressed-combustions systems utilized wet (i.e., high energy particulate scrub-

bers) based gas cleaning circuits. Full-combustion systems were generally more flexible, allowing the use of alternative 

cleaning equipment, including electrostatic precipitators and baghouses, and adopting configurations where the furnace 

exhaust could be combined with other exhaust sources in the smelter for centralized gas treatment. 

About a decade ago, several important trends conspired to influence the prevailing economics: 

 Energy costs began to increase rapidly 

 Safety became a top priority for many organizations 

 Increasingly stricter environmental regulations began to influence equipment selection 

Higher energy costs favoured suppressed combustion system configurations, which could be more easily modi-

fied to stop flaring and recover the off-gas as chemical energy in a downstream process (such as syngas-fired burners). 

However, incorporating these modifications made the systems more complex and inherently less safe. Virtually every 
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major ferroalloy facility operating with a suppressed combustion gas handling system has experienced an explosion 

related incident of some sort, often with associated fatalities. 

Stricter environmental requirements were also beginning to surpass the practical capabilities of wet gas cleaning 

equipment. Many jurisdictions lowered allowable stack particulate matter emissions to 20 mg/Nm
3
. EU Integrated Pol-

lution Prevention and Control (IPPC) directives now call for 1-5 mg/Nm
3 
[1]. Wet gas particulate cleaning equipment, 

including venturi-scrubbers and ‘disintegrators’, historically have had significant difficulty in achieving these limits on 

a consistent basis. Venturi scrubbers must operate with extremely high pressure drop (and associated power consump-

tion) and will often not meet these requirements with typical ferroalloy furnace gases containing high levels of sub-

micron particulate/fume. Furthermore, certain jurisdictions no longer allow wet-scrubbing of combustible gases, due to 

generation of large volumes of liquid effluent. China, in particular, has numerous ferroalloy furnace gas cleaning facili-

ties with limited or no liquid effluent discharge, and this has become the accepted standard. 

Today, emission exceedances and syngas related explosions are still commonplace at many facilities with sup-

pressed combustion exhaust systems, while high CO2 emissions and higher energy consumption has made full-

combustion systems both economically and politically unattractive. These shortcomings provided the motivation for the 

authors to revisit ferroalloy off-gas handling practices in the hopes of developing a more suitable flow sheet for modern 

times.  

2. CURRENT FERROALLOY GAS HANDLING PRACTICE 

Although there are numerous variations, gas handling systems for suppressed combustion exhaust systems can 

be broadly classified into three categories: 

 Wet gas handling processes operating mostly under negative pressure 

 Wet gas handling processes operating entirely under positive pressure 

 Dry gas handling processes operating mostly under negative pressure 

Access to fresh water, ability to discharge liquid effluents, tolerance for explosion / safety risks, capital costs, 

operating costs and precedence are the key drivers for selection of gas handling technology. Wet gas handling systems 

are preferred where fresh water is readily available and can be discharged after minimal water treatment. Wet systems 

under negative pressure are generally found in facilities that have been around for longer as these are the simplest gas 

handling configurations. Dry gas handling systems appear to be popular in certain jurisdictions (e.g. China), where sup-

ply water is not readily available or water treatment is prohibitively expensive due to strict limits for wastewater dis-

charge.  

2.1 Wet Gas Handling Processes Operating Mostly Under Negative Pressure 

Combustible gas typically exits the furnace and is indirectly cooled through a water cooled duct. Particulate re-

moval is achieved by a wet scrubber. This process often uses venturi scrubbers with induced draft CO gas fans located 

downstream of the scrubber. Multiple stages of wet quenching, scrubbing and multiple fans in series are often required. 

A venturi scrubber typically operates with a high pressure drop of 10 kPa or more, resulting in areas upstream of the fan 

being under significant negative pressure. Therefore, additional monitoring and control is required to minimize the risk 

of air ingress into the CO/H2 rich process gas stream which could ultimately lead to explosions.  

WATER 
COOLED 
UPTAKE

FURNACE
OFF-GAS FAN(S)

Negative Pressure Zone

Quencher 
and Wet 
Scrubber

EMERGENCY 
FLARE STACK

Liquid 
Effluent

 

Figure 34: Schematic of wet gas handling process operating mostly under negative pressure 

Many facilities that operate at negative pressures employ several methods to mitigate the safety risks, including 

extensive gas monitoring, frequent maintenance, redundant instrumentation and ‘no access’ area restrictions. For exam-

ple, Calcium Carbide smelters in North America and Ferrochrome smelters in South Africa still operate this configura-

tion. 
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2.2 Wet Gas Handling Processes Operating Entirely Under Positive Pressure 

In North America and South Africa, several ferroalloy furnaces producing combustible gases employ an alternate 

wet gas configuration which keeps the majority of the equipment under positive pressure, thereby eliminating the poten-

tial for air ingress. For example, Ilmentie smelters, where combustible gas exiting the furnace and water cooled uptake 

is immediately conditioned in a quench and spray tower. Then the gas is further treated using an eductor and spray tow-

er which imparts sufficient pressure boost through momentum balance to carry the partially cleaned gas under positive 

pressure to a disintegrator / blower. Alternate configurations include Jet Venturi scrubbers which impart a positive pres-

sure boost through injection of very high pressure water.  

WATER 
COOLED 
UPTAKE

FURNACE
OFF-GAS FAN

Jet / Eductor
Scrubber 

EMERGENCY 
FLARE STACK

Liquid Effluent
 

Figure 35: Schematic of wet gas handling process operating entirely under positive pressure 

Using this flow sheet, smelters have been operating for over 30 years with excellent safety profiles. The immedi-

ate quenching with water results in large reductions in gas volume which can be handled by a compact gas cleaning 

system. This is advantageous from a capital cost standpoint. It is also easier to keep a compact and low temperature 

system sealed. The primary drawback is the large volumes of water that must be used to quench and scrub the gas. This 

problem becomes especially acute in regions where water is a scarce resource. The effluent also absorbs impurities from 

the gas and must be treated in a wastewater treatment plant prior to discharge. The additional capital and operating cost 

required to build and operate such a waste water treatment plant is often substantial. Particularly at sites where there are 

strict limits for wastewater discharge, wastewater treatment plant cost can make a project commercially non-viable. 

Another drawback of scrubber based systems is that gas cleaning efficiency is generally limited by scrubbing technolo-

gy.  

2.3 Dry Gas Handling Processes Operating Mostly Under Negative Pressure 

The majority of new ferroalloy projects with suppressed combustion in China use a dry gas handling system to 

treat the combustible gas. Alzchem has also been successfully operating a dry gas handling system in Germany. Dry gas 

handling systems primarily rely on high efficiency baghouses for particulate collection. The Chinese calcium carbide 

industry has developed baghouse based dry gas handling flow sheets. The majority of these flow sheets is still in the 

development phase and often requires significant modifications to obtain the necessary performance and on-line time. 

Typically in these flow sheets the furnace off-gas is indirectly cooled to below 600 
o
C in a water cooled uptake.  
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Figure 36: Schematic of Chinese dry gas handling process operating mostly under negative pressure 

The gas is then cooled to below 200
o
C using stages of forced air cooling. This operation commonly takes the 

form of a forced draft cooler (although Chinese vendors have built alternate coolers which appear to be jacketed cy-
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clones that cool the gas and remove the larger dust particles with unknown performance efficiency). The cooled gas is 

pressurized and blown through a baghouse for cleaning prior to sending to the end user. 

 

Figure 37: Chinese CaC2 Smelter Water Cooled Uptake (left); Forced Draft Cooler and Baghouse downstream of Water 

Cooled Uptake (right)  

The primary advantage of a dry system is that it practically eliminates water usage and the need for water treat-

ment. In a wet system, heavy metals and cyanide contained the dust dissolve in the water and treatment of these species 

in water is often difficult. The filtration efficiency of the baghouses is reliable and 10 mg/Nm
3
 can be achieved. At cer-

tain facilities, the dry dust collected from the baghouse may be recycled to a cement facility. This dry handling flow-

sheet also has several drawbacks. The ductwork operates at significantly higher temperatures than a wet system with 

significant thermal expansion. This demands proper engineering attention to eliminate air infiltration. All equipment 

upstream of the fan is under negative pressure which frequently causes explosions. This is a challenge that Chinese en-

vironmental equipment suppliers have yet to solve. Other considerations include potential hygiene and safety risks as-

sociated with dry discharge of CO gas laden dust. These facilities also report reliability issues due to the heavy dust 

loads at the forced draft coolers, reducing plant throughput. A comparison of the gas handling processes is shown be-

low. 

Table 2: Comparison of Gas Handling Systems 

Categories Dry System Wet System 

 
All Positive Pres-

sure 

Negative Pres-

sure Zones 

All Positive Pres-

sure 

Negative Pressure 

Zones 

Explosion Risks Low High Low High 

Risk of CO gas leakage High
(1)

 Low Medium Low 

Capital 

Cost  

Gas Handling High Medium Low Low 

Effluent 

Treatment 
None None High

(2) 
High

(2)
 

Operating Cost 

Power Power Power, Water 

Treatment 

Reagents 

Power, Water 

Treatment 

Reagents 

Particulate Emissions < 10 mg/Nm
3 (3)

 < 10 mg/Nm
3 (3)

 30 – 50 mg/Nm
3
 30 – 50 mg/Nm

3
 

Dry Dust Reuse Yes Yes No No 
1 – Risk can be mitigated through patented purged flanges 

2 – Wastewater includes dust that often contains cyanide and other heavy metals which are difficult to remove 
3 – Dependant on dust loading and size distribution but limit can be achieved with a properly maintained baghouse 

Based on the above, it was deemed that there would be significant advantages for a gas handling flow sheet that 

has both the benefits of a dry and positive pressure based system. This led to the development of a new (patented) dry 

positive pressure based gas handling system. 

3. NOVEL DRY POSITIVE PRESSURE SYSTEM 

The Hatch dry positive pressure system uses baghouses operating at ~200
o
C for particulate cleaning. The hot gas 

exiting the furnace remains slightly positive due to stack effect. The initial cooling prior to entering the furnace off-gas 

Forced Draft Cooler Baghouse 

Water Cooled 

Duct 
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fan is achieved by a water cooled duct followed by recycling cool cleaned gas from downstream of the forced draft 

cooler. The cooled gas is injected using a custom designed dry eductor to simultaneously pressurize and cool the fur-

nace off-gas. This maintains positive pressure at the inlet of the furnace off-gas fan. The fan discharges the gas through 

a baghouse and forced draft cooler, keeping the entire gas handling system under positive pressure. 

 

Figure 38: Schematic of Hatch Dry Gas Handling System (One uptake, one train configuration shown) 

3.1 Furnace Uptakes and Emergency Flaring System 

During normal operation, hot gas is exhausted from the furnace freeboard through a water cooled uptake which 

provides the first stage of cooling to reduce the gas temperature from 1000ºC to 600ºC. The cooling water flow is moni-

tored for leak detection. Adjustable spring hammers are installed to periodically knock off dust build-up inside the up-

take. The water cooled duct discharges to an un-insulated high temperature stainless steel duct, which can also serve as 

a ‘radiation cooler’ to obtain additional cooling. The vertical arrangement of the water cooled uptake and the stainless 

steel duct ensures that the contained gas is always at a positive pressure due to stack effect. A duct to an emergency 

flare stack branches off from the stainless steel duct. It is used in cases such as furnace start-up, regular and emergency 

shutdown, when venting is needed to protect the downstream gas handling equipment or when the gas handling capacity 

is less than required.  

3.2 Eductor and Dilution Cooling 

Near the end of the stainless steel duct, recycled cool, clean off-gas from downstream of the forced draft cooler 

is injected into the furnace gas stream via a variable throat dry-venturi (Eductor) to: 

 Cool the gas to a temperature suitable for the baghouse  

 Generate a positive pressure boost to the furnace gas from the high velocity of the jet 

 

Figure 39: (a) Typical Eductor Configuration, (b) Eductor assembled in shop, (c) Eductor throat 

3.3 Gas Cleaning 

After dilution cooling, the gas passes through a drop out box before being pressurized by a furnace off-gas fan, 

which pushes the gas through a baghouse and a forced draft cooler. The gas cleaning area also includes a dust handling 

system to collect the debris and dust collected from the drop out box and the baghouse. A layout of this gas handling 

system is shown in Figure 40. 

(a) (b) (c) 
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Figure 40: Hatch Dry CO Gas Handling System Front End (Part a), Back End (Part b)  

3.4 Novel Features and Best Practices 

The design of any combustible gas handling system, in particular syngas, poses several challenges. On one hand, 

it is generally accepted that maintaining positive pressure is the only inherently safe way to prevent explosion hazards. 

However, maintaining hygienic conditions is almost equally important due to the toxicity of CO gas. The above flow 

sheet ensures the gas handling system is inherently safe from risks of explosions. However, to minimize hygiene risks, 

several novel and best practice features are also included in the design of the dry CO gas handling system.  

3.5 Flange Sealing with Leak Detection Monitoring 

GASKET 1 GASKET 2

PURGE GAS 
INJECTION 

PORT

         

Figure 41: Purge flange section showing gaskets and nozzle (left), assembly view (right) 

Leakage of CO gas through flanges was identified as a key hygiene risk when dealing with hot syngas under pos-

itive pressure. Syngas typically contains 60 – 80 vol% CO, whereas the Threshold Limit Value (TLV) for CO gas is 25 

ppmv. Welding of flanges is a common way to prevent leakages but was deemed too restrictive for maintenance. There-

fore, to keep flanges sealed while minimizing leakage, Hatch developed a flange sealing technology that uses pressur-

ized nitrogen to create a positive pressure barrier between two ring gaskets. This prevents CO gas leakage into the at-

mosphere and allows leak detection through nitrogen flow monitoring, without impacting availability. This flange de-

sign is applied in the hot zones of the gas handling system where leakage risk is the highest.  

Front End (Part a) Back End (Part b) 
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3.6 Dust Recycle Wash System 

Entrained CO gas in the dust from the baghouse is another source of hygiene problems. Hatch has designed a 

dust discharge system that provides a counter current dust wash that cleans hot filtered dust of entrained CO. The dust 

from the baghouse drops through a near vertical chute and is collected in a purge hopper. A nitrogen injection port is 

inserted in the chute to provide an upward flow of nitrogen. A second injection port is provided in the purge hopper 

which keeps a higher pressure in the purge hopper and further minimizes downflow of contaminated gas. The dust flow 

from one vessel to another is controlled using flap valves. The flap valves are adjusted with designed perforations which 

allow nitrogen to flow up at all times. The nitrogen flow prevents dust from travelling down when the flap is closed. 

When the flap opens, the dust falls and is washed by the counter current flow of nitrogen to release the entrained CO 

gas from the dust.  

Baghouse

Dust handling 

Bin

Purge 

injection

Purge 
injection

Flap / Gate 
Valves

FIRST INJECTOR

SECOND INJECTOR

DUST COLLECTOR

SECOND DUST HANDLING 
APPARATUS

CHUTE

FIRST DUST HANDLING 
APPARATUS

DUST DISCHARGE 
APPARATUS

PURGE HOPPER

Purge Gas flowing up

Dust falling 
down

 

Figure 42: Dust Handling System Schematic  

3.7 Other Best Practice Features 

The dry positive pressure gas handling system can incorporate various other design features that are considered 

‘best practice’ for handling of explosive ferroalloy furnace gas: 

 CO gas leak prevention – Double bellows (testable) expansion joints provide dual protection and ad-

vanced warning in case of leaks in the bellows. Fans and rotating equipment have no split casing and shafts 

contain purged seals to prevent leakage. 

 CO gas monitoring – In the event that positive pressure is lost, inline oxygen monitoring of process gas 

can provide early warning prior to an explosion. An extensive monitoring of ambient CO gas ensures that 

any gas leaks are detected before personnel exposure above the applicable concentration limits. 

 Water leak detection – An advanced closed loop leak detection system based on flow and level monitor-

ing minimizes risk of water infiltration into the furnace. Hydrogen can also be detected by a gas analyzer in 

the uptake to provide advanced warning. 

 Maintenance – Vertical or sloped equipment surfaces prevent dust from settling. An automated mainte-

nance scheme includes nitrogen and air purging according to European codes [2, 3, 4]. It uses double-

block-and-pressurized-dampers, along with water seals to insert blanking plates to allow safe access into 

the equipment while other portions of the system remain functional. 

 Minimizing explosion risks – Nitrogen based baghouse pulsing and grounding of all equipment minimizes 

risk of sparking as an ignition source for explosions. 

The inclusion of the above features further mitigate explosion and hygiene risks, improve plant operability and 

maintainability, and make the system more forgiving over the long term.  

4. IMPLEMENTATION OF HATCH DRY GAS HANDLING SYSTEM AT QSLIC 

Hatch has supplied four 100 MW calcium carbide furnaces at QSLIC’s smelter complex in Golmud, China, ex-

pected to be the largest in the world (and a 5
th

 identical furnace near Xining). All the features of the dry gas handling 

system described in Section 3 were implemented at QSLIC. As of February 2015, the facility was in the latter stages of 

construction (Figure 43). As mandated by the client, the system represents the current state-of-the-art and contains the 

full functionality of a Hatch dry handling system. A facility description and key technical features are described in the 

sections below. 
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Figure 43: QSLIC Gas Handling System (under construction) 

4.1 Facility Description  

Each QSLIC furnace will produce over 11,000 Nm
3
/hr of hot, dusty furnace off-gas (60 vol% – 80 vol% CO). 

Due to the rectangular shape of the furnace and high exhaust gas volume, two off-gas uptakes located at either end of 

the furnace, were designed to ensure sufficient exhaust capacity. Typical cylindrical baghouses in the Chinese calcium 

carbide industry do not exceed 3 m in diameter for fabricators to ensure gas tight sealing. Therefore, the QSLIC gas 

handling system was designed with two gas cleaning trains per uptake (four trains in total) as shown in Figure 44. This 

allowed the baghouse and forced draft cooler sizes to be maintained within the fabrication capacities of local suppliers.  

 

Figure 44: QSLIC Gas Handling System Flow Schematic 

To take further advantage of the four train configuration, the equipment in each train was designed with higher 

capacity such that one train can be isolated for maintenance with no penalty to production. This redundancy was a client 

requirement and improves overall system availability. The gas from all gas cleaning trains combine and is sent to anoth-

er fan to convey to a gas holder. From the gas holder, the gas is sent to a set of kilns for use as a supplementary fuel 

source. 
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A dust handling system using counter-current nitrogen wash (as described in Section 3.6) was implemented in 

the QSLIC facility. In order to take advantage of Stack effect and to minimize build up, the QSLIC gas handling system 

is built vertically with the furnace off-gas fan and baghouses elevated sufficiently. This allowed implementation of a 

gravity-based dust return system with no mechanical conveying devices, which is expected to significantly reduce 

maintenance requirements typically associated with dust handling systems. Once the dust handling system is commis-

sioned, the equipment is expected to operate with minimal operator intervention.  

4.2 Hygiene Control in Smelter Building 

QSLIC’s objective to create a state of the art smelting facility also required ways to control fugitive emissions 

inside the Smelter building. Leakage through furnace electrode seals is typically a major source of emissions inside a 

smelter building. Therefore, a nitrogen pressurized electrode seal was developed which is expected to result in zero 

leakage of off-gas into the smelter building. The electrode sealing is continuously monitored to prevent the need for 

unscheduled maintenance. In addition, a smoke hood is installed to provide sufficient ventilation at the smelter roof 

elevation such that any nitrogen that escapes into the smelter is immediately exhausted. The smoke hood also provides 

redundancy against CO exposure in case of a failure of the electrode seals.  

4.3 Furnace Pressure Control 

To utilize the advancements included in the QSLIC gas handling system design, a sophisticated control system 

was required. The increased number of trains at QSLIC results in multiple combinations of dampers and variable speed 

drives that could affect the furnace pressure. If all control sets respond simultaneously to a change in furnace freeboard 

pressure, the overall response could be coarse. If the controllers respond independently, system control may be unstable.  

To eliminate these issues, a single primary controller is used to respond to fluctuations in furnace pressure and 

the remaining controllers are set to keep the primary controller in its most effective position. This approach can respond 

to rapidly changing furnace pressures and maximizes the capacity of the supplied equipment. Further logic was added to 

create an even flow distribution between the gas cleaning trains under maintenance scenarios when one or more trains 

are offline. The ability to tune and control these loops during commissioning is critical for successful, safe, long term 

operation of the gas handling system.  

4.4 Equipment fabrication and testing 

A major challenge for systems handling combustible or toxic gas is ensuring the equipment and ductwork re-

mains gas tight. Therefore, during the fabrication phase, extensive pressure testing of individual duct segments and 

equipment were recommended. Performing similar pressure testing on-site with a complex duct system is not often 

practical. Strict fabrication tolerances were also specified, especially for flatness and roughness of flanges, which use 

hard gaskets that are extremely effective when the corresponding mating flange is designed correctly. The flange seal-

ing mechanism with leak detection features developed by Hatch is a powerful tool for reducing the uncertainty regard-

ing ductwork gas-tight construction. Furthermore, the flanges will be tested during cold commissioning with ambient air 

to confirm a gas-tight seal exists prior to startup. This is of considerable value at QSLIC due to the presence of less ex-

perienced local vendors and an installation / operations team not familiar with installations of this type. It is expected 

that having these flanges will reduce leaks and hygiene issues in the plant. Similar designs can be adopted for any appli-

cation that benefits from a tight seal with minimal additional cost.   

5. CONCLUSIONS 

A ‘third-generation’ ferroalloy furnace dry gas handling system has been developed by Hatch to achieve compli-

ance with the most stringent global environmental emission limits for air, water and solids. The system combines some 

of the best dry gas treatment practices established in the Far East with the highest Western standards for reliability and 

safety. The equipment is fully scalable and can be tailored to suit the specific requirements of most ferroalloy smelting 

applications. In addition, any syngas handling process which requires particulate removal (e.g. – energy recovery from 

blast furnace and coke oven gas) could also benefit from incorporating features from this process. Gas conditioning for 

unique gas fuel users, including gen-sets, is also possible.  

The dry gas handling flow sheet is currently being implemented as part of the QSLIC calcium carbide smelting 

process, which is expected to be commissioned in late 2015. The installation represents the most comprehensive solu-

tion offered by Hatch, delivering safer operation with both passive and active monitoring systems. For other ferroalloy 

applications, the suite of features employed at QSLIC can be tailored based on site-specific regulatory and client re-

quirements. Each feature can be considered an individual module, within which a customized system may be assem-

bled. 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 718  
 

6. REFERENCES 

[1] Integrated Pollution Prevention and Control (IPPC), “Reference Document on Best Available Techniques in the 

Non Ferrous Metals Industries”, EU BREF Document http://eippcb.jrc.ec.europa.eu/reference/nfm.html, 2001.  

[2] BSI Group, Industrial thermoprocessing equipment Common safety requirements for industrial thermopro-

cessing equipment. EN 746-1, 1997 

[3] BSI Group, Industrial thermoprocessing equipment. Safety requirements for combustion and fuel handling sys-

tems. EN 746-2, 2010 

[4] BSI Group, Industrial thermoprocessing equipment Safety requirements for the generation and use of atmos-

phere gases. EN 746-3, 2009 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 719  
 

Ecological Aspects of Ferroalloys and Silicon Metallurgical Works – 

Economical Solutions 

1
C., Fröhling, SMS Group, 

2
R.,Degel, SMS Group 

1 
Eduard-Schloemann-Str. 4, 40237 Düsseldorf, Germany, christian.froehling@sms-siemag.com 

2 
Eduard-Schloemann-Str. 4, 40237 Düsseldorf, Germany, rolf.degel@sms-siemag.com 

Abstract 

The future holds a great potential for the field of energy and environmental solutions in metallurgical processes. 

SMS Group brought different innovative concepts to market and has been awarded for several of these new technolo-

gies. 

Raising requirements for sustainable and cost-efficient production of metals lead to a growing demand for ener-

gy recovery solutions and the usage of combustible exhaust gases. Therefore we offer an integrated solution how to use 

different energy sources available in a metallurgical works complex most efficiently. Energy recovery systems work for 

open/semi-open type SAF off-gas heat or converter heat while process gases from closed type SAF are utilized in steam 

generators.  

All metallurgical processes generate exhaust gases which contain thermal and to some extent chemical energy. 

To use the thermal energy, we developed a Waste Heat Boiler enabling to regain up to 80% of the otherwise lost energy 

– typically using off-gas with temperatures up to 700° C.  

Furthermore metallurgical processes yield a large range of gaseous byproducts like SAF-gas, blast furnace gas, 

coke oven gas and converter gas that have high energy content in the form of combustible components like Co and H2. 

Utilizing these gases as primary fuel in a firing plant contributes significantly to increased energy efficiency in steel-

works, and therefore reduces the overall metal production costs and saves CO2 emissions. For the systematic utiliza-

tion of these gases to generate e.g. steam for production and/or to generate electricity in a complete power station pro-

cess, SMS Group offers a wide range of part-standardized Industrial Steam Generators. 

1. ecoplants concept 

The challenge of reconciling sustainability and economic growth must be addressed in practically all the world’s 

markets. It is also playing an increasingly important role in the metal industry due to comparatively great potential for 

saving energy of the latter. 

 

Figure 1: ecoplants logo 

The new ecoplants label is the new label for sustainable solutions by SMS Group.  

The combination of sustainability and economic growth is the result of four ecoplants- criteria: 

 Significant reduction in the use of raw materials 

 Significant reduction in the use of energy and operating media 

 Significant reduction in emissions 

 Significant improvement in the recycling quota 

2. Utilization of waste heat at SAF 

For more than 100 years it has been our business and tradition to work out solutions in the field of submerged-

arc furnaces and electric smelters. Our technology assures the success of our customers in the ferroalloy and non-

ferrous metal industries. Our plants are characterized by innovative design and “Made in Germay”-qualitative manufac-
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turing. References from all over the world demonstrate the economic success which is achieved through stable and safe 

operation. 

Along the metallurgical production processes, there are several operating sequences that require enormous 

amounts of heat. These accumulated, hot exhaust gases often remain unused. 

Based on this background SMS has developed energy recovery systems producing steam from exhaust gases 

coming from different furnances - e.g. SAF and AOD-Converter. Depending on the process up to 80% of the wasted 

energy can be recovered. This steam can be used for heating, cooling or generation of mechanical or electrical energy. 

Forced by these technologies, tens of thousands of tons of CO2 emissions are saved, which allow the disposition 

of emission permits. 

In semi-open electric smelters, the combustible components of the process gases are fully combusted in the free-

board area above the burden. Today’s furnaces are equipped with doors allowing the precise control of the off-gas tem-

perature between 550 to 750°C. Instead of cooling the off-gas by means of a forced draft cooler or a hair-pin cooler the 

energy of the off gas is utilized to generate superheated steam within a waste heat boiler. Inside the waste heat boiler 

convective heating surfaces are located. The boiler consists of heating surface tube banks for economizer, evaporator 

and superheater. The upper part of the boiler casing consists of water walls and belongs to the evaporator system. This 

measure leads to a very high flexibility of the system in case of off gas temperature peaks etc. The boiler will be operat-

ed in natural circulation thus no circulation pumps are required.  

 

Figure 1: Energy Recovery at SAF – Open furnace design 

In any way the cooling is necessary before the gas can be cleaned in the bag filter. Now, by using this energy re-

covery plant, superheated steam is generated. The produced steam can be utilized for various applications, e.g. for gen-

eration of electricity, for heating or for running drives. 

EtiKrom is a Turkish ferrochrome producer who has placed an order for two additional reduction furnaces (SAF) 

from SMS Group. Both of them are equipped with energy recovery systems using thermal energy from up to 600°C hot 

furnace gases for generation of superheated steam. The energy content of the steam is used to drive a steam turbine 

which produces electrical power with a 5 MW-generator. EtiKrom is expecting an amortization period of less than four 

years by this method of producing electrical power. 
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Figure 2: ecoplants– solutions for our customer EtiKrom 

In some Si-metal and FeSi processes up to 22% of the input electric power can be recovered.  

 

Figure 3: Typical flow chart – energy recovery system 

3. Usage of exhaust gas 

The large range of gaseous byproducts as SAF-gas, blast furnace gas, coke oven gas and converter gas have high 

energy content in terms of combustible components. 

At semi-open type furnaces the combustible components which are generated during the process are fully burned 

in the freeboard area. The furnaces are either equipped with doors or openings in the roof, which allows the control of 

the off-gas temperature. Depending on the process the off-gas temperatures are between 550 to 750°C. Internal calcula-

tion shows that more than 20% of the input electric power can be recovered. Due to environmental and ecological rea-

sons, a larger portion of electric smelters are closed type furnaces, which produce certain quantities of CO-rich gas that 

can be utilized in various up- and downstream processes. SMS developed a “dirty-boiler-system”, which can take the 

hot dirty combustible gas and transform the chemical and sensible heat into steam. 

Having a closer look at SAF-gas in a closed furnace design one would not find combustion of process gas. 
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But combustible off-gas can be used after treatment (e.g. Venturi Scrubber) in a Process Gas Boiler to generate 

superheated steam. The off-gas flows about 6,000 to 12,000 Nm³/h. Depending on alternating current or direct current 

the high dust load ranges between 70 and 200 g/Nm³, temperatures start at 300 up to 1,800°C maximum.  

Utilizing gaseous byproducts in general as primary fuel in an industrial power plant contributes significantly to in-

creased energy efficiency in steelworks and therefore reduces the overall steel manufacturing costs and reduces CO2 

emissions. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Specific values for different process gases 

For the systematic utilization of these gases, e.g. to generate steam for production and/or to generate electricity 

in a complete power station process, SMS Group offers a wide range of part-standardized steam generators. In this con-

text SMS focuses on taking into account many requirements that influence the choice of steam generator type. Exam-

ples for these requirements are: 

• Low emissions 

• Wide range of fuels 

• Compact design 

• Fast starting capability 

• Flexibility: 

• Variable and fixed-pressure mode 

• Daily start/stop 

• High availability 

• High cost-effectiveness 

The SMS Group range comprises suspended or self-supporting natural-circulation steam generators with high to 

top outputs: 

 Live steam pressures up to 160 bar 

 Live steam temperatures up to 540°C 

 Up to 150 MWel 
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We supply single or multi-pass types that can be adjusted to a wide variety of tasks. 

 

Figure 5: Typical two-pass steam generator 

Existing plants have a high potential for the optimization of air- and fuel supply. Low calorific gas burners often 

operate with conservative combustion parameters that are highly prone to failures, which can lead to increased down-

times. Our experts have the required know-how to optimize these burners and to ensure smooth operations. 

4. Conclusion 

By combining the ecological benefit with an economical advantage the SMS Group energy solutions are award-

ed with the SMS ecoplants label. Due to increasing costs for energy, measures to reduce the energy consumption as well 

as energy recovery solutions are getting more and more important. All melting aggregates hold a reasonable potential 

for waste heat. It becomes a must to recover this off-gas energy. 
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DEVELOPMENT AND INTRODUCTION OF AN INNOVATIVE 

TECNNOLOGY OF EXHAUST GAS PURIFICATION FOR 

MANUFACTURE OF MANGANESE AGGLOMERATE 

V.V. Osypenko, V.D. Osypenko, S.P. Shuvayev, Iu.I Korkodola 

ABSTRACT 

In this paper it is reported about the development and introduction of a non-waste exhaust gas purification 

technology for manufacture of manganese agglomerate under the conditions of Bogdanovska Beneficiation and 

Sintering Plant at Ordzhonikidze Ore Mining and Processing Plant Public Joint-Stock Company. 

Arrangements related to dust and gas purifying system retrofit allowed to improve efficiency of gas purification 

up to 99.6% and to arrange recycling of collected dust. 

The level of dust and gas emissions is one of the main parameters of industrial process perfection as far as it 

directly affects raw material and fuel utilization efficiency and determines expenditures for environmental protection 

measures. 

Distinguishing feature of any production operations related to processing of charge material of various chemical 

composition and size as well as to their complex physical and chemical transformations during high-temperature 

processes is that these operations are accompanied by emission of a considerable amount of dust and gas, and 

agglomerate manufacture, including manufacture of manganese agglomerate pertaining to such production operations. 

Agglomeration process is one of the main sources of emissions in metallurgical production cycle. 

Purification of gases leaving sintering zone in agglomerate manufacture constitutes a rather complex process (as 

opposed to other ones in ferrous industry). 

Exhaust gases leaving sinter machine feature unique qualitative and quantitative properties; they contain sulfur 

dioxide and nitrogen oxide what at dew point phase transition determines a constant risk of sulfuric and nitric acids 

generation and thus a risk of gas purification units corrosion. 

Necessity to maintain stable negative pressure in sinter machine in order to conduct agglomeration process, high 

temperatures of exhaust gases and presence of dust having various grading fraction and composition are also among the 

main difficulties of gas purification in the sintering zone. 

Dust collectors must therefore have the following main performance indicators: they must operate with as law 

pressure differential as possible, be efficient in wide temperature range and not be affected by accidental but inevitable 

operation periods below the dew point. 

Dust coarse fraction of agglomerate gases is highly abrasive and requires special solutions to protect against 

abrasive wear of gas purification units. 

In the majority of cases, during gas purification in agglomerate manufacture an outdated dust cleaning scheme is 

used where battery cyclone or other devices operating on the same principle are applied. These purification systems 

may be additionally equipped with a wet gas purification unit not having gas purification efficiency required for today 

and being quite energy-consuming. 

Having said that, residual dust content in gases discharged into the chimney makes approximately 100 mg/m
3
 of 

suspended matters (dust containing up to 50% of manganese dioxide) while purification efficiency is up to 70-80%. 

These figures cannot meet environmental and nature protection requirements and standards. According to nature 

protection standards, manganese dioxide emissions must be 5 mg/m
3 

max. 

K4-50 sinter machine with active sintering area of 65 m
2
, machine useful surface length of 26 m and width of 

2.5m is installed at Bogdanovska Beneficiation and Sintering Plant. 

The major task of Bogdanovska Beneficiation and Sintering Plant dust and gas treatment system retrofit was 

searching for enhancement of agglomerate manufacture environmental safety through environmental discharge 

reduction and arrangement of collected matters recycling what shall not cause decline of production and degeneration of 

the manufactured agglomerate quality. 

For the first time a network of two gas purification units using bag filters has been installed at the plant. One of 

these units was installed on cooling section, and it is not a novelty, but the other one was designed and mounted in 

sintering zone. It is a technically new approach, because nobody has been experienced operation of gas purification 

units using bag filters in sintering zone until now either in Ukraine or in CIS countries. 

Previously at Bogdanovska Beneficiation and Sintering Plant at Ordzhonikidze Ore Mining and Processing Plant 

Public Joint-Stock Company, process gases in sintering zone were drawn from vacuum chambers collector using Н-
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6700 blower and were delivered to the first purification stage, to БЦ Р540/6х90 battery cyclone, and next to КМП-8 

wet coagulation dust collector (4 items) (the second purification stage). 

In order to fulfill the assigned tasks it was suggested to implement a unit of two-stage purification system using 

ЦГ-450 horizontal cyclone spark arrester and ФРИР-7700 bag filter for   obtaining final dust content of max. 10 mg/m
3
 

(where initial dust content of aspirated gas was 3.2 g/m³). 

In cooling section several aspiration units were installed: 

- a plant downstream from pan cooler (cooling section): two Venturi scrubbers and Н-6500-11-4 blower; 

- in storage bins assembly: СИОТ-8 Venturi scrubber and a smoke exhauster; 

- in primary mixing assembly: a smoke exhauster and СИОТ-8 Venturi scrubber; 

- in transfer unit: a smoke exhauster and ЦВП No.6 centrifugal cyclone. 

Purified aspiration air was discharged into the atmosphere through the vent pipes of the primary mixing 

assembly, charge preparation plant and agglomerate machine body as well as through the exhaust pipe of Н=100 m. 

Retrofit measures provide assembling of all suction devices from all dusting areas for purification in ФРИР-

5000Ш bag filter. Gases coming from the following local suction devices are purified in the bag filter: 

- sinter machine cooling section; 

- aspiration device in storage bin assembly; 

- aspiration device in primary mixing assembly; 

- aspiration device of transfer unit; 

- aspiration device of sinter machine body; 

- points for transfer from pan cooler to conveyor No.9; 

- agglomerate storage space; 

- points of charging from conveyor No.9 to conveyor No.10; 

- points of charging from gas purification conveyor to conveyor No.5; 

- sinter machine main radius  

Table 1. Gas purification main indicators 

Item 

No. 
Name Unit of measure Quantity 

Sintering zone 

1 
Overall gas consumption for purification in normal conditions 

(at t= 60° to 170ºС) 
thous. nm3/h 290.3÷345.1 

2 
Overall gas consumption for purification in operating 

conditions (at t= 60° to 170ºС) 
thous. m3/h 353.4÷558.9 

3 Gases temperature after sinter machine ºС 60÷170 

4 Gases humidity after sinter machine % 22 

5 Gases dust content after sinter machine g/mn3 3.2 

6 Gases dust content after bag filter g/mn3 0.01 

7 

Chemical composition of agglomeration gases (before battery 

cyclone): 

SO2 

H2S 

CO 

CO2 

NO+NO2 

O2 

 

 

 

volume % 

 

 

0.0025÷0.004 

- 

0.2÷2.0 

3.4÷5.5 

0.0018 

16.7÷17.0 

8 

Chemical composition of dust (sampling in battery cyclone): 

-iron and its compounds 

-iron oxide (Fe2O3) 

-iron protoxide (FeO); 

- manganese and its compounds; 

-manganese dioxide; 

-manganese oxide (II); 

-chrome
6+

; 

-silicon dioxide; 

-silicon; 

-aluminum; 

-aluminum oxide; 

-calcium oxide 

 

% 

 

 

3.5 

4.73 

4.21 

11.72 

18.51 

16.26 

0.001 

24.75 

11.56 

0.98 

1.82 

5.6 

9 Required negative pressure in vacuum chambers kPa 6÷10 
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10 Gases dew point temperature ºС +56 

11 Sinter machine running regime 
Continuous running with shutting 

down for repair 

12 Total operating hours per year h/year 6500 

13 Dust bulk density t/m3 1.2 

14 Dust physical and chemical properties Adhesion and abrasive ability 

Cooling section 

15 

Volume of aspiration air for purification in operating conditions: 

- from sinter machine cooling section; 

- from aspiration device in storage bin assembly; 

- from aspiration device in primary mixing assembly; 

- from aspiration device of transfer unit; 

- from aspiration device of sinter machine body; 

- agglomerate storage space; 

- points of charging from conveyor No.9 to conveyor No.10; 

- points of charging from gas purification conveyor to conveyor 

No.5; 

- dust exhaust at main radius of sinter machine; 

 

thous. m
3
/h 

 

307.3÷521.8 

54.0 

21.0 

7.0 

15.0 

5.0 

12.7 

 

3.0 

3.0 

16 
Total volume of aspiration air for purification in operating 

conditions 
thous. m

3
/h 307.3÷521.8 

17 

Volume of aspiration air for purification in normal conditions: 

- from sinter machine cooling section; 

- from aspiration device in storage bin assembly; 

- from aspiration device in primary mixing assembly; 

- from aspiration device of transfer unit; 

- from aspiration device of sinter machine body; 

- agglomerate storage space; 

- points of charging from conveyor No.9 to conveyor No.10; 

- points of charging from gas purification conveyor to conveyor 

No.5; 

- dust exhaust at main radius of sinter machine; 

thous. nm3/h 

 

201.4 

50.66 

17.86 

5.95 

13.88 

4.66 

11.83 

2.8 

 

2.8 

18 
Total volume of aspiration air for purification in normal 

conditions 
thous. nm3/h 285.3÷320.4 

19 

Aspiration air temperature: 

- in sinter machine cooling section; 

- in storage bin assembly; 

- in primary mixing assembly; 

- in transfer unit; 

- in sinter machine body. 

ºС 

60÷220 

18 

48 

 

48 

22 

20 Aspiration air inlet temperature at gathering manifold ºС 170 

21 
Volume of dusty gases fed for purification in operating 

conditions (at t=170ºС) 
thous. m

3
/h 521.8 

22 

Chemical composition of agglomeration gases (before battery 

cyclone): 

SO2 

H2S 

CO 

CO2 

NO+NO2 

O2 

volume % 

 

 

0.021÷0.023 

0.16÷0.17 

2.0÷3.2 

0.00093÷0.0018 

15.0÷16.0 

 

23 

Humidity of exhaust gases: 

- in sinter machine cooling section; 

- in storage bin assembly; 

- in primary mixing assembly; 

- in transfer unit; 

- in sinter machine body. 

% 

 

12 

20 

23 

22 

12 

24 
Inlet dust content of aspiration air in operating conditions: 

- in sinter machine cooling section; 
g/m

3
 

 

2.47 
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- in storage bin assembly; 

- in primary mixing assembly; 

- in transfer unit; 

- in sinter machine body. 

3.00 

1.00 

0.04 

--- 

25 
Total inlet dust content of aspiration air before filter in operating 

conditions 
g/m

3
 2.23 

26 Dew point temperature ºС 50-60 

27 Unit running regime 
Continuous running with shutting 

down for repair 

28 Total operating hours of the unit per year h/year 6500 

29 Dust bulk density t/m
3
 1.2 

30 Dust physical and chemical properties Adhesion and abrasive ability 

Circuit of agglomeration gases purification unit in sintering zone comprises the following main components: ЦГ-

450 horizontal cyclone spark arrester (the first purification stage); ФРИР-7700 bag filter with pulse regeneration, 

DHRV-35-1400/K high-duty two-flow exhaust fan; conveyor system for evacuation of collected dust and automatic 

process control system. 

Circuit of agglomeration gases purification unit in cooling section comprises the following main components: 

ФРИР-5000 bag filter with pulse regeneration; ДН-26х2Ф centrifugal two-side smoke exhauster; conveyor system for 

evacuation of collected dust; air-ducting system with shutoff and control valves and automatic process control system.
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Process flow diagram of the system of dust and gas purification units in sintering zone
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Technical characteristics of the main gas purification equipment 

Technical characteristics of ЦГ-450 horizontal cyclone spark arrester: 

• gas production rate      up to 353.4÷558.9 thous. m
3
/h 

• purification efficiency      up to 70% 

• hydraulic resistance      1200 Pa 

Technical characteristics of ФРИР-7700 bag filter: 

• Production rate of gas to be purified  up to 353413.8 ÷558902.5 m
3
/h 

• Gas to cloth ratio      0.92 m
3
/m

2
х min.   

• Surface of filter area     7700 m
2
 

• Dust concentration at filter inlet     max. 10 g/m
3
 

• Dust concentration at filter outlet    max. 0.01 g/m
3
 

• Filter hydraulic resistance     max. 3000 Pa 

• Compressed air consumption    max. 6.3 nm
3
/min. 

• Pressure of compressed supply air 0.4÷0.6 MPa 

• Number of filter sleeves     2880 pcs. 

• Length of filter sleeves with outer diameter of 139 mm 

     length   6300 mm 

• Sleeves material     needlona
R
 NO/NO 501 

• Operational temperature      plus 200ºС 

• Thermal stability limit     plus 220ºС   

Technical characteristics of DHRV-35-1400/K high-duty two-flow exhaust fan: 

• Operation capacity in normal conditions   290305÷ 345102 nm
3
/h; 

• Operation capacity in operating conditions (t=150
о
С) m

3
/h; 

• Suction head       12 000 Pa; 

Technical characteristics of ФРИР-5000 bag filter: 

• Production rate of gas subject to purification  up to 521867.9 m3/h 

• Gas to cloth ratio      up to 1.67 m3/m2х min.   

• Surface of filter area     5045 m2 

• Dust concentration at filter inlet    max. 10 g/m3 

• Dust concentration at filter outlet    max. 10 mg/m3 

• Filter hydraulic resistance     max. 3000 Pa 

• Compressed air consumption    max. 6.3 nm3/min. 

• Pressure of compressed supply air    0.4-0.6 MPa 

• Number of filter sleeves     2304 pcs. 

• Length of filter sleeves with outer diameter of 139 mm 

 length   5160 mm 

• Sleeves material     needlona
R
 NO/NO 501 

  long-term thermal stability   plus 200ºС 

  thermal stability limit    plus 220ºС 

Technical characteristics of ДН-26х2Ф smoke exhauster manufactured by ZAO ‘RUVEN’(Closed Joint-Stock 

Company): 

• impeller diameter      2600 mm 

• electric motor type       AOD; 

• motor capacity        1600 kW; 

• voltage        6000 V; 

• production rate       500 thous.m
3
/h; 

• total pressure       6500 Па; 

• impeller revolution rate      750 rpm. 

• maximum gas temperature at smoke exhauster inlet not exceeding +250ºС 

Dusty agglomeration gases in sintering zone are drawn off from the existing collector of vacuum chambers. 

Gas is fed through a gas duct with rated diameter of 2800 mm to ЦГ-450 cyclone spark arrester where separation 

of coarse and maybe smoldering particles of charcoal takes place. After cyclone gas goes to ФРИР-7700 bag filter 

manufactured by “Dneproenergostal” Scientific and Manufacturing Enterprise. 

Further on, purified gas is fed to the exhaust pipe. DHRV-35-1400/K exhaust fan manufactured by Venti Oelde 

(Germany) is used as draft mechanism.  

Chemical composition of agglomeration gases includes among others sulfur dioxide. 
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Reacting with water, this chemical compound forms solution of sulfur dioxide deteriorating equipment surfaces. 

To avoid gases condensation during sinter machine startup, two ГНП.Р-250 gas burners shall be installed on the 

gas duct. 

They allow heating of gas to be purified up to the temperature + 80ºС. The burners are switched on 

simultaneously, or in 10-15 minutes after exhaust fan actuation or at thermocouples signal. They are switched off upon 

thermocouples signal or remotely by operator. 

To maintain the temperature of gases to be purified both gas ducts from the collector of vacuum chambers to the 

blower and bag filter are heat-insulated. 

At filtration negative pressure at filter inlet and outlet is measured. Mechanical loads on filter sleeves decrease 

owing to pulse regeneration. 

Regeneration starts when differential between negative pressures exceeds 2000 Pa. Filter regeneration is 

performed by means of compressed air with pressure of Р=0.6 МPа. 

Structurally, the filter is divided into 16 sections. Regeneration takes place in the filter section by section, thus 

maintaining constant resistance at the level of 2000 Pa. This is necessary to stabilize negative pressure in sinter 

machine. 

Installation of a variable speed driver for the exhaust fan is performed with the same purpose. It maintains 

negative pressure in sinter machine automatically by changing the speed of electric motor rotor. 

Nipples for gas and dust measurements are mounted at bag filter inlet and outlet. 

The dust collected by bag filter is discharged into filter bins. Its discharge starts at the signal of dust ‘working’ 

level sensor in the bins. Scraper conveyor that is the last downstream from dust is actuated, and then КПС(М)-200 

scraper conveyors are started followed by screw conveyors located directly under filter bins. In order to prevent 

accidents chain failure sensors are mounted on scraper conveyors. 

Discharge of dust is stopped at signal of lower dust level sensor. Conveyors are switched off in reverse order. 

Discharge of dust from under cyclone spark arrester is carried out independently of dust discharge in filter bins, 

at sensor signal about working dust level, or with respect to time, or else at operator’s signal. To that end, scraper 

conveyor is actuated automatically. Discharge of dust is stopped at signal of the lower dust level sensor. Dust discharge 

equipment is switched off in the reverse order. 

Dust discharge disabling signal is designed for the cases when scraper conveyor is out of operation. Other 

interlocking devices are provided to prevent operator’s errors at conveyors switching on during remote dust discharge. 

Three Vegavib 63 dust level sensors (indicating the lowest, working and emergency dust levels) are mounted on 

each bin of bag filter and spark arrester. 

Aspiration air in cooling section is tapped from the five main agglomerate sintering stages: sinter machine 

cooling section, storage bin assembly, primary mixing assembly, transfer unit, sinter machine body and agglomerate 

storage space. 

By means of ДН-26х2Ф smoke exhauster aspiration air is fed to ФРИР-5000 bag filter for purification. Then 

purified aspiration air is discharged to the atmosphere through available exhaust pipe with diameter of 4200 m and 100 

m high. 

To maintain the temperature of aspiration air, gas ducts up to bag filter are heat-insulated. 

To prevent sleeves thermal deformation at emergency peak temperature of aspiration air two motor-operated air 

suction valves are mounted on gas duct at bag filter inlet. 

At aspiration gases temperature tг.=+200ºС the valve opens at a thermocouples signal and closes when aspiration 

gases temperature is less than +180ºС. 

Process performance of gas purifying unit is shown in Table 2. 
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Table 2. Process performance of gas purifying unit 

Parameters, units of measurement 
Conventional 

symbol 
Quantity 

 1. Sintering zone 

Volume of dusty gas fed for purification in operating conditions (at 

t=170ºС) 

Dust content of aspiration air at the inlet of cyclone spark arrester, 

Dust content of aspiration air at the outlet of bag filter 

Unit service hours 

Dust volume weight 

Dust collected 

Amount of dust discharged to the atmosphere 

Gas purification efficiency 

 

2. Cooling section 

Volume of dusty gas fed for purification in operating conditions (at 

t=170ºС) 

Dust content of aspiration air at the inlet of bag filter 

Dust content of aspiration air at the outlet of bag filter 

Unit service hours 

Dust volume weight 

Dust collected 

Amount of dust discharged to the atmosphere 

Gas purification efficiency 

 

 

m
3
/h 

 

g/m
3
 

 

g/m
3
 

h/year 

t/m
3
 

t/h 

kg/h 

% 

 

m3/h 

 

g/m3 

g/m3 

h/year 

t/m3 

t/h 

kg/h 

 % 

 

  558902.5 

 

3.2 

 

0.01 

6500 

1.2 

1.355 

4.23 

99.7 

 

521867.9 

 

2.23 

0.01 

6500 

1.2 

1.12 

5.1 

99.6 

Additional economic effect may be achieved owing to arrangement of recycling of collected dust by conveyor 

system. Transportation of dust from ФРИР-7700 filter bins for recycling is performed on open platforms by conveyor; 

then dust is transferred and discharged on the existing scraper conveyor of agglomeration assembly. 

Automated control of two filters operation (in sintering zone and in cooling section), display of filters current 

state on the screen, control of filter mechanisms operation in automatic, remote (by operator’s command) and manual 

(testing and setting-up mode) modes are implemented. 

List of the main measured parameters: 

– Gas negative pressure in sinter machine 

– Negative pressure and gas temperature in vacuum chambers No.2, No.6, No.8, No.12, No.13, No.14 

– Gas negative pressure upstream and downstream from the filter 

– Gas temperature upstream and downstream from the filter 

– Temperature of exhaust fan bearings 

– Vibration level of exhaust fan bearings 

– Temperature of exhaust fan motor bearings 

– Temperature of exhaust fan motor body 

– Compressed air pressure at the inlet of regeneration system 

– Dust level in cyclone spark arrester bins 

– Dust level in filter bins 

– Scraper conveyor chain failure 

Atmospheric emission monitoring system provides measurement of the following parameters: 

1. Determination of gas-and-air mixture volume emission to the environment. 

2. Dust content measurement of gas-and-air mixture emitted to the environment. 

3. Dust content measurement of gas-and-air mixture in purification areas. 

4. Temperature measurement of gases emitted to the atmosphere. 

5. Pressure measurement of gases emitted to the atmosphere. 

Results of dust and gas purifying system retrofit works at Bogdanovska Beneficiation and Sintering Plant meet 

all relevant labour protection requirements by preventing diffusion of hot and dusty air containing СО, SO2 and NOx in 

the operating area. 

In broader terms construction and putting into service of gas purification units in cooling section and in sintering 

zone allows: 

- improving efficiency of agglomeration gases purification; 

- improving reliability of operation and reducing operating costs for agglomeration gases purification; 

- reducing the number of equipment downtime; 
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- replacing worn out and outdated equipment for the new one that meets modern technical requirements; 

- excluding financial expenses for upkeep of wet gas purification systems (keeping slime tanks, water conduits 

and cutting ditches, expenses for pumping water and slimes); 

- improving working conditions at the sintering plant; 

- improving ecological situation at site of ‘OGOK’ Public Joint-Stock Company and in the city of Ordzhonikidze 

owing to reducing pollution emissions. 

These results are the evidence of reliability and efficiency of the used ФРИР bag filters manufactured by 

“Dneproenergostal” Scientific and Manufacturing Enterprise and confirm possibility to resolve the problems at hand 

concerning elimination of emissions in agglomeration industry. 

CONCLUSION: 

System of non-waste exhaust gas purification technology for the manufacture of manganese agglomerate has 

been introduced under the conditions of Bogdanovska Beneficiation and Sintering Plant at Ordzhonikidze Ore Mining 

and Processing Plant Public Joint-Stock Company. This solution allowed obtaining dust content in gas and dust flow up 

to 0.01 g/m
3
 at bag filters outlet. Efficiency of gas purification makes 99.6%. Additional economic effect was achieved 

owing to recycling of collected dust. 

Fulfillment of such purification systems retrofitting and upgrading measures allows not only to drastically 

decrease degree of environmental pollution and to increase environmental safety level but also to ensure highly efficient 

enterprise operation with simultaneous reduction of electric power, water resources and fuel consumption. 
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Ukrainian research and scientific center “Energostal” started its history as the legal successor of the two largest 

in CIS scientific/research and design institutes “Giprostal” and “UkrNiimet” in 1928. 

Today, the SE “UkrRTC “Energostal” is one of the largest scientific and research, technology, engineering and 

manufacturing centers in the CIS countries that executes complex project works aimed at establishing production plants 

with complete technological cycles for mining and metallurgical complexes. These works include: 

– basic and detailed engineering; 

– selection, manufacture and delivery of standard and non-standard equipment; 

– construction and installation works, installation supervision, start-up and test runs, commissioning of facilities 

with designers supervision and follow-up to achieve designed capacity. 

Along with implementation of these works, the Center provides design and support activities during the con-

struction of enterprises, workshops and individual productions for the ferroalloy sub-sector. 

Innovative approaches applied by the Center during design and establishment of modern ferroalloy industries 

and likewise during reconstruction of existing productions are fully consistent with the basic dimensional route of mod-

ernizing machinery and technologies at ferroalloy production enterprises worldwide. These approaches take into ac-

count requirements of international standards to environmental protection, reduction of industrial emissions during ore 

preparation (agglomeration), ferroalloy raw-material handling and smelting of ferroalloys, efficient use of energy re-

sources and recycling of production wastes (dust, sludge, slag, smaller fractions of ferroalloy formed during crushing). 

In areas of design, creation and introduction of new technologies and equipment for ferroalloy productions, SE 

“UkrRTC “Energostal” effectively cooperates with leading scientific and research organizations in the CIS countries – 

TSNIICHERMET n. a Bardin (Moscow, Russia), NPF “Ferroalloy” (Dnipropetrovsk, Ukraine), USSI (Zaporizhzhia, 

Ukraine), NMetAU (Dnipropetrovsk, Ukraine), CMI n.a. Abisheva (Karaganda, Kazakhstan) and others, as well as with 

leading Russian manufacturers of main technological equipment – JSC “Sibelektroterm” (Novosibirsk, Russia), JSC 

NPO “Electroterm” (Novosibirsk, Russia), “KOMTERM” (Moscow, Russia) and manufacturers in foreign countries – 

SMS Siemag AG (Germany), INTECO (Austria), Sinosteel JEMECO (China), TENOVA pyromet (PTV) LTD (South 

Africa) and others. 

It is worth mentioning that in the former USSR, the creation of ferroalloy subsector of mining and metallurgical 

works and construction of the following ferroalloy plants was particularly resulted from the development of the Center: 

 In Ukraine – Zaporizhzhia, Stakhanov, Nikopol; 

 In Russia – Kuznetsk, Kluchevsk, Serov; 

 In Kazakhstan – Aktobe and Aksu (former Yermakovskiy). 

Executed in 1950 – 1998 according to the project design of the Center was a complete revamp and creation of 

five new workshops for ferroalloy production at Chelyabinsk metallurgical works (Russian Federation), which was ini-

tially designed and built by the German “Demag” company in 1928 – 1931. 

Designed and built in NPO “Tulachermet” (Russian Federation) is a workshop for the production of vanadium 

and electrolytically refined chromium of high purity. 

The re-scheduling project of carbide electric furnaces with capacity of 60MVA used for the smelting of manga-

nese containing ferroalloys was implemented and completed in 1998–1999 for CJSC “Alash” (Termitau, Kazakhstan). 

mailto:energostal@energostal.org.ua
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A workshop with three DC electric furnaces DSPT-12 for smelting high-carbon ferrochrome and special steels 

was commissioned in CJSC “Ferrotrading” (Zaporizhzhia, Ukraine). 

Implemented in 2008 was the launch of a new plant for producing high–carbon ferrochrome in Tikhvin (Russian 

Federation). 

In foreign countries – China, North Korea, Egypt, Bulgaria, India, Slovakia – constructed according to the Cen-

ter’s designs and put into operation were nine workshops and specialized plants for the production of various ferroalloys 

(containing manganese, ferrotungsten, ferromolybdenum, vanadium pentoxides and ferrovanadium, ferrosilicocalcium, 

ferrosilicon, ferrosilicochrome, low-carbon ferrochrome). Project development works in ferroalloy productions were 

also implemented for companies in Germany, Iraq, Brazil and Vietnam. 

Industries and ferroalloy plants of the former USSR built according to the designs of the Center, were producing 

approximately 5.6 mln. ton/year of various ferroalloys and the output of enterprises in foreign countries is about 400 

thousand ton/year. 

The nomenclature of products manufactured in all plants designed by SE “UkrRTC “Energostal”, totals more 

than 200 items – these are obtained by electric furnace, metallothermal, converter, vacuumization, nitrification, elec-

trolysis, hydrometallurgical, smelting, mixing of molten alloys, powdered ferroalloy, electrically melted fluxes, com-

plex modifiers and ligature methods. Total capacity of 260 electric furnaces (airtight, closed, semi-closed and open), 

installed in these enterprises amounts to ~ 470 MVA, including electric furnaces of 63 MVA – 14 units, 75 MVA – 6 

units, 33 MVA – 20 units. 

Two ferroalloy plants – Nikopol (with designed capacity of 1.2 mln. ton of ferroalloys a year) and Aksu (with 

designed capacity of 1.0 mln. ton of ferroalloys a year) are currently the largest ferroalloy production plants in the 

world. 

Presently, the SE “UkrRTC “Energostal” remains the general designer of a number of ferroalloy plants in the 

CIS and is actively involved in reconstruction works at ferroalloy enterprises of Ukraine, Russia and Kazakhstan. In 

addition, discussions are going on with a number of companies in India, Egypt, Turkey and Poland for designing and 

building ferroalloy plants. 

The project’s working design implemented by the Centre for CJSC "Tikhvin Ferroalloy Plant" (Russian Federa-

tion) provides for reconstruction of the unfinished plant for special mode of casting on the industrial site of JSC 

"Transmash Plant" (Tikhvin). Work on the project was launched back in 1995, but was carried out with considerable 

interruptions. In 2005–2008, the Center made modifications to the technical part of project’s working documents in 

parallel with construction works, and in 2008 the plant was commissioned with four electric furnaces for smelting high-

carbon ferrochrome with a capacity of 140 thousand ton a year. 

The design provides for the installation of four open electric furnaces of type RKО-16,5FKh-М with a capacity 

of 16.5 MVA each in the smelt shop and predetermined space planning decisions (spans and elevation points) for the 

existing shop building. The design of these electric furnaces was well fulfilled to ensure their safe operation. 

Choice of electric furnace type (open, close or airtight) is conditioned by technological or economical expedien-

cies: 

– firstly, when implementing open electric furnaces, the raw material quality demands by their fractional compo-

sitions substantially lowers, which plays an important role in situations whereby steady supply of high grade lump 

chromic ore is not foreseen; 

– secondly, due to increased requirements on atmospheric air protection and the establishment of very low max-

imum permissible concentration of chrome containing substances in the atmospheric air of populated settlements re-

quired for cleaning flue gases from the umbrellas of closed electric furnaces (and likewise for open electric furnaces) is 

the use of highly efficient gas cleaning installations. Availability, with a closed electric furnace, of two air cleaning sys-

tems (wet – for ferroalloy gas from the furnace’s roof and dry with fabric filters – for flue gases from the furnace’s um-

brella and notches) leads to unjustifiably high capital and operational expenditures. 

For airtight furnaces, gas cleaning from the umbrella above the furnace roof may not be implemented. The strict 

granulometric composition requirement to charge materials and the considerable cost of wet cleaning of ferroalloy gas 

with separate reverse recycling system for the polluted water and sludge treatment make its implementation under the 

site conditions of Tikhvin inexpedient.  

Distinguishing features of CJSC “Tikhvin ferroalloy plant” as compared to similar plants with traditional layout 

include the availability of a general use furnace bay and individual casting bay for each electric furnace equipped with 

overhead electric cranes with lifting capacity of 20/5 t, and also the absence of unified finished product warehouses. 

Implemented in the casting bay is casting of alloys, crushing, sorting and dispatch of finished products. 
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Provided for cleaning dust-filled gas-air mixture, withdrawn from technological units, are the following gas 

treatment installations: 

 gas cleaning unit № 1 – to clean the air-gas mixture withdrawn from the umbrellas and notches of electric 

furnaces № 3 and 4; 

 gas cleaning unit № 2 – to clean the air-gas mixture withdrawn from the umbrellas and notches of electric 

furnaces № 1and 2 and aspiration emissions from the smelting block; 

 gas cleaning of storage compartments for charge materials and chromic carbon briquettes; 

 aspiration unit for the coke preparation area in the charge material store. 

Used in the project is an existing gas cleaning unit No. 1, which was provided for cleaning gases from six steel 

melting furnaces of DS-6N1 type. Used in all gas cleaning units are high efficiency bag filters with pulse regeneration 

(BFPR type) built according to the designs of SE “UkrRTC “Energostal”. Residual dust content after cleaning does not 

exceed 20mg/m
3
.  

In 2009, the Center together with a number of leading Russian design and research organizations developed in-

vestment substantiation report for the construction of Enisei Ferroalloy Plant (EFP) with an output capacity of 620 thou-

sand tons of manganese-containing ferroalloys a year. On achievement of maximum production capacity of this plant, 

the demands of all Russian mining and metallurgical complexes for manganese-containing ferroalloys shall be practi-

cally completely met. 

EFP is a strategic facility of construction for the Russian Federation whose industries presently entirely depend 

on importation of manganese-containing ferroalloys, whereas this plant was planned to utilize ores from own raw mate-

rial base. The purpose of its construction, planned to be fulfilled by CJSC “CHEK-SU. VK”, is the organization of an 

integrated technological process cycle of mining, enrichment and processing of manganese ores from the largest in Rus-

sian Federation Usinsk deposit, located in the Mezhdurechinsky district of Kemerov region. 

Developed and approved by the main governing expert body of Russia in 2011 is the design documentation for 

the 1
st
 phase of construction of EFP with production output up to 250 thousand ton a year of manganese ferroalloy. It 

envisages the construction of a ferroalloy producing plant does ahead the completion of the mining and processing 

plant. Initially, the plant will use imported manganese ores and later, after the commissioning of mining and processing 

plant, will use oxide and carbonate manganese concentrates from Usinsk deposit. 

According to the technical specifications of SE “UkrRTC “Energostal”, TSNIICHERMET n. a Bardin together 

with the Center developed a new technological production process for manganese ferroalloys from Usinsk concentrates 

under the conditions of the construction site at LLC “Krastyazhmash” which were laid as the basis for all design solu-

tions for constructing EFP.  

The Center, at all stages of plant development, designed the engineering part of main facilities for production 

purpose, including ferroalloy workshops № 1 and 2, gas cleaning, aspiration installations, slag processing unit and re-

pairs bay with a section for fabricating electrodes shells, and likewise the APCS, instrumentation and automation pro-

ject of the entire plant.  

The ferroalloy plant is planned to be built on the industrial territory of former Krasnoyarsk Heavy Machines 

Plant that was acquired by CJSC “CHEK-SU. VK”. Construction shall be carried out in two phases: 

I – shop № 1 with all the necessary infrastructures; 

II – shop № 2 with the later development of infrastructures. 

Ferroalloy shop № 1 for producing high-carbon ferromanganese and ferrosilicomanganese was designed to in-

clude five open electric furnaces of RKO type with low umbrellas and of capacity of 33 MVA each. Shop № 2 will be 

designed to include four open electric furnaces of RKO type with low umbrellas and of capacity 63 MVA each. In addi-

tion to each furnace, the installation of gas cleaning unit with bag filters is envisaged to ensure the concentration of dust 

in emitted air into the atmosphere does not exceed 12 mg/m
3
.  

Installation of open electric furnaces with low umbrellas (i.e. semi-closed) significantly reduces the amount of 

gas-air mixture flowing into the gas cleaning unit and exclude ejection of gases into the workshop. To minimize the 

volume of emissions into the atmosphere, thermo-crushing of liquid slag by water is carried out in the slag processing 

section. Provisions are made for suction of dusty air from process equipment followed by its purification from dusts in 

the aspiration installations, and complete utilization of production wastes – ferroslicomanganese worked slag, slag-filled 

metals, associated phosphorus-containing metals, screens of coke and dusts, captured by gas cleaning units and aspira-

tion installations. 

The water requirement for technological needs is provided from the plant’s water recycling cycle, which com-

pletely eliminates the discharge of sewerages to outside water bodies. 

The designed Enisei ferroalloy plant will take its rightful place among the best ferroalloy production plants of 

Europe and Russia thanks to the applied innovative approaches in developing the technology, choosing the main pro-

cess equipment with modern automated technological control and energy monitoring systems, as well as the project 

design solutions, which comply with all international standard requirements for environmental protection. 
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The SE “UkrRTC “Energostal”, being the lead organization on environmental protection issues for the mining 

and metallurgical industries of Ukraine, promrtly solves problems of cleaning waste gases from ferroalloy productions. 

Open thermal ore furnaces in ferroalloy production plants are powerful sources of dust emissions into the atmos-

phere. Employed for the dry treatment of ferroalloy furnace gases, over a long period of time in the CIS and foreign 

countries are bag filters with reverse air blowing, basically under pressure. Several years of operational experiences 

have revealed a number of operational and design inadequacies of these filters. 

An alternative solution for cleaning open ferroalloy furnace gases is the use of high efficiency suction bag filters 

with pulse regeneration of fabric. 

For the first time in the CIS, the SE “UkrRTC “Energostal” developed and mastered the production of modern 

high efficiency bag filters (of BFPR type) with pulse regeneration and APC systems, which match the technical levels 

of bag filters from known foreign companies. 

According to the Center’s design, introduced and successfully being operated are gas cleaning units with bag fil-

ters of BFPR type at JSC “Serov ferroalloy plant”, PJSC “Zaporozhe ferroalloy plant”, OJSC “Chelyabinsk electric 

metallurgical plant”, PJSC “Stakhanov ferroalloy plant”, OJSC “Aktobe ferroalloy plant (a subsidiary of JSC “TNK 

“Kazprom”), CJSC “Tikhvin ferroalloy plant”, CJSC “Ferrotrading”, PJSC “Nikopol ferroalloy plant” and other ferroal-

loy production plants. 

Built and successfully being operated according to the Center’s design are dry gas cleaning units with bag filters 

BFPR-7000 behind the two open ferroalloy furnaces of capacity 27.6 MVA for smelting manganese containing ferroal-

loys at LLP “Taraz Metallurgical Plant” (Republic of Kazakhstan). The residual dust in emitted gas after the filter is 

between 8 and 11 mg/m
3
. 

Reconstruction of the sinter plant’s aspiration system was carried out at PJSC “Nikopol Ferroalloy Plant” with 

the implementation of bag filters BFPR-7000, and also enlargement of the hot metal workshop warehouse facility in the 

ferroalloy smelting shop with the installation of filters of BFPR-2000x2 design type which were manufactured and sup-

plied by SE “UkrRTC “Energostal”. 

Before the reconstruction, cleaning of aspiration gases from B-3 and B-5 systems at the unloading zone and the 

linear coolers of sinter machines № 3 & 4 were done in wet dust extractors with residual dust content above 150mg/m
3
, 

which exceeds today’s normative requirements for manganese dust emissions by 15 times. 

Reconstructed gas cleaning systems В-3 and В-5 are currently being operated in PJSC “NFP” for over two years, 

and steadily provides residual dust content in emitted gases of 3-5 mg/m
3
 against the designed value of 10 mg/m

3
. 

It is worth noting that the project for cleaning aspiration gases from sinter machines in bag filters with pulse re-

generation of fabrics was implemented in the CIS for the first time.  

In 2014, installation and commissioning of two bag filters BFPR-8500 in the workshop No. 4 at 

PJSC “Zaporizhzhia Ferroalloy plant” was conducted. 

Many years of experience in the industrial exploitation of bag filters (the design by SE “UkrRTC “Energostal”) 

with pulse regeneration behind ferroalloy smelting furnaces has demonstrated their high efficiency, dependability and a 

number of significant advantages when compared to filters of other designs. 

To date, the Center has produced more than 150 bag filters with capacities ranging from 1 thousand to 1.2 mln. 

m
3
/h. They were installed at enterprises of metallurgical, machine building and other industrial sectors and are working 

effectively. 

Innovative solution of the Center is also the development of a centralized aspiration system for dust generating 

equipment used for steel, ferroalloy and sinter productions with the application of BFPR-type bag filters which ensures 

the residual dust content of emissions at a level not exceeding 10mg/m
3
. Complex work packages that are carried out by 

SE “UkrRTC “Energostal” aimed at implementing gas cleaning in industries include designing, engineering, manufac-

ture and delivery of equipment, designer’s supervision, installation, commissioning and warranty maintenance services. 

The Center has experience in general design of combined cycle gas turbine power plant that operates on second-

ary fuel gases (blast furnace, converter and coke gas) which was built for the first time in Ukraine at PJSC “Alchevsk 

Metallurgical Plant”. In view of this experience, the Center developed technical and commercial proposals for con-

structing cogeneration power plants that will operate on ferroalloy gas at PJSC “Nikopol Ferroalloy Plant” and PJSC 

“Stakhanov Ferroalloy Plant”. 

Operation of such power plants is connected with the necessity to meet high reliability and safety demands of 

main and auxiliary equipment. One of its major requirements is uninterrupted and steady supply of ferroalloy gas to the 

plant in the required quantity and quality (by temperature, pressure, calorific value and dust content level), which is 

especially important in a situation of changing ferroalloy gas production regime by the furnaces and the fluctuations in 

heat and technical parameters with time. Implementation of these requirements is ensured by the Center’s optimal inno-

vative design decisions. 

Based on years of experience, gathered knowledge, statistical data and calculations performed, SE “UkrRTC 

“Energostal” develops and introduces into industries modern innovative technologies for water supply, sewage disposal 

and water purification at enterprises of metallurgical and ferroalloy productions which are at par or in most cases sur-

pass foreign analogues by their technical, economical and environmental characteristics. Schemes and equipment de-
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veloped by the Center were implemented and are successfully being operated at the leading enterprises of Ukraine and 

Russia. 

In conclusion, it is worthy to mention that SE “UkrRTC “Energostal” having qualified staff and basing designs 

of modern ferroalloy plants on innovative approaches is capable of developing and implementing projects for any fer-

roalloy plant. 
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USE AND PROCESSING OF DUST OF DRY GAS CLEANING OF 

FERROSILICON FURNACES  

Sergey Balashov, Sergey Babko, Leonora Likhobitskaia, Yelizaveta Shyshkina 

“Zaporizhzhia Ferroalloy Plant” PJSC, Diagonalnaia str., 11., Zaporizhzhia, Ukraine,  

e-mail: glaving@ferro.zp.ua 

ABSTRACT  

At “ZFP” PJSC in the shop No.4 8 electric furnaces produce the melting of ferrosilicon.  

In 2013, all furnaces were equipped with gas cleaning bag filters. Those gas cleanings can produce flue gas 

cleaning to meet the requirements of environmental legislation.  

At the plant researches of dust were carried out and the work on developing the technology was performed: 

- processing of dust in the form of pellets in the ferrosilicon melting;  

- use of dust as an antistick coating.  

This work is devoted to the study of the physical properties of the dust of dry gas cleanings of closed furnaces on 

ferrosilicon production and the possibility of their use as an antistick coating.  

KEY WORDS: dust of dry gas cleaning in the ferrosilicon melting, pelletizing, antistick coating 

1. INTRODUCTION  

At “Zaporizhzhya Ferroalloy Plant” PJSC in the melting shop №4 8 closed furnaces for production of ferrosili-

con alloys are installed. All furnaces are equipped with dry gas cleanings with bag filters, so the recycling of collected 

dust (production wastes) is a very topical task. Dust generated during the melting of siliceous alloys contains a signifi-

cant amount of particulate Si02.  

One of the main tasks is to return the dust of dry gas cleanings into production. The best option of production 

wastes disposal should be considered their return to the technological process. High dispersion and low bulk density do 

not permit direct use of this dust in the technological process of production without prior preparation.  

The use in own production of dust generated during the production of ferrosilicon is limited that necessitates its 

disposal or use for other purposes.  

2. PHYSICAL AND CHEMICAL CHARACTERISTICS OF DUST CAPTURED BY BAG 

FILTERS FROM FURNACES IN FERROSILICON PRODUCTION 

Dust of dry gas cleaning is a fine powder of a light colour with a specific surface which particles have a spherical 

shape. At temperatures of 1400-1500
0
С during melting of ferrosilicon in the ore-thermal furnaces in the gas phase 

thermodynamically stable silicon monoxide, SiO, is present during flow entrainment of hot gases from the high-

temperature zone of the furnace and the oxidation to a silicon oxide Si02 located in the gas stream in powder form takes 

place. With a sharp decrease in temperature of exhaust gases vapour supersaturation occurs and condensation with 

spherical particles takes place as well as their dense packing in the process of further collisions. Internal pores of mac-

roparticles obtained in this way are impermeable to nitrogen molecules, and therefore the specific surface of micro-

silicieous dust is less than that of Aerosil and amounts to 20-22 m
2
/g. Due to the electrostatic forces the particles are 

kept some distance apart, whereby the bulk density of micro-silicieous dust is extremely small.   

The chemical composition of dust generated during ferrosilicon alloys melting is shown in Table 1. 
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Table 1. Physical and chemical characteristics of the parameters of dust-gas flow and dust captured by bag filters of fur-

naces in the production of ferrosilicon 

Name Index  

1. The bulk density of ferrosilicon dust  0.17 – 0.2 t/m
3 
 

2. The angle of dust repose, degrees: 

- at rest 

- in movement 

not more than 20 

5 – 10 

3. Humidity of gas and dust flow from the ferrosilicon melting of charge materials, % by 

weight of the melted production 

18.5 – 18.6 

4. Chemical composition of gas and dust flow in the melting of ferrosilicon emitted into the 

atmosphere,% by weight of the melted production: 

- carbon dioxide  

- volatiles 

– carbon monoxide  

- sulfur dioxide  

- nitrogen dioxide 

 

 

194.8 – 199 

8.3 – 8.5 

2.67 – 2.73 

0.33 – 0.34 

0.23 – 0.24 

5. Fractional composition of dust in microns,%  

< 2 

2-2,36 

2,36-3,4 

3,4-5,4 

5,4-8,3 

8,3-15,3 

15,3-20,0 

20,0-46,3 

 

90.07 

1.01 

0.86 

1.37 

1.41 

2.66 

1.0 

1.06 

6. Physical properties of the dust:  

- abrasiveness  

- explosiveness 

 

low abrasive explo-

sion-proof 

7. Chemical composition of the dust: 

- SiO2 

- Na2O 

- MgO 

- Al2O3 

- C 

- S 

- K2O 

- CaO 

- Fe2O3 

 

86.0-90.0 

0.6-0.8 

0.8-1.0 

0.6-0.8 

0.9-1.2 

0.2-0.3 

1.2-1.4 

0.4-0.9 

0.4-0.7 

The structure of cristobalite type dust is close to the amorphous, well agglomerated, poorly wetted by water.  

Content of SiO2 in the dust up to 90% allows considering it as an amorphous silica fume. Micro silica fume dust is 

characterized by the following properties: 

- high electrical resistance;  

- high chemical resistance;  

- low thermal conductivity.  

Based on the physical and chemical properties of ferrosilicon dust the following areas of its processing are consid-

ered: 

- return of dust to the technological process - production of pellets and return to technology;  

- in construction; 

- as an antistick coating in the metallurgical industry.  

At “ZFP” PJSC all possible directions are developed. Thus, today the most studied question is that involving the 

dust in technology and the development of an antistick coating for technological facilities. Basic technologies were de-

veloped, the issue of implementation is considered.  

3. USE OF FERROSILICON DUST AS A REFRACTORY COATING  

Traditionally, at “ZFP” PJSC" lime is used as an antistick coating of the molds of casting machines. The molds 

are treated before each casting, coating layer of mortar is 1 mm. After crushing, the screenings of fractionation are recy-
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cled – remelted on furnaces of direct current. An important issue in such processing of the screenings of ferrosilicon 

was a large segregation in diffuse metal. 

For research, samples of ferrosilicon casted during fractionation screenings remelting and casted on the casting 

machine in the process of ore-thermal melting are taken. Samples were examined with an electron microscope (dust in 

the package with samples and thin sections made from the thickest part), as well as their phase analysis was performed 

on the X-ray diffractometer. 

Electron microscopic studies have shown that the dust in the package with the sample casted in the process of 

fractionation screenings remelting except ferrosilicon contains significant amount of compounds based on calcium, po-

tassium and aluminum. Dust in the package with the sample obtained in the casting machine consists of ferrosilicon 

(alloy of FeSi2 and Si phases) (Figure 1). 

  

а) b) 

Figure 1. Structure of the ferroalloys samples obtained by  a) remelting of the fractionation screenings; b) ore-

thermal melting 

Studies of thin sections set different content of FeSi2 and Si phases in the samples (Fig. 1, light - Fe Si2, dark 

phase - Si). According to the results of X-ray studies the phase composition of the samples was set which is shown in 

Table 2.  

Table 2. Results of X-ray phase analysis  

 Si, % Fe Si2, % SiO2, % 

Layered casting 3 97 - 

Casting on casting machine 52 26 13 

According to the analysis results, we can conclude that the ferrosilicon ingots obtained during remelting of the 

fractionation screenings have significant heterogeneity (differences between the results of X-ray and microscopic stud-

ies) due to introduction into the technological process of a significant amount of compounds impurities based on calci-

um.  

The obtained result marked the relevance of search for a new technology of an antistick coating of the molds in 

the melting of ferrosilicon alloys. In the process of metal casting into molds, the place subject to the most considerable 

wearing is that of the metal stream falling. The main factors of wear is thermal and hydraulic shocks at the impact of the 

metal stream on the mold (temperature of the ferrosilicon at the time of casting is up to 1600°C). Given these factors, 

the refractory protective coatings for the molds must meet the following basic requirements: 

• high opacity; 

• high resistance to fracture and delamination under the influence of the metal stream and high temperatures; 

• high fire resistance and heat resistance of the coating layer; 

• low thermal conductivity of the coating layer; 

• low thermal expansion of the coating layer. 

Studies on the resistance of refractory coatings of the molds showed that the main materials used as a binder of 

the refractory coatings are as follows: a solution of sodium silicate, ethyl silicate, hydrolyzed ethyl silicate, monobasic 

aluminophosphate ligament, silica sol. The use of colloidal silica sol as the binder shows a dense, smooth refractory 

coating, keeps well on the surface. In addition, silica sol has the following advantages:  

• the possibility of applying as a refractory coating on a heated surface up to 100-300ºC with smooth and dense 

layer; 

• high refractory quality (about 1700 °C); 
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• sufficiently long storage. 

The best properties belong to the refractory coatings of the molds based on silica fume with a silica dioxide con-

tent of 90 95%. With temperature increasing, the strength of refractory coating increases due to sintering of the plurali-

ty of dispersed particles having a maximum developed surface and the maximum level of free energy. 

Dust of dry gas cleanings in the ferrosilicon production (silica fume) is difficult to transport and store directly on 

the site of metal casting for making an antistick coating. To get more easy-to-use material the method of preparing silica 

fume suspension is selected - mixing of silica fume with an equal amount of water and suspensionfication using mixing 

devices. For the provision of chemical and physical stability of the suspension pH value is provided in the range from 

4.5 to 5.5. 

Refractory coating based on silica fume is produced on the basis of dry gas cleaning dust in the production of fer-

rosilicon with mass content of SiO2 from 89% to 92%. Colloidal aqueous solutions for the molds processing were pre-

pared of this dust. Composition of the suspension included 25% of mass fraction of SiO2, and 75% of mass fraction of 

H2O.  

Dispersed systems with particles sizes of up to several microns are sedimentation stable due to the fact that in 

such systems the Brownian motion of particles dominates the force of gravity. The resulting colloidal solution has a low 

degree of precipitation of finely divided amorphous silica fume - a component which has a grain size less than 510
-7

 m 

formed a lyophobic colloid component of the suspension, and the particles having a grain size of 10
-7

 - 10-
5
m are the 

activated microfiller. When the dust contains less than 84% of SiO2 there is a decrease in the amount of lyophobic col-

loidal particles and particles of activated microfiller, that reduces the sedimentation stability and the strength character-

istics of the suspension.  

To increase the storage time and transportation durability of suspension applying of antistick coating high mo-

lecular component was introduced based on starch in an amount of 0,5% of mass fraction of silica. This additive al-

lowed getting the knitting suspension with high sedimentation stability (Figure 2). 

 

Figure 2. Treatment of molds of casting machine by antistick coating based on silicia fume (dust of dry gas cleaning). 

The main technological parameters of antistick coating used are shown in Table 3.  

Table 3. The main technological parameters of antistick coating used 

1 Composition of suspension:   

1.1 Dust of ferrosilicon production, kg 100 

1.2 Water, kg 100 

2 Suspension density, g/cm3 1,23 

3 Temperature of the mold at the moment of the suspension applying, °C 270 

4 Layer thickness, mm 0,5 

Antistick coating based on ferrosilicon dust was used on troughs of ferrosilicon casting machine. Twenty con-

secutive set molds were selected after metal casting into molds on casting machine. The temperature of the molds be-

fore treatment was 270ºC. Suspension was applied to the surface of troughs with even layer by spray nozzle prior to 

each casting. The drying up of the mixture in the molds took 10-20 seconds. The rest of the molds were treated with 

lime according to the technological regime. 

Metal casting was carried out uniformly to all of the troughs with the passage of the cooling system. After a met-

al shakeout the process of retreatment of the same troughs by antiburning-through composition based on ferrosilicon 
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dust took place and metal was casted in them. In the process of evaluating the effectiveness of applying antistick com-

position 15 consecutive metal castings were carried out. In all cases, the metal in the molds treated with a mixture of a 

coating based on ferrosilicon dust was not stuck. 

The resistance of pilot antistick coating on the mold was estimated. Resistance totalled 2-3 castings, however, 

due to wearing in a place of metal stream falling the coating for subsequent castings was applied before each casting. 

Application of this refractory coating on the inner surface of the molds eliminated the ingots welding. The reduc-

tion of wear of the molds bottom part in site of metal stream falling is further noted. 

4. RETURN OF FS DUST INTO TECHNOLOGICAL PROCESS IN THE FORM OF 

PELLETS 

The use of dust of the dry gas cleaning in technological process before directly supplying to the furnace without 

special measures is impossible. The main reasons are the following: 

• dusting and removal of fine fractions in the gas cleaning when loading into the furnace; 

• reduction of permeability of the throat and as a consequence violation of the furnace operation.  

At this, it is possible to use a Si-containing dust in the form of pellets for additional charging in the amount of 50 

- 200 kg per 1000 kg of quartzite.  

To meet the requirements of ferrosilicon alloys melting technology in closed furnaces requires such preparation 

of the starting material which provides its supply into the furnace without destroying with formation of dust and fines. 

The most suitable way to prepare dust of dry gas cleanings to reprocessing is pelletizing with a moisture content in the 

pellets up to 20%. The optimum size of the pellets to ensure normal operation of the furnace is 25-30 mm, with a densi-

ty: 

• wet 0.88 - 0.92 kg/m
3
;  

• partially dried 0.72 - 0.75 kg/m
3
.  

"ZFP" PJSC was the pilot producer of the pellets of Si-containing dust from the ferrosilicon melting. As the core 

of the pelletizing were used the screenings of coke and quartzite fractionation. Trial production of pellets was made on 

existing equipment of pelletizing area. 

Pelletizing was performed by balling on a pan granulator. In the production process for the day, drying up in the 

air, the pellets gained mechanical strength. As the core pellets obtaining the screenings of charge materials such as coke 

and quartzite were used. Fractional composition of coke screenings is 1 ÷ 10mm, quartzite screenings - 0 ÷ 15mm.  

The resulting pellets of the dust of dry gas cleaning in the ferrosilicon production with a core of coke screenings 

have a circular shape with a diameter of 10 ÷ 25 mm. Pellets with a core of quartzite screenings were obtained in two 

forms: round with a diameter of 10 ÷ 25 mm and of irregular shape following the shape of the core. 

In the production of pellets in the mixer cap 0,04m
3
 of material for use as the core of pelletizing, dust of the dry 

gas cleaning was given 4 times more in volume ratio and water was fed. In the production, the additional binder was not 

used. The resulting wet pellets have sufficient mechanical strength and appearance is shown in Figure 3. 

  

а) b) 

Figure 3: The pellets of dust of dry gas cleaning in the production of ferrosilicon with the core of pelletizing a) coke 

screenings with fr. 0 ÷ 10 mm; b) quartzite screening with fr. 0 ÷ 15 mm 
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Working time of pelletizer (at a given weight) until the pellets were obtained was 15 min. The next 20 min. the 

drying process in a pelletizer cap was carried out. Humidity of wet pellets with a quartzite core was 8.1%, with a coke 

core - 13.6%. 

Drying of the pellets in a muffle furnace at 200 °C within 5 and 15 minutes has improved the strength character-

istics. At the same time, indexes of moisture of the material after drying within 15 minutes showed the importance of 

appropriate moisture of source material given by the pelletizing core (Table 4).  

 Table 4. Humidity pellets 

Material parameters Humidity of pellets with the core of 

pelletizing of coke with fr. 0 ÷ 10 

mm,% 

Humidity of pellets with the core of 

pelletizing of quartzite with fr. 0 ÷ 

15 mm% 

Wet pellets  13,6 % 8,1 % 

Drying 5 min., Т=200 ºС 11,5  % 6,1 % 

Drying 15 min., Т=200 ºС 9,3  % 1,4 % 

Pellets with a core of quartzite screenings are irregularly shaped and represented by bulk material of quartzite 

with fraction of 10 ÷ 15 mm, covered with 2 ÷ 3 mm layer of compacted dust (Figure 4). Durability of this coating de-

creased during drying, and local signs of coating exfoliation. 

 

Figure 4: The pellets with the core of quartzite pelletizing, after drying 

To determine the thermal stability three samples of pellets were selected and heat treatment in a muffle furnaces 

at three temperature regimes of 500 °C and 800 °C was performed. Wet and dried pellets were subject to heat treatment 

at a temperature of 200 °C for 5 and 15 minutes. Heat treatment is performed without smooth heating of material. 

Destruction of pellets is observed at heating up to 800 °C. Pellets with core of coke fines in the total mass 

showed a higher resistance to high temperature exposure. Destruction of pellet with a quartzite core occurs when the 

size of the original quartzite exceeds 10 mm - cracking and delamination of 2 ÷ 3 mm of coating due to the difference in 

thermal expansion coefficient. Pellets with the quartzite core with fraction of 0-10 mm have sufficient thermal stability 

to ensure their submission to the reaction zone of the furnace. However, in the production of ferrosilicon the screenings 

of quartzite must first be cleared of clay constituents present in the fine fraction. This fact reduces the economic com-

ponent when using this material in the process of ferrosilicon melting. 

5. CONCLUSION 

In this paper the physical properties of the dust of dry gas cleanings of closed furnaces on ferrosilicon production 

and the possibility of its use as an antistick coating were considered. 

The researches of dust were carried at the plant out and the work on developing the technology is performed: 

- processing of dust in the form of pellets in the melting of ferrosilicon;  

- use of dust as an antiburning-through covering.  

Estimated resistance of pilot antistick coating on the mold was 2-3 castings, however, due to wearing in a place 

of metal stream falling the applying of coating for subsequent castings was performed before each casting. 

Application of the present refractory coating on the inner surface of the molds eliminated the ingots welding. The 

reduction of wear of the molds bottom part in site of metal stream falling is further noted that characterizes this antistick 

coating as an acceptable for production. 
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Destruction of pellets is observed at heating up to 800 °C. Pellets with core of coke fines in the total mass showed 

a higher resistance to high temperature exposure. Destruction of pellet with a quartzite core occurs when the size of the 

original quartzite exceeds 10 mm - cracking and delamination of 2 ÷ 3 mm of coating due to the difference in thermal 

expansion coefficient. Pellets with the quartzite core with fraction of 0-10 mm have sufficient thermal stability to ensure 

their submission to the reaction zone of the furnace. However, in the production of ferrosilicon the screenings of quartz-

ite must first be cleared of clay constituents present in the fine fraction. This fact reduces the economic component 

when using this material in the process of ferrosilicon melting. 
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ABSTRACT 

The particle composition and thermophysical properties of manganese ferroalloys fractionation screenings have 

been presented. The existing technology of non-standard fines recycling in the high-power electric furnaces and ad-

vanced operation schedules at PJSC Nikopol Ferroalloy Plant has been analyzed. It has been proposed to re-melt 

screenings in the ore-smelting furnace of type RKZ-22.5. The industrial tests have been carried out; efficient composi-

tion of charging materials has been determined and resource saving technology of non-standard fines recycling has 

been developed. The electrical parameters of screenings re-melting process have been analyzed. The technical-and-

economic parameters of the process have been presented. The developed technology has been introduced in the indus-

trial scale. 

1. INTRODUCTION  

The issues of competitiveness improvement of the manufactured products are of primary concern when enhanc-

ing the manganese ferroalloys melting technology at PJSC Nikopol Ferroalloy Plant. The world market imposes strict 

requirements for chemical and particle compositions of ferroalloys. The manganese ferroalloys sold by the plant are 

shipped strictly to the grain size category established by the order; however, the elements composition in the ferroalloys 

complies with requirements outlined in the international standards. 

The portion of fractionated metal in the ferroalloys shipped by the plant has been increased to 90% in recent 

years. During the ferroalloys fractioning process a lot of screenings (non-standard fines), which are generally represent-

ed by 0-10 mm fraction, are generated. The yield of non-standard fines during ferrosilicon manganese fractionation is 

within the range of 10-18%, of high-carbon ferromanganese is within the range of 12-20%. Currently, the issue con-

cerning development of efficient technology of ferroalloys fractionation screenings recycling is of great importance, the 

solution of which will make it possible to increase significantly technical-and-economic parameters of the process and 

introduce resource-saving operation schedule of multipurpose use of mineral raw materials [1]. 

2. EXPERIMENT 

The screenings of manganese ferroalloys fractionation represent fine material containing both metallic phase (in 

terms of its chemical composition it complies with metal being fractionated) and great number (4-10%) of non-metallic 

inclusions represented by particles of dump slag and lime (ingot mold dressing). The particle composition and thermo-

physical properties of non-standard ferroalloys fines are represented in Tables 2.1 and 2.2 respectively. 

Table 2.1 Particle composition of ferroalloys screenings, % wt 

No. 
Alloy  

Fraction, mm 

1 5-10 2.8-5 1.6-2.8 0.63-1.6 0.25-0.63 0-9.25 

2 MnS17 16-20 20-24 7-11 18-23 14-18 15-19 

3 FMn78 20-24 18-22 9-13 16-21 12-16 13-17 

The data, as shown in Table 2.1, demonstrate that main part of non-standard manganese ferroalloys fines is 

represented by fine fractions with dimensions of less than 2.8 mm; however, the portion of fine dust particles in screen-

ings (fraction of < 0.63 mm) is about 33 and 29% respectively. 

Table 2.2 Thermophysical properties of ferroalloys screenings 

No. Properties  MnS17 FMn78 

1 Melting temperature, K 1380-1580 1480-1600 

2 Thermal capacity, J/kg × K 720-780 750-800 

3 Melting heat, kJ/kg 480-530 250-300 

4 Thermal conductivity, W/m × K 17-21 25-28 
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In general, thermophysical properties of screenings and commercial metal are close enough; however, non-

standard fines are characterized by low thermal conductivity [2].  

Earlier on, the non-standard ferroalloys fines were recycled at the plant by melting of screenings being a part of 

charging materials in the high-power ore-smelting furnaces of type RPZ-63 and RKG-75. In such a case, the extraction 

of metallic phase from screenings did not exceed 65-70%; metal losses were 30-35%. The analysis of screenings distri-

bution between melt products showed that fine and dust fractions of non-standard fines are almost completely lost with 

gas cleaning sludge and dump slag. Considering the volumes of screenings production (10-12 thousand tons/month), the 

metal losses were 3-4 thousand tons resulting in dramatic deterioration of technical-and-economic parameters of the 

production. 

The analysis of known operational schedules of metal waste recovery at the foreign ferroalloy companies 

demonstrated that there had been no chances yet to achieve high level of metal extraction from screenings in the indus-

trial scale. The laboratory and semi-industrial tests of technology of non-standard fines re-melting in the induction and 

direct current electric arc furnaces showed relatively high level of metallic phase transformation (up to 90%) in the al-

loy; however, the introduction of the above described technology requires significant capital expenditures, time for its 

follow on development and introduction.  

The challenging issue of increase in the level of metallic phase recovery from non-standard fines was solved by 

the plant specialists through the development and introduction of technology dedicated to the screenings re-melting in 

the existing electric furnace of type RKZ-22.5. Previously, the high-carbon ferromanganese was melted in the furnace 

using flux-free method, and then it was reconstructed to produce ferrosilicon and high-silicon ferrosilicon manganese. 

During the reconstruction, the furnace bath diameter and depth were reduced (which allowed increasing significantly 

the specific power density) and electrical isolation of furnace roof water-cooled elements, as well as charge charging 

system were improved.  

The geometrical parameters of the revamped electric furnace RKZ-22.5 are as follows: 

- bath diameter, mm: 7210; 

- bath depth, mm: 3000; 

- electrode diameter, mm: 1200; 

- electrode pitch circle diameter, mm: 3100. 

The charging materials are conventionally fed into the furnace by the charging pipes in the central part, under 

electrodes and by the bath periphery. 

The furnace is equipped with three single-phase transformers of type EOTsN 8200/10 (low voltage side is 137-

204 V, current strength is 79.6-64.9 kA, 17 voltage levels). 

The crushed stone of ferrosilicon manganese dump slag and slag-and-metallic waste of alloy in the ratio of 0.05 

and 0.12 is added to the screenings weighted portion in order to increase the electrical resistance in the furnace bath and 

provide for satisfactory electric mode of technological process. 

As a result of high electrical conductivity of metal screenings during the industrial tests in order to reduce the 

furnace top caking capacity, avoid short circuit in the charging system and provide for acceptable electric and gas con-

ditions of the operation, it was concluded that it is necessary to ensure differential charging of the materials by the fur-

nace zones with preferential supply of less conductive materials in the central part of the furnace bath.  

3. RESULTS 

During the researches, it was established that optimal value of electric power take-off between tapping is about 

15-25 thousand kW/h. In case of complete melt tapping, the electrodes are fixed till the level of 100-200 mm, the re-

sistance between them is at the level of 1.0-1.5 Mohm (if the electrodes are shortened, the resistance increases to 2-3 

Mohm), the current strength is 45-55 kA, the furnace operates with the capacity of 10-12 MW and 12-16 voltage levels. 

After taking-off 10-15 thousand kW/h, the resistance under electrodes gradually begins to decline, the current strength 

grows, and the electrode seating is increased. Before tapping (electric power take-off is about 20 thousand kW/h), the 

technological conditions begin to deteriorate – the resistance under electrode is reduced to 0.6-0.9 Mohm, the current 

strength is increased to 60-75 kA, and the capacity is reduced to 7-9 MW.  

The tapping lasts within 20-30 minutes. The melt weight is 25-35 t of metal and 7-15 t of slag. The chemical 

composition of metal in terms of manganese and phosphorus composition complies with their composition in metallic 

phase of screenings; the concentration of silicon in the alloy is within the stable range of 16-17%. The dump slag con-

tains 9-15% of Mn, 50-52% of SiO2, 16-19.5% of CaO, 5-6% of MgO, and 7-8% of Al2O3.  

During the technology commercial development, it was found that screenings re-melting process is characterized 

by relatively low melting temperature of the melt products tapping caused by its reduction in the furnace reaction zone. 

The melt temperature during tapping is reduced to 1550-1800 K (in case of ferrosilicon manganese melting in the ore-

smelting furnace, it is at the level of 1800-1900 K). However, when the furnace is transferred to the screenings re-

melting, the melt temperature is very high within the first 8-12 hours and achieves 1750-1800 K; during further opera-

tion, it is gradually reduced and on 2-3 day of screenings re-melting does not exceed 1550-1600 K, which results in the 
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increase of metal losses during casting as waste and scull in the ladles. The reduction in the process temperature in the 

furnace reaction zone is also leads to the disruption of the melt electrical mode. In order to minimize the metal losses, 

the developed technology provides for gradual re-melting of screenings over a month – implementation of the screen-

ings re-melting process within 2-3 days (optimal number of the utilized screenings is 800-1000 t), the furnace transfer to 

the ore-smelting melting with the duration of 4-5 days, further furnace transfer to the fractionation screenings re-

melting. Furthermore, in order to reduce the quantity of generated waste the alloy is to be cast without metal holding in 

the ladles. 

4. DISCUSSIONS 

When developing the technology, the electrical operation mode of the furnace as compared to the technology of 

ferrosilicon manganese melting using ore charge was analyzed in details. The automated process electrical mode control 

system (APEMCS) providing for melting electrical parameters monitoring was equipped at the furnace RKZ-22.5. The 

furnace electrical mode control was based on the determination method of electrical parameters of equivalent circuit of 

near-electrode space of wavepacket propagation using the results of the current (iEL) and voltage (uEL) instantaneous 

values measurement. The electric arc available in the near-electrode zone defines the non-linear character of equivalent 

resistance (rEQ(t)). The nonlinearity degree depends on the furnace operation conditions. The APEMCS mathematic 

model, as detailed in the papers [3-5], is based on the measurement of current and voltage instantaneous values and their 

conversion using Fourier transformations as follows: 

iEL(t) = Im1sin(ώt + φ1) + … + Imnsin(ώt + φ1) (4.1) 

uEL(t) = Um1sin(ώt + φu1) + … + Umnsin(ώtn + φun) (4.2) 

and presence of linear resistance of the melt, shunt and non-linear resistance of the arc, averaged for the current 

changes period. The above mentioned algorithm allows evaluating the energy distribution in the furnace reaction zone 

on a real-time basis (Fig. 4.1 and 4.2). 

 

Figure 4.1: Active power distribution: 1 – before tapping, 2 – after tapping, 3 – during melting of при ferrosilicon 

manganese using ore charge. Diagram legend: а – credit of power generated in the arc, b – shunt power, c – power gen-

erated in the melt. 
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Figure 4.2: Variation of electric parameters during melting 

After the melt tapping, a lot of charge characterized by low electric resistance enters the reaction zone; however, 

the credits of power generated in the voltage arc and shunt are sharply increased. The value of active resistance under 

electrodes is increased, whereas the current strength is reduced. The electrode voltage is increased to keep the installed 

power. As far as the electric power is taken off and the charge is melted, the melt begins to be collected in the reaction 

zone, the charge descent speed is reduced, the resistance under electrodes is decreased and the current strength grows 

gradually. Before tapping, the power generated in the arc and shunt is decreased, the electrical parameters of the process 

more or less comply with electrical mode of alloy melting using ore charge.  

The material balance of the screenings re-melting and achieved technical-and-economic parameters of ferrosili-

con manganese production at the furnace RKZ-22.5 according to the developed technology are represented in Tables 

4.1 and 4.2 respectively. 

Table 4.1 Material balance of screenings re-melting process (data as of September 2014) 

No. Charged  Produced  

1 Charge designation t % Melt products designation t % 

2 screenings 4357.8 86.2 metal 3703.5 73.31 

3 crushed stone 185.6 3.7 slag 511.3 10.1 

4 

slag-and-metallic waste 

(in mixture, by type of 

generation) 

510.4 10.1 
slag-and-metallic waste during tap-

ping 
472.6 9.35 

5 Total  5053.8 100.0 slag-and-metallic waste in the ladles 150.1 2.97 

6    
slag-and-metallic waste during cast-

ing 
101.2 2.0 

7    
escape and other losses 

(in terms of difference) 
115.1 2.27 

8    Total 5053.8 100.0 

The data, as shown in Table 4.1, demonstrate that metal is the main melting product (73.31%); 10.1% of the 

charged material weight accounts for the portion of dump slag. During the re-melting, slag-and-metallic waste of differ-

ent types is generated in large quantities (in total 14.32%).  
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Table 4.2 Technical-and-economic parameters of non-standard ferrosilicon manganese fines re-melting according to the 

mastered technology  

No. Parameter designation Value  

1 Specific consumption, kg/t:  

2 - of screenings 1176.7 

3 - of crushed stone 50.1 

4 - of slag-and-metallic waste 137.8 

5 Metal extraction from screenings during re-melting, % 85.0 

6 Extraction of metallic phase from screenings,% 89.5 

7 Slag ratio 0.14 

8 Specific power consumption, kWh/t of alloy 767 

9 Specific power consumption, kWh/t of charge 554 

As can be seen from the obtained results on the developed technology shown in Table 4.2, the metal yield during 

screenings re-melting is 85%, however, the extraction of metallic phase from screenings is 89.5% (if the fractionation 

screenings contain 5% of non-metallic inclusions), the specific power consumption is 767 kWh/t of the produced alloy 

and 554 kWh/t of the re-melted charge. 

The industrial researches made it possible to develop and introduce in the industrial scale the technology of non-

standard manganese ferroalloy fines recycling by means of their re-melting in the ore-smelting furnace of type RKZ-

22.5 with relatively high technical-and-economic parameters. 

SUMMARY 

The technology of ferroalloys screenings re-melting in the ore-smelting furnace of type RKZ-22.5 has been de-

veloped. During the industrial researches, the optimal technological and electrical conditions of the screenings re-

melting process have been determined. The electrical parameters of the technological process have been investigated. 

The required charge materials and their reasonable ratio in the charge, which enable to achieve the metal yield during 

the non-standard fines re-melting at the level of 85% and specific power consumption of 767 kWh/t of produced metal, 

have been established. The developed technology has been introduced in the industrial scale at PJSC Nikopol Ferroalloy 

Plant. 
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ABSTRACT 

The design and development of case studies of installation and utilization of fines ferroalloys schemes produced 

is presented. They are introduced into the production line for recycling in induction furnaces, a progressive technology 

of extracting metal from slag in lump sorting modules (LSM) is presented, a description of the hot material in the 

pelletizing plants «Koppern» (Germany, which significantly reduces the metal loss and increases the percentage of ex-

traction of the leading element in the production of manganese ferroalloys is given. 

1 UTILIZATION OF FERROALLOY FINE FRACTIONS 

TOPAZ LTD designed a plant equipped with two OTTO JUNKER induction furnaces of 4000 kW each for re-

melting of ferrosilicomanganese and ferrosilicon fine fractions. 

Technical and economic advantages of 250 Hz crucible induction furnaces lie in  strict temperature and process 

control, high capacity due to high power density, low power consumption, low melt loss, high plant operability, low 

investment cost due to compact arrangement, short installation period permitted by pre-assembly of equipment units, 

and low labour demand due to melting process automation. 

OTTO JUNKER equipment is designed and manufactured in a way that meets all labour and environment safety 

regulations. One of the most important elements of an induction furnace is an inductor. Use of an inductor ensures high 

efficiency, reliable protection from voltage breakdown and overloads. Furnaces are equipped with deflector systems, 

thus, occurrence of magnetic leak fields is substantially lower than acceptable workplace limit. A furnace control sys-

tem ensures constant monitoring and automatic control of all furnace functions and process stages within the melt cycle. 

Process cycles and operating parameters are permanently monitored and shown on screen. 

Tap water is used for efficient cooling of an inductor and transformers, whereas transducer and capacitor banks 

are cooled using demineralized water containing  some glycol. In cases of power shutdown emergency cooling water 

supply is provided. 

In order to reduce noise, noise-absorbing materials are used along with rigid inductor fixation,. 

OTTO JUNKER furnaces are equipped with two-way rotary exhaust system. Irrespective of furnace position, 

Robin Hood system catches all dust and gas and feeds them to a bag filter. 

Inductor should be protected by measuring the temperature of the whole area between crucible and inductor, 

warning of threatening critical temperature values and temperature curve readings and displays, furnace insulation is 

controlled to grounding. For emergency discharge  a special accumulating pit is provided. The system has a rotating 

charging device, a weighing system is provided for ferroalloy fine fraction. 

These furnaces perform well in melting of ferrosilicomanganese fine fractions. Crucible service life is as long as 

1000 melts. The values for FeSi melting are somewhat less (Fig.1). 

Hot roller pressing of fine fractions is used in both Germany and the USA. 

Roller presses ensure process continuity; they are smaller as compared to rotary or stamping presses. One of 

leading roller press developers and vendors is Koppern GmbH, Germany. 

Unfortunately, Ukraine does not have specialized companies and organizations involved in development of such 

equipment as one of the most important aspects of industrial waste processing and utilization (Fig. 2). 

2 DESIGN PECULIARITIES OF METAL/SLAG SEPARATING SKIMMER 

Efficient separation of metal from slag is a difficult matter in both convertors, open-hearth furnaces and in fer-

roalloy furnaces. TOPAZ LTD team developed a design of skimmer - metal/slag separator. Skimmer that comprises a 

bath for metal/slag separation based on different volume specific weights. Bath dimensions are calculated for each par-

ticular furnace and alloy, based on the amount of metal and slag fed to skimmer through tap-hole; bath filling rate is 



FUNDAMENTALS, THEORY 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 751  
 

also calculated individually. The slag exit hole is 15-20 cm higher than bath level. The metal exit hole is calculated as 

well; it is arranged at bath level and equipped with regulated slide gate. 

The slide gate bottom is at the level of metal/slag separation, it is raised or lowered depending on metal level in 

the skimmer bath. The slide position is controlled visually. We try to ensure automatic control of slide position (Fig. 3). 

For final metal/slag separation new advanced technologies may be applied, such as lump sorting modules (LSM) 

developed by Promtekhnologiya Company, Kryvyi Rih, Ukraine. LSM serves to sort metal-containing slag so that met-

al-inclusion pieces might be recovered from bulk mass of material irrespective of their physical properties (density, 

magnetic properties, etc.) 

Grading rate does not depend on bulk material dust or dirt content and is close to theoretical limit. 

Main advantages of dry separation method are as follows: 

- high capacity - 5 20 tons of initial feed 

- high selectivity of metal components (up to 2 mm) 

- low power consumption - 0,5 kW/ton initial feed 

- easy integration into manufacturing process 

- acceptable noise level - 70 dB 

- acceptable vibration level - 63 dB 

- mass - 7 tons 

- small module dimensions -6x3x2,7 m. 

Application of LSM creates possibility to solve complicated problems of maximum recovery of a particular ele-

ment and  adequate environment protection (Fig. 4). 

 

Fig. 1. 
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Fig. 2. 

 

Fig. 3 
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Fig. 4. 
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About 94% of ferroalloys in Russia are smelted in submerged electric arc furnaces (SAF) using a carbothermic 

technology. Sufficient amounts of technogeneous wastes are generated even at the stage of mining and production of 

concentrates from ores (quartzite, chromite and manganese ores, coals, lime et al.) before smelting. 

Wastes generation in ferroalloy industry leads to formation of slags, dusts, sludge and ferroalloy gas. Volumes of 

these products depend on charge materials and production technology at the ferroalloy works, but slags are quantitative-

ly the main “disposable” product. 

Chromium ferroalloys in Russian Federation are produced at JSC “Chelyabinsk electrometallurgical works” 

(JSC “Chemk”), JSC “Serov ferroalloy plant” (JSC “SFAP”) and JSC “Klyuchevsky ferroalloy plant” (JSC “KZF”). 

Manganese ferroalloy producers in Russia are JSC “Chemk”, JSC “Satka pig-iron smelting works” (JSC “SHPZ”) and 

JSC “Kosaya Gora Iron Works” (JSC “KGIW”). Production of silicon ferroalloys concentrated at JSC “Kuznetsk fer-

roalloy works” (JSC “KFW”), JSC “Chemk”, JSC “SFAP” and “Bratsk ferroalloy works” (JSC “Mechel”).  

Technology of carbothermic reduction in SAF for high-carbon ferrochrome and ferrochromium-silicon differs 

from the point of view of wastes generation. Typical slag-to-metal ratio for high-carbon ferrochrome production varies 

from 1.0 to 1.9 and depends mainly on concentration of Cr2O3 in chromites. Slag is formed from magnesia-alumina 

gangue of chromium ores and silica-containing flux (quartzite, slags of silicon ferroalloys).  

Production of ferrochromium-silicon using a two-stage technology requires production of high-carbon ferro-

chrome from chromites and carbonatious reductant at the 1
st
 stage and ferrochrome-silicon from ferrochrome, quartzite 

and reductant at the 2
nd

 stage, where slag-to-metal ratio amounts to 0,02-0,06.  

Quantity of slag, generated at production of bulk chromium ferroalloys can be estimated on the basis of average 

slag-to-metal ratio of 1.5.  

Production of high-carbon ferromanganese in SAF and blast-furnaces using a flux method also depends on quali-

ty of manganese ores and concentrates, and slag-to-metal ratio varies from 0.6 to 1.22 (average 0.9). Peculiarity of high-

carbon ferromanganese smelting is in maintaining of slag basicity at the level of 1.1 – 1.5 by addition of fluxing materi-

als (lime or dolomite).  

Slag-to-metal ratio for silicon and ferrosilicon production varies from 0.05 to 0.10 and depends on the alloy type.  

Data on slag generation and production volumes of ferroalloys in Russia are given in table 1.  

Table 1: Ferroalloy production and slag generation volumes in Russia, t/year  

Alloy type Ferroalloy production, thsd. t 
Slag-to-metal 

ratio (average) 

Amount of 

slag, thsd. t 

Silicon and ferrosolicon  566.4 0.1 56.64 

Ferrochromium and ferrochromium-

silicon  354.0 1.5 531.00 

Ferromanganese and silicomanganese  188.8 0.9 169.92 

Total 1109.2 - 757.56 

Slags of bulk ferroalloys production processes do not subject to self-desintegration after crystallization, so lump 

slags do not require stabilization and use of special equipment for fine materials processing.  

Typical chemical composition of slags, dusts and sludge of chromium, manganese and silicon ferroalloys pro-

duction [2-10] is given in Table 2-4.  

As a rule, high-carbon ferrochrome and ferrochromium-silicon are produced in the same melting shop and dust 

collection is organized simultaneously from different furnaces without separation of different types. Dusts from ferro-

chromium-silicon furnaces differ from those smelting high-carbon ferrochrome mainly by concentration of silica.  

Work with fine materials is far more difficult than with lump slags. Utilization of waste gases requires construc-

tion of additional installations and units for implementation of continual process.  

One of the problems of dust collection from waste gases is a difference in design of submerged electric arc fur-

naces (SAF): open, semi-closed, closed-top and sealed type.  
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Table 2: Chemical composition of slag and dust of ferrosilicon production  

Material 

Content, % wt. 

SiO2 
SiO2  

amorphous 
CaO Al2O3 MgO SiC Metal

*
 Fe2O3 Na2O K2O C 

Ferrosilicon slag 32 - 18 16 0.8 15 15-25 - - - - 

Microsilica  (furnace dust) - 85-98 0.1-1.0 0.1-1.5 0.2-2.0 - - 0.1-3.0 0.1-1.0 0.2-3.0 0.2-3.0 
*
 Corresponds to chemical composition of smelted ferroalloy grade  

Table 3: Chemical composition of slags and dusts of chromium ferroalloys production  

Material 
Content, % wt. 

Cr2O3 MgO Al2O3 SiO2 CaO FeO C SiC 

Ferrochromium-silicon slag 
*
 3.5 8 13 45 0.5 0.2 - 3 

High-carbon ferrochrome slag  4.3 44.2 17.3 29.8 2.5 0.8 - - 

Gas-cleaning dust (bag filters)  20.1 35.8 6.1 13.4 0.8 6.3 4 - 

Gas-cleaning dust (cyclones)  43.1 20.8 6.9 9.3 1 11.1 6.2 - 
* 
Additionally contains ~30 % wt. of metal (composition, %: 13 Si metal, 9 Cr metal, 4 Fe metal, 4 C) 

Table 4 Chemical composition of slags and dusts of manganese ferroalloys production  

Material 

Content, % wt. 

MnO Feобщ P
*
 CaO MgO SiO2 Al2O3 S 

Na2O+ 

K2O ZnO п.п.п. С 

High-carbon ferromanganese (blast-furnace) 

Slag 16.5 0.65 0.01-0.4 41.0 6.5 32.0 7.5 1.1 0.65 0.02 - - 

Dust 16.5 2.05 0.1-0.25 28.5 6.5 26.5 7.5 1.1 0.85 0.16 - 8.0 

Slurry / Gas-cleaning dust (2
nd

 

stage of cleaning)  17.0 4.50 0.1-0.3 14.5 6.0 20.0 7.5 1.0 1.50 0.50 

70-85
** 

/11-13 21.5 

High-carbon ferromanganese and silicomanganese (SAF)  

Silicomanganese slag  14.2-16.8 0.15-0.20 

0.012-

0.014 17-18 4.5-5.5 49.0-50.0 7.0-8.0 0.8-1.3 3.3-4.5 - - 

0.2-

0.4 

High-carbon ferromanganese slag  15.5-18.1 0.10-0.15 

0.08-

0.11 35-38 3.0-4.0 34.0-36.0 4.0-5.0 0.5-0.8 2.4-3.5 - - 

0.2-

0.4 

Gas-cleaning dust 
20.7-25.8 1.4-1.9 

0.15-

0.25 5.0-7.0 1.5-2.5 18.0-21.0 1.5-2.5 0.3-0.5 4.5-8.0 

0.5-

2.0 27.0-37.0 

5.0-

10.0 
*
 Depends on phosphorus content in manganese raw materials  

**
 Above 100%  
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It is undoubtedly that the use of closed-top and sealed furnaces provides the most effective dust collection from 

waste gases without air dilution. Nevertheless, units and technologies for collection of toxic manganese dusts from SAF 

producing high-carbon ferromanganese and silicomanganese have a broad distribution [11]. These technologies provide 

dry gas cleaning up to 8-11 mg/m
3
 of residual dust concentration when content of dust in gas before cleaning is ~1.15 

g/m
3
, so bag filters efficiency exceeds 99%. 

Use of top-closed and sealed furnaces for manganese and chromium ferroalloys production is rational since it is 

related with decrease in oxygen partial pressure under the furnace roof and promotes less oxidation of dust particles and 

less generation of toxic chemical compounds with Fe, Mn and Cr [12].    

Volumes of dust collection in Russian ferroalloy industry are estimated on the basis of industrial data on dust 

generation and collection. So, blast-furnace ferromanganese production generates dust and sludge approximately 10 and 

100 kg/t of alloy, respectively. High-carbon ferrochromium production in SAF generates ~50/150 kg of dust per 1 t of 

alloy, and silicon alloys (depends on alloy grade) 60-150 kg/t. Calculated figures on dust generation in Russian ferroal-

loy industry are given in table 5. Collected dust of high-carbon ferrochromium production have fine particle size (see 

Table 6 and 7) and alike slags of this alloy have high heat resistance and can be applied in refractories [13].  

Table 5: Dust and sludge generation at Russian ferroalloys industry 

Alloy type 

Ferroalloys produc-

tion volume, thsd. 

t/year 

Dusts Sludge 
Total, 

t/year 

yield, kg/t 

total, 

t/year yield, kg/ 

total, 

t/year 

Siliceous 566.4 120 67968 н.д. н.д. 67968 

Chromite 354.0 150 53100 н.д. н.д. 53100 

Manganese 188.8 10 1888 100 18880 20768 

Total 1109.2  122956   18880 141836 

Table 6: Granulometric composition of gas cleaning dust at high-carbon ferrochromium production,  % wt. 

Dust type 
Fraction yield, mm 

>2.5 1.6-2.5 1.0-1.6 0.4-1.0 0.16-0.4 0.063-0.16 <0.063 

Cyclone 0.28 0.25 0.42 13.37 17.27 39.74 28.67 

Bag filter - 0.003 0.015 0.51 5.99 46.76 46.62 

Table 7: Granulometric composition of dust (bag filters) at SAF production of high-carbon ferromanganese and silico-

manganese, % wt.  

Fraction yield, μm 

<1 10-40 >40 

49 39 12 

There are different ways for recycling of manganese dusts. One of the most advanced and environmentally 

friendly way is arranged in Japan [15], where manganese dust is used in production of manganese-ore pellets. These 

pellets are charged into SAF after preheating and prereduction in rotary kiln with waste gases. One of the examples of 

wastes recycling at the post-soviet space is the use of waste slags, dusts and sludge in manganese ferroalloys industry 

and production of electrosmelted fluxes at Nikopol ferroalloy plant where technogeneous materials are added into ag-

glomerate charge [16]. Though the solution leads to increased dust generation in agglomeration process and requires 

additional control of dusts and gases generation and propagation in atmosphere [17].   

Recycling of gas cleaning dust (20-43% Cr2O3) at chromium ferroalloys production can be arranged in the form 

of additions to chromite pellets and as a charge component at smelting of metal product of slag separation [18].  

Dry gas cleaning systems are very effective from the point of view of dust collection for manganese and chromi-

um ferroalloys production [11].  

Ferrosilicon slags are completely recycled in SAF as a flux for high-carbon ferrochromium and charge-chrome.  

Slags of ferrochrome and ferromanganese require sophisticated separation schemes due to weak magnetic prop-

erties of metal fines and can hardly be separated from slag by magnetic separation (in contrast to metal fines in 

steelmaking industry). Separation complex for ferroalloy slags often includes jigging machines, classifiers and other 

special equipment.  
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Peculiar property of high-carbon ferrochromium slags is a comparatively high melting temperature (heat re-

sistance) which allows using them in refractories industry for production of fire-bricks and tapping hole mix. These 

materials are in demand at the same plants where they are generated [13]. 

One of the ways of recycling of manganese ferroalloys slags is a production of high-quality cast products with 

high performance characteristics from hot liquid slags for civil and industrial engineering [19]. 

A special attention should be paid to wastes of chrome- and manganese ores extraction and concentration pro-

cesses as these tailings make a sufficient part from the volumes of crude ores. This type of materials are often of equal 

or higher quality by their chemical composition if compared with technogeneous wastes of ferroalloys smelting process 

and, in some cases, are better than crude ores before concentration.   

In the world ferroalloy industry one can find a trend for development of environmentally friendly wasteless 

complex technologies, where by-products are considered as additional raw materials for ferroalloy industry and analo-

gous areas.  

A good example of complex use of chromium ores is a strategy of ferroalloy producers in South African Repub-

lic where ores of Bushveld mining deposit are separated after extraction and concentration into several products. Use of 

these materials in ferroalloy industry varies due to chemical composition and fraction and includes smelting of both 

lump ores (6-150 mm and 6-25 mm) and pellets (made from fines –6 mm, with or without reductant) of different types 

(including Outotec process on steel belt) in SAF. Fine fractions of chromites (gravitational concentrate) can be smelted 

in DC electric furnaces without palletizing or sintering and with comparatively cheap coal instead of coke as a reduct-

ant. So, this technology and general approach includes alternative technological processes, furnaces and auxiliary 

equipment that makes national ferroalloy industry more flexible.  

Peculiarities of Russian ores deposits are represented mainly by poor manganese ores and chromites and eco-

nomic security issues require new sophisticated solutions for complex technological wasteless schemes. Metallurgical 

estimation of poor domestic chromites and manganese ores, concentrates and technogeneous raw materials (slags, dusts 

and sludge, tailings) is a key element, along with technical and economic estimation of a process. Availability of indus-

trial equipment is a basis of flexibility and competitiveness of national ferroalloy industry.  
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ABSTRACT 

The manganese, an active metal widely used in the steel and aluminium industries [1], [2] is found in the nature 

combined in diverse minerals, mainly as the oxide pyrolusite and others like the carbonate called rhodochrosite or the 

hydrated oxides or silicates. A process that allows obtaining of high quality electrolytic manganese using flying fines 

residua from flue gas furnace ferroalloys production, was developed, that could be used for the integrated management 

of a residue produced worldwide in important quantities. The above mentioned procedure has been realized by the col-

laboration, during the last 15 years, between FerroAtlántica Group SAU (Boo Plant-Cantabria) and the laboratory of 

Metallurgy of the Escuela de Minas de Oviedo, and has given up to several International patents protecting the produc-

tion of pure solutions of manganese suitable to be electrolyzed, from electrical furnaces gas cleaning mud obtained in 

the Fe-Mn and Si-Mn production. 

1 INTRODUCTION 

Manganese is an active metal which is found in nature combined in minerals as oxides (pyrolusite, criptome-

lane), carbonate (rhodochrosite), silicates (braunite) and hydroxides (todorokite) two of the more important minerals are 

for its abundance, pyrolusite and braunite. Steel production processes traditionally requiring the addition of manganese 

have been carried out using these minerals in iron metallurgy reduction furnaces for the purpose of using the manganese 

as an alloy element or as deoxidant and desulphurant agent in steel production. Manganese alloys were obtained by 

thermal reduction in the blast or electric furnaces, in which Fe-Mn and Si-Mn are obtained. Pure manganese can be pro-

duced by aluminothermal reduction, but the process is intended for smaller productions. Electrolytic manganese has 

been produced since 1948 after the process being developed in Boulder City (USA) resolving the problems related to: 

manganese dissolution from minerals, purification of solutions, development of a diaphragm electrolytic cell, condition-

ing agents for cathode solution to prevent reoxidation. Mn++ ion is very difficult to be reduced in aqueous solution 

(Mn++(aq) + 2 e _ = Mn(s) Eº = -1,179 V) because H2 gas overpotential on Mn metal can only in special conditions be 

lower than -1,179 V. It makes very difficult to avoid simultaneous H2 evolution at cathode, so loosing current for man-

ganese deposition and lowering significantly the Faraday performance [1- 4]. Currently, electrolytic manganese con-

sumption in Spain is approximately 11,000 tons per year, it is imported entirely and used for aluminium alloys. Fer-

roAtlántica Group is the only producer of ferroalloys in Spain, with plants in Europe, Africa, South America and Asia 

and known very well worldwide.  

The process for obtaining electrolytic manganese described in this work has been developed at the laboratory 

and industrial-pilot scale. It has been developed by the need to make the manufacture of ferroalloys Fe-Mn and Fe-Si, a 

sustainable process, taking profit of the Mn content of the flying fines and avoiding the waste disposal expenses. 

There are other industries producing wastes having fairly high manganese content, like lead anode scale and cu-

be deposits in a huge non-ferrous metal industry, or the ore lodes from the fabrication of MnO2, used in batteries. 

2 EXPERIMENTAL 

2.1 Materials 

Ferroalloy is an alloy of iron with some other particular element other than carbon. Ferroalloys give distinctive 

properties to steel and cast iron, performing important functions during iron and steel production cycles. The principal 

ferroalloys are those of manganese, silicon and chromium. In the manganese case, this metal is essential to counteract 

the harmful effects of sulphur in the production of virtually all steels and cast irons. It is also a good deoxidant element 

and gives rise to the singular effect of work-hardening when working with steel pieces or engines, that avoids its wear-

ing in use (tracks, mill’s plates, etc). But derived from the manufacture of these ferroalloys, and as a result of the clean-

ing process of the production furnace exhaust fumes, a waste product is obtained having a high manganese content 

which is difficult to use as a recyclable material for the furnace due to its physical nature: very fine, polluted and wet. 

mailto:jsancho@uniovi.es
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The starting material used in the developed process for obtaining electrolytic manganese is this waste which composi-

tion is given in Table 1: 

Table 3: Chemical analysis of the residua 

 P.C. Mn SiO2 CaO Al 2O3 MgO Na 2O Fe2O3 K2O ZnO C 

% Wt 28-32 20-30 20-25 5-8 3-5 2-5 2-3 2-3 1-4 0,5-1 5-8 
P.C.: loss on calcination 

Mineralogical analysis of residua can be seen in Figure 1 that show the XR diffraction pattern of the fume 

washed waste. In it one can appreciate the existence of the compounds of manganese: Manganosite (Mn+2, O=) and 

Hausmannite (Mn+, 2Mn2+, O=.), Ankerite, a carbonate with small amounts of manganese is also found. Calcite and 

phlogopite (K-mica) are also found, as well as some magnesite and graphite. Other samples give (Mn2+, Mn3+, O=) 

and manganese silicate. 

 

Figure 1. XR pattern of a sample of smoke mud from Fe-Mn making furnace. Signal detected show different manga-

nese oxides, calcite, ankerite, magnesite and graphite from coke 

2.2 Method 

Thermal sulphating is the base of the first treatment of the waste followed by a hydrometallurgical treatment 

consisting of four steps: primary lixiviation, purification, secondary purification and conditioning and finally, the elec-

trolysis phase for obtaining electrolytic manganese [5]. Prior to sulphating phase, mixing of manganese oxides lodes, 

H2SO4 and water should be done properly, it depends primarily on two factors: the amount of H2SO4 per kg of initial 

treated material and the moisture and Mn content in it. For this work, and to study the effectiveness of the process, 1 kg 

of material with a moisture content of 40% and a Mn content of 15% was used. The material was mixed with 390 g of 

sulphuric acid and 3.9 l of water in a laboratory inox mixer and the mixture was then poured on a tray which was intro-

duced in a furnace hold at 300ºC for 30 minutes. After that, the lixiviation was carried out with prepared synthetic 

anolyte with a composition of 35 g/l of H2SO4. In this process, the residence time for the extraction of Mn was 30 min., 

during which the pulp was maintained under strong stirring. At the final of the prior stage pH of the solution is around 

3.5. For its purification, 70 g of lime were added to the lixiviation reactor and it was left under stirring for half an hour 

as mentioned, increasing the pH value to 6.5. At this moment, the concentration of Fe and Al in the solution is less than 

1 ppm in the liquor. 

To separate the solid residual waste contained in the resulting pulp, which has both non-etched material and the 

precipitated impurities as hydroxides (mainly Fe and Al), the pulp is subjected to pressure vacuum filtration. The waste 

separated here was subjected to washing with water to recover part of the manganese that it had entrained and to im-

prove its chemical and physical characteristics prior to its subsequent deposition. The solid material was produced is 

self-compactable, and was qualified as non-toxic by external studies in several environmental agencies.  

The minimum Mn concentration must be at this point of 32 g / l in the rich solution. After this, to remove from 

the filtrated liquor the small amount of organics introduced in solution by our especial method, it passes through an ac-

tive carbon filter. 

Finally, a second purification is necessary for eliminate mainly Zn
2+

, the heavy metal more abundant in manga-

nese deposits from its genesis, and smaller amounts of (Ni
2+

 and Co
2+

), because they should be eliminated preferably in 
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the electrolysis process due to their more favourable reduction potential. In this work, the second purification phase 

involved the addition 11 ml of sulphide solution producing 65 g of zinc sulphide that is separated by settling, with a 

similar amount of manganese sulphide, so there was less than 1 ppm of the above mentioned metals in the liquor. The 

obtained precipitate was separated by means of filtration and both zinc and manganese can be recovered from it. Final-

ly, 1.25 l of liquor was thus obtained. Table 2 shows the composition of the final solution product: 

Table 4: Composition of the final cathode feeding solution 

Mn 

(g/l) 

Zn 

(ppm) 

Ni 

(ppm) 

Co 

(ppm) 

Fe 

(ppm) 

Mg 

(g/l) 

Ca 

(ppm) 

SO4 
2-

 

(g/l) 

28-32 20-25 5-8 3-5 2-5 2-3 2-3 1-4 

The electrolysis process is carried out in diaphragm cells in which the anolyte and catholyte are separated by a 

semi-permeable material and both have a similar composition, although anolyte has a lower pH and noticeably manga-

nese depleted, catholyte is controlled for: temperature 34ºC, 8.2 pH, 0.3g/l reducing gas (SO2), 140g/l buffering ammo-

nium sulphate. Current used is 6A/dm current density. The cathodes are made of stainless steel and the anodes are made 

of an alloy of 99% lead and 0,5-1% silver. Starting the cell requires a catholyte concentration of 12-14 g/l of Mn, while 

feed solution should be between 30 - 33 g/l of Mn. Over time, the metal is deposited on the surface of the cathode in the 

form of flakes. While the electrolytic manganese flakes are deposited on the cathode, manganese dioxide accumulates 

on the anode. Faraday performance is 63% meaning that only nearly 2/3 on manganese is recovered in metallic form. 

Even with the strict conditions kept in both anolite and catholite, there is a fairly high amount of hydrogen evolved on 

the cathode, lowering the current efficiency. 

The reactions on the electrodes are expressed as follows: 

Cathode: Mn
+2

 + 2e 
-
  => Mn ; 2H2O + 2e

 -
 => H2 + 2OH

-
 

Anode: 2H
+
 +SO4 

-2  
=> H2SO4; Mn

+2
 +2H2O => MnO2 +4 H

+
 + 2e

-
   ; 2H2O =>4H

+
 +O2 +4e

 -
 

(In red the products of the cell) 

Once the process is finished, the metal load is separated by mechanical means and this product also requires 

washing with water. Table 3 shows the composition of the obtained electrolytic manganese. 

Table 5: Composition of the manganese electrolyte (%) 

C S P Ti Mg Fe K 

0.015 0.050 0.002 0.001 0.004 0.006 0.004 

Si Ca Zn Cu Co Ni Mn 

0.002 0.003 0.004 0.001 0.002 0.004 99.9 

    

Figure 2:  Picture of Mn covered anode (2m x 1.3m, the biggest used till the moment) and manganese flakes 
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Figure 3: Overview of industrial pilot plant and cell. 

3 CONCLUSIONS 

The investigations of a process for obtaining electrolytic manganese using sludge from the exhaust gases of fer-

roalloy production furnaces washing have shown that this can be an economic and ecological way for recycling this 

waste and give an advantage of obtaining a product with a high market value used and imported in Spain. 

Moreover, after the experiments in the laboratory, a 2M€ industrial- pilot plant was constructed, and it demon-

strated the effectiveness of the process on an industrial scale, yielding a manganese with 99.9% of purity, after more 

than 3.000 kg produced with industrial cathode size. 

Finally, this method has been patented in Spain and an international extension has already been approved in the 

following countries: USA, South Africa, Australia, Ukraine, Russia, Kazakhstan and Mexico. 
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Abstract 

Process benchmarking is recognised as an essential tool for the continuous improvement of the quality of prod-

ucts. It is a process that allows the production of manganese ferroalloys i.e. ferromanganese and silicomanganese 

(FeMn and SiMn) to improve upon existing ideas and practices. In this study, it is critical to interrogate the organisa-

tion of production of manganese ferroalloys in the identified production plants. Three production plants were identified 

within, and two outside South Africa. A methodology of research was identified that will be most appropriate to under-

take the study. From the research process, it is expected that the critical variables that impact on production processes, 

differences in application, scale of processes, measurement methods, and competitiveness analysis to be identified.  

Benchmarking, Ferromanganese, Silicomanganese, Measurements Metrics, Production Metrics, Production In-

dicators 

Introduction 

There have been fluctuations in the manganese ferroalloys market due to the consumption turbulences in the 

steel and iron ore commodity pricings. It then necessitated an insight into the technological processes used by ferro-

manganese producers. The potentiality exists to examine shared applications like the furnaces, energy requirements, 

better materials handling and preparation techniques, mobility of labour, monitoring procedures, and research initiatives 

(Jones, T, 1994).  

Benchmarking is a process of improving performance by continuously identifying, understanding, and adapting 

outstanding practices and processes found inside and outside the production facility. It is usually treated as a structural 

process. Developing a step-by-step model best provides the organisational and operational structure for benchmarking. 

Any type of benchmarking process model should provide an adequate framework for the successful planning and exe-

cution of a benchmarking exercise. It should be flexible enough to encourage the ferromanganese (FeMn/SiMn) opera-

tion to modify the process to suit its needs and project requirements (Dattakumar and Jagadeesh, 2003).  

Production managers of FeMn/SiMn operations are continuously searching for techniques that enable quality 

improvements. Benchmarking is one such technique that has become used in the recent times. Though benchmarking is 

not new, it has now found widespread consideration among decision-makers. There are different types of benchmarking 

and not all of them would be relevant to a metallurgical production process environment. But there is always an oppor-

tunity to derive also a useful benchmarking inferences from other best practices outside the ferromanganese industry.  

Benchmarking is not about making changes and improvements unintentionally, but it is about adding value to a 

FeMn/SiMn production process environment. No FeMn/SiMn production process should make changes if the changes 

are of no qualitative consequence. When using benchmarking techniques, it should be observed during furnace opera-

tion how processes in the value chain are performed (Sweeney, 1994): 

a. Identifying a critical process or sub-process that needs improvement; 

b. Identifying a productive unit that excels in the process, preferably the best; 

c. Contacting the excelling unit and/or organisation that you are benchmarking for a visit to study the pro-

cess or activity; 

d. Analysing the data; and 

e. Improving the critical process at the operation.  

Process Benchmarking 

The organisational practice of benchmarking was pioneered by Xerox through the reverse engineering of prod-

ucts of other industry players in the copiers market in the late 1970s. In our context, benchmarking is performed by fer-

romanganese organisations to improve performance over time. It is broadly regarded as a process of identifying, under-

standing, and adapting outstanding practices from any organisation to help another organisation improve its perfor-

mance and outcomes. Up to the year of 2000, there were about 480 academic inputs focusing on benchmarking (Datta-

kumar and Jagadeesh, 2003). And it is regarded as the practice of being humble enough to admit that another organisa-

tion somewhere is better at something, and being wise enough to learn how to match or even surpass them in this mat-

ter. But the performance and outcomes have to be informed by the FeMn/SiMn production process in this study as illus-
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trated by reactions of Figures 1 and 2. The general motto followed is as follows: Average is the bottom of good and the 

top of bad (Dattakumar and Jagadeesh, 2003; Jetmarova, 2011).  

Figure 1: Manganese ore transformations under air 

 

MnO2 __500
0
C__ Mn2O3 __900

0
C__ Mn3O4 __1700

0
C__ MnO __1700

0
C__ Mn 

 

And different Mn ore transformations have the following stoichiometric reactions in detail: 

Figure 2: Reactions of Mn ore transformations 

 

(1) 2MnO2 + CO(g)  Mn2O3 + CO2(g)……………….▲H
0
298-99.9kJ 

 

(2) 3Mn2O3 + CO(g) 2Mn3O4 + CO2(g)………….▲H
0
298-31.3kJ 

 

(3) Mn3O4 + CO(g)      3MnO + CO2(g)……………▲H
0
298-16.9kJ 

 

(4) MnO + C(s)                Mn(s) + CO(g)….……………….…▲H
0
298246.8kJ 

 

The above reactions (1) – (3) are kinetically controlled for an optimal outcome of producing FeMn/SiMn, and 

(4) by the thermodynamic environment.  

Summarily it could be said that benchmarking is a systematic and disciplined process of examining your own 

processes in the following manner: 

(a) Finding who is better or best; 

(b) Learning how they do it; 

(c) Adapting it to your organisation; 

(d) Implementing it; and 

(e) Doing it continuously.  

In the same vein, benchmarking is not: 

(a) Only competitive analysis and benchmark cataloguing; 

(b) Number crunching; 

(c) Site briefings and observations; 

(d) Just copying or catching up; 

(e) Spying; and 

(f) Quick and easy.  

Production Metrics 

Due to the rapid growth in its steel production, China has become the most important market for manganese and 

ferromanganese. To date, it has imported manganese ore rather than FeMn/SiMn, mostly from South Africa. It remains 

a sizeable exporter of manganese alloys, although the government is discouraging conversion agreements for reasons of 

environmental protection. Furthermore, the Nikopol plant in Ukraine is an important factor in the world market due to 

its sizeable capacity of 1.3 m tonnes per annum (tpa). In 2005-2006, the Government of Ukraine attempted to re-

nationalise the plant. A dispute between the majority owner Interpipe and the minority shareholder, Private Intertrading 

disrupted production over the past few years, and played a role in the tight market (Jones, R, 2007; Olsen et al, 2007).  

Much of the capacity in mainland Europe has closed over the past two decades, with Eramet’s France plant clos-

ing in 2003. In Norway, the manganese alloy plants are increasingly focusing on special grades. A limited number of 

global mineral resource groups continue their hold on high-grade manganese ore reserves, though black-economic-

empowerment initiatives in South Africa may lead to new market entrants in the near future. It is can be observed that 

the Mn ore producers have generally been reluctant to invest in the development of ferromanganese facilities over the 

past decade or so (Jones, T, 2007).  

The basic assumption is that the objective of ferromanganese (FeMn) and silicomanganese (SiMn) producers is 

to maximise profits. The gain or profit is calculated as being the difference between the value of the produced products 

i.e. the product value, and the value of the factors of production or costs used. This objective is often called simply prof-

it maximisation. Based on the assumption of profit maximisation, three classical economic issues related to the act of 

FeMn/SiMn production can be identified (Olsen et al, 2007; Rasmussen, 2013): 

(a) What to produce? 

The producer usually has the option of producing alternative products with the available production plant. The 

producer may choose to produce one product e.g. the standard product which is the high carbon ferromanganese (HC 
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FeMn); or may produce a combination of HC FeMn, silicomanganese (SiMn), low carbon ferromanganese (LC FeMn) 

and/or medium carbon ferromanganese (MC FeMn).  

(b) How much of FeMn/SiMn to produce? 

A production process can be carried out more or less intensively. Products can be manufactured using a larger or 

smaller amount of input materials. The size of the production will depend on this. But what is optimal? To add more 

inputs like Mn ore, fluxes and reductants, which would result in a large production, or to add less, which would result in 

reduced costs?  

(c) How to produce FeMn/SiMn? 

A product can often be produced in several ways. For example, it is possible to reverse undesirable elements by 

introducing certain fluxes or optimal tapping methods can be used, or appropriate casting cooling methods should also 

be considered for better crushing and screening of ferromanganese. But what choice would be optimal? What kind of 

input would result in the lowest costs? Time is also an important factor. How will the blending of the Mn ores and re-

ductants be done to improve the kinetics of the Mn ore reduction to achieve the required optimal results.  

In general when speaking of production and related economic issues it is often assumed that the functionality of 

a ferromanganese production plant is given. If this was the case, the key economic issues concerning production would 

be related to the question of how to best utilise a given production plant. For example, should the process engineer use 

the blended or unblended Mn ore, and with which combination of reductants and fluxes? 

In practice the production metrics and economic issues concerning production are not well-defined with respect 

to benchmarking. It is of course possible to make changes to the given production plant, either by investing in new pro-

duction facilities, or by renting or leasing some aspects of the production facilities. The functional areas of managing 

the waste materials could be viewed along the same lines as other factors of production, and the issue of how much 

waste management efforts it would be optimal to apply is in principle also an entirely ordinary production metrics and 

an economic issue. Whilst it is possible to be considerate of this important principle, when it comes to decisions which 

have long term implications and concern the production framework, such issues are traditionally discussed when purely 

focusing on investment and financial planning.  

There is no clear-cut distinction on how and when in the theory of production the fixed asset and the related 

fixed costs become variable. A description of the theory of optimisation of production is based on the assumption that 

the price of inputs and outputs are determined by external factors and cannot be influenced by the producer. And the 

FeMn/SiMn producer would be regarded as a price taker in this context. However, a generalisation of the theory to ac-

count for conditions in which prices are not constant but dependent on the size of the production could be worked out. 

Generally, there are no real problems in deriving principles for production optimisation under conditions in which pric-

es are not fixed, i.e. they depend on the quantity produced. However, in this context, the problem of the pricing of out-

put becomes an important subject (Jetmarova, 2011; Rasmussen, 2013).  

Interface of benchmarking and production 

The interface of benchmarking and ferromanganese production process has to be clarified by the choice of unit of 

analysis i.e. the process of FeMn/SiMn production. FeMn/SiMn production involves the following functional areas as 

described above: (a) Materials receiving: raw materials shown primarily as charge feed; (b) Production: processed mate-

rial shown as recovered metal – HC FeMn, MC FeMn, LC FeMn and SiMn; (c) Waste materials: waste materials would 

comprise slag, baghouse dust, and slimes from candy filter; (d) Recovery: recycling for further processing like metal 

from crushing, slag for Mn reprocessing, and dust from baghouse with high Mn content; and (e) Final processing: sale 

and disposal of FeMn/SiMn to market, aggregate from Metal Recovery Plant (MRP) to construction industry, slimes to 

dams, dust to dust storage, and waste slag to dump (Olsen et al, 2007). From this explanation, the following table can be 

formulated: 

Table 1: FeMn/SiMn functional areas in a typical ferromanganese plant 

MATERIALS 

RECEIVING 

RAW 

MATERIALS 

PRODUCTION 

OUTCOMES 
PROCESSED 

MATERIAL 

WASTE 

MATERIALS 
WASTE 

 

RECOVERY 
 

FURTHER 

PROCESSING 

FINAL 

PROCESSING 
SALE AND 

DISPOSAL 

 

- Mn ore 

- Coke 

- Fluxes 

- Reductants 

 

- HC FeMn 

- SiMn 

- MC FeMn 

- LC FeMn 

 

-Slag 

-Baghouse dust 

-Slimes 

 

- Recycling 

crushed metal 

- Slag repro-

cessing 

- Dust repro-

cessing 

 

- Marketing 

- Dust to dust 

storage 

- Aggregate to 

other industries 

- Slag to dams 

As stated as above, the context has to be clarified: the South African Mn ore that is an input material was de-

scribed as the type of manganiferrous silicate carbonates, and not the oxide type. Where there are oxide types, they are 
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very marginal and are not economic for large-scale exploitation (Jones, R, 2007). The benchmarking study should in 

essence explore how easily accessible input materials can be utilised to make the production of manganese ferroalloys 

competitive in South Africa. A comparative advantage already exists due to South Africa having the largest reserves of 

Mn ore in the world, which are greatly attributed to the Kalahari manganese reserves (Steenkamp, 2012).  

Figure 1 below further simplifies the production process as specified in Table 1. Various functional and sub-functional 

ferromanganese plant areas should be able to uphold certain quality standards with respect to the required product speci-

fications, materials handling, waste management, recycling procedures, as well as the final sales and disposal of the 

FeMn/SiMn products. The acceptable quality standards would also in turn create confidence from the product buyers. 

This would furthermore ensure that the understanding of the ferromanganese production process contributes to the prof-

itability of the organisation.  

Figure 3: Overview of FeMn production process 

 

Characterisation of production focus areas 

Process benchmarking could be explored if it can develop relevant indicators for production benchmarking given 

the identified FeMn/SiMn production functional areas. The benchmarking will be biased towards the physicochemical 

aspects like the functional areas illustrated in Table 1 and Figure 1 above. The thermochemical data could be taken as a 

constant since there is an established database, and associated phase diagrams have been developed by industrial pro-

ducers of FeMn/SiMn (Olsen et al, 2007; Tangstad, 2013) 

The other form of benchmarking that was relevant for the study is generic benchmarking because FeMn/SiMn is 

part of a value chain in the steel making process. So the behaviour of the three-phase electric arc furnace also finds ap-

plication in the production of steel and other ferroalloys like ferrochrome, ferrosilicon, ferrovanadium and ferronickel. 

There are elements that could be learnt from other ferroalloy producers on the efficiencies of production e.g. the usage 

of the same facilities for the production of ferromanganese and ferrochrome in South Africa.  

Research design 

There is very little academic material on benchmarking of ferromanganese production techniques, particularly 

for a developing country environment such as South Africa. However, the current limited scholarship all concur that the 

benchmarking exercise is a continuous improvement on product and/or production quality (Dattakumar and Jagadeesh, 

2003). There is a large number of benchmarking models, but a methodological orientation in them is not easy. The fer-

romanganese benchmarking research intends to propose best practices that could be implemented and those that have 

been observed (Jetmarova, 2011).  

This study will be informed by basing its observations and interactions on specific production facilities. Such 

production facilities would be informed by the production methodologies employed, and could be approached trough 

two distinct dimensions or a combination thereof: 

Benchmarking from a ferromanganese production survivalist perspective: 

The leading producers of manganese ferroalloys are also owners or part owners of manganese mines. These pro-

ducers could have an inward perspective of what could influence their production parameters because the raw materials 

are of known properties. There has always been availability of good quality manganese ore in countries like South Afri-
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ca, Gabon, Russia, Australia and Ghana. However, the ore resources would always deplete in terms of quality and quan-

tity in some instances, as a mining and geological reality. The comparative advantage is unnoticeably regarded as the 

most critical factor of benchmarking by these producers.  

Furthermore, the benchmarking indicators in respect of ferromanganese production performance are purely iden-

tified as being within the constraints of the organisation. Factors that would be considered here would be the following: 

reliability of Mn ore from own sources, carbon monoxide (CO) reactivity of Mn ore, enthalpy values for heating and 

reduction, reduction rate and liquidus of different slags, and carbon dioxide (CO2) reactivity of carbon materials (Olsen 

et al, 2007).  

Benchmarking from a ferromanganese production competitive perspective: 

Ferromanganese producers could also seek learning experiences from other known good producers. It would be 

an identification of best practices within the sector. In this instance, for example, unknown properties of excellent raw 

materials could be a preserve of certain FeMn/SiMn producers, bridging effect and permeability of various raw materi-

als, and electrical conductivity of the cokebed surface. The raw materials include good quality reductant and Mn ore 

(Olsen et al, 2007).  

It would be important to consider this benchmarking perspective because it introduces what is not known to a 

FeMn/SiMn facility. More will be understood about what differentiates one FeMn/SiMn facility from the other. Where 

appropriate, certain inferences should be made to identify the key indicators that define the benchmarking techniques.  

The study emanated from a critical industrial interest and would be a reflection on a particular aspect of 

FeMn/SiMn pyrometallurgical processes, i.e. general process practice within the producing organisations. It would be a 

study dominated by empirical research whereby analysis would be deductive, thematic and also based on the methodo-

logical approach. Again, the FeMn/SiMn producing South African organisations should form the basis of the study as a 

key area of research. Based on cases for inference, lessons from other global FeMn/SiMn and ferroalloys facilities will 

be studied and insights will be accumulated. The dominant research design classification would be empirical, mostly 

based on numeric, textual, and hybrid data i.e. surveys, secondary data analysis, partly from experimentation done and 

comparative studies. In this instance, the research environment is of a high control (Mouton, 2001). Therefore, no theo-

ry or hypothesis would be formulated; however, the study would also be guided by certain theoretical framework expec-

tations.  

DESIGN CONTEXT 

Modern FeMn/Si production processes are mature and have basic stages. The added element that needs to be ob-

served is the creation of strongly innovative FeMn/SiMn pyrometallurgical processes which could be influenced by the 

following four trends: (1) innovation and influx of new technology, (2) pressure of time on the market, (3) increasing 

customer demands, and (4) globalisation (Brombacher, Sander, Sonnemans & Rouvroye, 2005). It was established that 

benchmarking was influenced more significantly by best practices controlling strategic implementation of production 

processes (project selection, goals, technology leadership, product strategy and customer involvement) than by metal-

lurgical processes associated with the execution of benchmarking (process control, metrics, documentation and change 

control).  

Best practices associated with strategic implementation were widely adopted than best practices associated with 

controlling and executing benchmarking (Dooley, 2000). With that said, the research design aims at developing new 

methods in benchmarking of the production of manganese ferroalloys, a form of key indicators as a test (Mouton, 

2001). Possible limitations would be understood from the context of the methodological studies being largely context 

bound in the developed countries’ environment. Very little methodological research has been carried out in a develop-

ing-country environment, although such production was global.  

The limitations would thus be how the data has to be sampled to represent actual production phenomena. In such 

studies, data is collected through standard design types like surveys and experiments. For example, in our study we have 

the endothermic Bourdouard reaction i.e. C(s) + CO2(g) ===== 2CO(g), which has well-known recorded variables like 

the enthalpy of the reaction at 172kJ.mol
-1

. Similarly, C(s) + MnO(l) ===== Mn(l) + CO(g), is a well-recorded exo-

thermic reaction at the metal-slag interface. Therefore, any source of previous research error in the known analysis of 

the pre-reduction and cokebed zones could be a serious limitation of the methodological research.  

Research process 

Process context 

The research process is a reference point for the whole methodology of research (Mouton and Muller, 1998). 

Hence the study was based on an approach to identify the key and/or representative production process environments in 

South Africa as in the reference cases to be used. Observations will be made and production processes physically sur-

veyed. Secondary material will be collected and transformed into data categories for further analysis and evaluation. 

Hence, phenomenologically the results would be able to illuminate the specifics of various situations to arrive at a best 

method(s), which are representative of the FeMn/SiMn production processes. Accordingly, the study will attempt to 

develop methods through key indicators of how benchmarking can be developed and conducted in South Africa. There-
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fore, the types of evidence required to undertake the study would require surveys, observations, a collection of historical 

data for analysis, evaluating of the plant pyrometallurgical practices, the analysis of existing data, and in-depth literature 

review.  

Analysis of data was undertaken by looking at the FeMn/SiMn production process from a technical environment 

like that in Figure 4. Some of the observations made during the course of the research process should be substantiated 

by accurately recording each step along the way. A fundamental part of the analysis method in methodological research 

is the inductive analysis adopted in this study through the evaluation and description of the identified plant production 

processes. The historical research errors of interviewer and observer effects could be unearthed by using both normal 

statistical and qualitative forms of data analysis in this methodological study (De Leeuw, 1992).  

Figure 4: Ferromanganese furnace view 

 

It is easier to determine accurate definitions and appropriate levels of construct abstraction from multiple cases 

because constructs and relationships are more precisely delineated (Eisenhardt and Graebener, 2007). Hence, the 

equipment-producing organisations and mining resources organisations would be investigated for this study, as there 

will be inferences from other industrial sectors. An integrated design can be followed in a qualitative research design to 

arrive at a built theory. Its analysis would normally follow the following stages as research develops for a generalisation 

model (Eaves, 2001): 

Activity-by-activity analysis --- Brief Analytical Concepts --- Categories --- Sub-categories --- Linkages among 

Categories --- Core Theoretical Framework 

Empirical data 

Here, cases would be divided into three primary and two secondary reference cases and various data would be 

consulted from various sources in the industry including suppliers of ferromanganese-producing equipments as in Table 

2. The five reference cases are a HC FeMn producer, a SiMn producer, a LC/MC FeMn producer, a new HC FeMn pro-

ducer, and a HC FeMn producer for the European market.  

Table 2: 3 x Primary (P) and 2 x Secondary (S) Reference Cases 

Reference Cases Mn ore type Case Type Context 

1. P1: HC FeMn producer Braunite II, Rhodo-

chrosite and Haus-

mannite 

Primary 

Observations 

SDA 

Significant ferromanga-

nese producer in the 

world 

2. P2: SiMn producer Braunite, Manganite 

and Hausmannite 

Primary 

Observations 

SDA 

Significant SiMn 

producer 

3. P3: Refined LC and MC 

FeMn 

Pyrolusite (MnO2) Secondary 

SDA 

Observation 

Significant LC and MC 

FeMn producer 

4. S1: HC FeMn producer Pyrolusite (MnO2) Secondary 

SD 

New entrant HC FeMn 

producer 

5. S2: HC FeMn producer Pyrolusite (MnO2) Tertiary 

SDA 

Significant HC FeMn 

producer for the Europe-

an market 

The semi-structured interviews would be carried out on the primary reference cases. In addition, the secondary 

data analysis (SDA) and questionnaires would be relied upon with the secondary/tertiary reference cases. Table 2 illus-

trates how the various data collection methods would be undertaken from the various reference cases. They are referred 

to as reference cases to illustrate that the emergent theoretical framework would be dependent on theoretical sampling 

and that the ethnographic research based on semi-structured interviews and questionnaires would be complemented by 

content analysis of secondary data such as annual reports.  
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The organisations in Table 2 were chosen on the basis of their uniqueness in respect of the following factors: 

specific production processes, newness to the market, economic impact, global impact and business profitability. Im-

portant questions would need to be asked to achieve best practices in the production of FeMn/SiMn, even though it may 

not be possible to have all the answers (Maack, 1974; Narayanan, 2000). The process engineer would be requested to 

respond to the various aspects of the production process, and the background questions (1) to (8) that would be attempt-

ed for clarity by observations and requesting for clarity. From best practice studies across various organisations and 

metallurgical industries, the onsite visits and observations would attempt to understand the reference cases. The stand-

ard background questions that influence decision-making in metallurgical organisations for the primary reference would 

be framed in Table 3 (Cooper, 1993): 

Table 3: Typical stage-gate illustration used by ferroalloy industrial producers 

Consideration Explanation 

1. Customer requirements How potential customer requirements are identi-

fied, defined and changed 

2. Product strategy How benchmarking is aligned with internal con-

straints and with external factors 

3. Concept generation How candidate concepts for new products are 

generated or acquired 

4. Concept selection How candidate product concepts are screened and 

selected for further development 

5. Concept design How the selected concept is designed at a high 

level 

6. Detail Design and Redesign How product details, materials, and dimensions 

are specified 

7. Manufacturing and Marketing Preparations How manufacturing processes are developed and 

channels to get the products to the customers are 

established 

8. Product Improvement and Disposal How production processes’ shortcomings are 

identified, improvements are made, and how 

products are disposed of at the end of their life 

cycle 

Reference Cases for study 

The study considered the cases as represented in Table 2 i.e. P1, P2, P3, S1 and S2. Other organisations that will 

be looked at for secondary information would be senior miners, unique producers such as electrolytic manganese diox-

ide, and exploration companies. There will be a review of the corporate and projects’ documents of all the organisa-

tions. The choice of organisations identified would set the balance between the nature of ownership of enterprises and 

the business focus, e.g. between steel-producer owned enterprise, sub-sector focus and size within an industry.  

The following aspects informed the context of choosing these cases to assist the study: 

(a) The uniqueness of the organisation and/or project: These are unique organisations either in terms of mar-

ket share, unique operations, and size of a project relative to a developing country environment.  

(b) Access to information: It was also focuced on the ease of accessing information through all relevant plat-

forms and most importantly through site visits. Personal interfaces with plant process engineers could also 

imply participant orientation to the organisation – P1, P2, P3, S1 and S2 in this instance.  

(c) Reliability of processes: It was important to use organisations that have established processes at a global 

scale. These processes could largely be informed by the technological paradigm being implemented. For 

example, P1 would be focused on HC FeMn processes that are well defined globally.  

CONCLUSIONS 

The study assisted in gaining insights into the various production processes from the chosen reference cases for 

measurement metrics. From the preliminary findings, the following can be identified as broad categories and/or produc-

tion indicators: 

Macro-thermodynamic scenario: 

It will be important to decipher the physico-chemical properties of the formation of minerals. Particular Mn min-

eral formation could be considered to be in a state of chemical equilibrium. The mineral compositional data can be ex-

plained by thermodynamics with respect of temperature T and pressure P of the mineral equilibrium. State functions can 

explain the thermodynamic state of the mineral deposits whereby T and P are the prime variables in terms of the follow-

ing equation: 

G = U + PV = H - TS 
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The effects of Mn content in the mineral deposit, level of porosity, and the mechanical strength can be deduced 

from this macro-thermodynamic environment.  

Technology aspects: 

It could be observed that the source of innovations of processes’ technology has the following primary sources: 

(i) Equipment suppliers 

Most of equipment suppliers are of service to both the producers of ferromanganese and steel. They serve as a 

technical conduit between the producers of input materials like Mn ores and steel producers. This motivation empowers 

the equipment suppliers to be capable pyrometallurgical researchers to develop solutions for the ferroalloy industry. 

Their focus had to improve the efficiencies of production processes as in the design of furnaces, and the preparation of 

input materials like Mn ore and reductants. Companies like Metix, Semag, Siemens, and Xi’an Abundance Electric 

Technology Co. Limited (AEXA) have been able to demonstrate such a research capability.  

(ii) Ferromanganese producers 

Some ferromanganese producers like Mizushima have been able to provide solutions to their own production 

processes. And they have formed mergers with companies who have access to high quality Mn ore resources. The tech-

nical driver for the research capability is when the shareholder is controlled by a steel producing company.  

(iii) External research support 

The ferromanganese industry in South Africa was iniated as an entrpreneurial effort. However, historically the 

mining and metallurgical industries in South Africa have also been assisted by research from institutions of higher 

learning particularly Wits University and later the University of Pretoria, other research instituions like the Council for 

Scientific and Industrial Research (CSIR). The industries have also sponsored such research endeavours on pyrometal-

lurgical production processes. Such external research support managed to become a technical conduit between the min-

ing industry, ferromanganese producers and steel makers. It could be demonstrated through the conception of the Iron 

and Steel Corporation (ISCOR).  

Energy aspects: 

Electricity is one of the critical cost drivers in a ferromanganese production process especially in South Africa 

where ther have power cuts. Most of the industry has been on Megaflex accounts when there is high electricity usage, 

the industry could be asked to switch off their furnaces at a rebate. Hence there have been alternative power generation 

initiatives have been piloted at various locations, and some as permanent features of the FeMn/SiMn process. Methods 

that have either been piloted and/or implemented include the following: 

- Blast furnace method 

- Using thermal coal as an energy source 

- Recycling excess capacity 

- Decarburisation Coal Injection (DCI) method 

Environmental aspects: 

There are legislative requirements in operating a ferromanganese plants. Most plants have procedures in place to 

ensure legal compliance. However the legal compliance does not always translate to environmental friendly procedures. 

The following have to be thoroughly monitored as both safety and environmental measures: 

- Dust suppression 

- Dust bagging 

- Slag disposing 

- Emissions control 

Materials handling: 

The furnace processes of smelting have to be facilitated by appropriate input materials to improve their reactivi-

ty. Mn ore can be stacked and reclaimed for proper grade and quality control. The reactivity particularly of the Mn ore 

was also enhanced through material handling processes like having permanent stockpile facilities. Importantly were the 

porosity and mechanical strength of the Mn ore and reductant; as well as the viscosity and resistivity of the slag. Such 

handling measures were accompanied by the following technical interventions: 

- Sinter product preparation 

- Mn ore size feedstock preparation 

- Reductant size preparation 

- Using batch tapping versus continuous tapping at different pouring rates 

- Using granulation product instead of ingots or bars 

Marketing: 

The marketing element could be outside the control of the production process environment. But the soundness of 

production processes increases the prospects of the saleability of ferromanganese products. The following aspects have 

to be considered when introducing the product into the market: 

- Technical saleability emphasis, and not just big tonnages; 

- Sales strategy - collaborations on toll smelting with other Mn ore producers to reduce input costs like en-

ergy; 
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- Trade platform: smelters could be closer to raw materials especially the Mn ore; or export routes for bet-

ter price influencing; 

- Product strategy: there should be flexibility and diversification on how the plant can yield the final prod-

uct for better production process efficiencies. 
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ABSTRACT 

This article gives an analysis of recent statistic data of the global industry development and forecasts on growth 

of production and consumption of steel and various ferroalloys. Some traditional views of metallurgists on alloying sys-

tems for some groups of steels are discussed. The results of calculations of the efficiency increasing at low frequency 

usage for steel and ferroalloy furnaces power supply are presented. The most spectacular achievements and the ob-

served trends in the development of new steels that will cause a change in produced ferroalloys assortment are given 

and discussed.  

1 INTRODUCTION 

The theme of the article to a large extent was selected by the authors thanks to an interesting report of our Finn-

ish colleagues Holappa L. and S. Louhenkilpi for the previous INFACON XIII Congress [1]. Their report consists of 

analysis of various aspects of the ferroalloys impact on the quality of steel in both historical and technical aspects: be-

ginning from an open-hearth furnace and Bessemer converter to contemporary steelmaking and from simple carbon 

grades to modern high-alloyed steels.  

There is an obvious link between the growth in steel production and a corresponding increase in the ferroalloys 

manufacturing. Assortment of ferroalloys is changing a bit slowly, but mainly following the change in steel grades. 

Equipment in steelmaking and ferroalloy plants is being improved. The list is being completed and it is not brief. There-

fore we will try in our analysis of the relationship and mutual influence of steelmaking and ferroalloy production to 

limit ourselves by problem aspects which are closest to authors.  

The most steelmakers today are well aware of the need to interact with the producers of ferroalloys for efficient 

dialogue to bring positions closer and to find a compromise, which is inevitable between the increased requirements to 

reduce a content of impurities in the ferroalloys and related price growth. However, mutual interest can and should be 

manifested not only in the harmonization of requirements to the final product, but also in the implemented technical 

innovations, transfer of best practice developed to improve the environmental conditions and energy efficiency in the 

allied productions. 

2 STEELS AND FERROALLOYS PRODUCTION OUTLOOKS 

Steel has been and remains the main structural material of mankind. The relationship between production vol-

umes of steels and ferroalloys is quite obvious. However, in addition to direct connections, when the technology of a 

steel of certain chemical composition determines the purchase of necessary ferroalloys, there is also a number of subjec-

tive factors. These are issues of economic efficiency, environmental friendliness and production of steel and of ferroal-

loys, as well as trends in the steel grades changes. Therefore, we present some considerations on objective and subjec-

tive factors that have an effect on production of both steels and ferroalloys. 

2.1 Statistical Data 

Most recent Conferences (2014) of ferroalloys specialists [2-4] gave comprehensive material for analysis of pub-

lished statistics on the production of steel and ferroalloys. It is obvious that the current INFACON XIV will specify 

these data. Nevertheless, we would like to discuss some recent data published by World Steel Association [5] for steel 

production. The world production of crude steel in 2014 amounted to 1.67 billion tons. In 2020, the global demand for 

steel is estimated as 1.85 billion tons of crude steel manufacturing, and it expected to be around 2.29 billion tons to 

2030 (Fig. 1 [6]). 
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Figure 1: Demand for crude steel in million metric tons [6] 

Since a growth of ferroalloys production is almost proportional to an increase in steel manufacturing, it can be 

expected to increase the production of ferroalloys in 2030 at least by 20-25%. 

In recent years the relationship in steel and ferroalloys productions has become even more evident because of in-

creasing steel production share by electric arc furnace using minimills, as well as in connection with the leading growth 

of special steels melting, especially in China. 

About 20 kg of various ferroalloys is consumed now for 1 ton of steel in average. This amount is made up by fer-

rochrome share about 20%; ferrosilicon - 18%, silicon manganese - 22%, high-carbon ferromanganese - 12%, refined 

manganese alloys and metal manganese - 5%, ferronickel - 4%, other ferroalloys altogether - 19%. But at the same time, 

the special steels output of 170 million tons (20% of world crude steel output) takes a share of 35% of the total con-

sumption of ferroalloys, while ordinary steels melting (1.44 billion tons - 80% of world steel production) takes 65% of 

the total consumption of ferroalloys . 

Within the masters’ conferences on the mentioned ferroalloys the featured data were presented: world production 

of ferroalloys in 2013 was 62.3 million tons and in 2012 – 58.5 million tons. Ferroalloys production growth in the last 

five years has made 8.1%. These figures include the production of silicon metal, silicon carbide and various deoxidation 

agents (aluminium alloy), etc. 

Interesting material shown in Figure 2 was given in the analysis [5].  

 

Figure 2: Regional share in the world steel demand [5] 

The demand for steel in developing countries is steadily increasing and in 2010 exceeded by 70% the world steel 

production.  

The forecast for population growth, GDP and steel consumption per capita in the largest developing countries [5] 

shows (Table 1) that it is them who will be the leaders in steel production in the next 5 years. In this regard, the enor-

mous resources of India should be noted. India plans to bring domestic steel production to 200 million tonnes in the 

very near future. The problems which the country is facing in the implementation of these plans, including limitations in 

increasing the electricity generation, are known quite well. 
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Table 1: Developing world: strong fundamentals for growth  

 

If we compare these data with forecasts for production and consumption of electricity [7, 8], it is obvious that 

power engineering specialist expects a similar redistribution of electricity production and consumption in favour of de-

veloping countries in the next few years. Expected growth in electricity production (Figure 3) to 2030 makes more than 

1.5 times [8] that practically coincides with the expected increase in steel production. 

 

Figure 3: Forecast for electricity generation to 2030 [8] 

Note that the projected decline of the overall share of fossil electric power stations does not mean reducing of 

fuel consumption. Even today, 32% of the world's annual consumption of fossil fuels (all types – natural and artificial) 

is burnt at power plants that is accompanied with environmental pollution by combustion products, including CO2 (10.9 

Gt) [9]. The volume of fuel combustion for electricity generation will continue to grow that will certainly lead to the 

need for additional measures for waste gas cleaning and CO2 disposal. Consequently, we can expect that the cost of 

electricity will grow. This means that for the sustainable development of ferroalloys production, where energy con-

sumption is very high, actual innovation in increasing of energy efficiency, resource saving, recycling and reduction of 

environmental hazards is required. 

The most radical way of all savings is suggested by supporters of the so-called “Direct alloying” [10-12] who 

propose to exclude the production of ferroalloys. Recovery of oxide concentrates of alloying elements are made by car-

bon of molten iron or by reduction agent (usually aluminium or ferrosilicon) in thermite mixtures.  

Despite the attractiveness of this approach, its use in the mass production of steel in the short term should not be 

expected. The first reason is, of course, the instability of the results even in the case of low-alloy steels manufacturing, 

where both the content and variety of alloying elements is small. In the production of high-alloyed steels the problems 

in thermal balance and increased content of reducing agent in the finished product will be faced. Besides, in this case 

the energy costs are just transferred to the production of reduction agent. Furthermore, in both cases there are problems 

of increasing the impurities content, while the methods of impurities removal are well developed and optimized in fer-

roalloy furnaces.  
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Finally, it is difficult to provide an exact hit in a given chemical composition of the steel grade, and even more so 

to ensure mass production of hundreds of grades of low-alloy and high-alloy steels in multi-ton units. At this stage of 

development of processes of direct alloying, apparently, it is advisable to apply it in small factories, foundries, and 

above all in order to return oxidized waste of high-alloy steels to own production cycle. 

2.2 Some Features Of Technology And Equipment Of Steelmaking And Ferroalloys Production 

Iron and steel industry, as well as many other sectors of human activity, has being developed in stages, substan-

tially as the airplane takes off: climb, horizontal flight (like a power accumulation for the next climb), climb again, etc. 

There is, as dialectic says, the transformation of quantitative to qualitative changes. 

We believe that the extraordinary changes that have occurred in the steel industry in connection with the advent 

of the continuous casting of billets, similar in size to the final rolled product, i.e. near net shape casting, is the very last 

rise step to new height. Apparently, in the near future, after a quarter-century span since Nucor had realized the thin slab 

casting, we should expect a new step up on the way of progress.  

We think that it can be associated with the implementation of long-standing ideas for continuous steelmaking, 

and possible long-awaited breakthrough in direct iron manufacture. In this context, all directions of development that 

lead to cost savings in production of both the steels and ferroalloys seem particularly important. The problems of ecolo-

gy and energy efficiency are multifaceted. Therefore, we will consider further just one aspect of this trend, namely some 

significant changes in technology and equipment design of the steelmaking electric melting furnace and ferroalloys pro-

duction units. 

Electric arc furnace (EAF) and ferroalloy submerged arc furnace (SAF) have much in common in the course of 

melting processes. The idea is that in EAF at certain stages of melting the arc is burnt under a slag layer – like at melt-

ing in submerged arc furnaces. Similarly, in the SAF in certain moments the arcing happens directly to open melt in the 

same manner as it occurs in the EAF.  

Moreover, in both types of furnaces a kind of transitional periods exists, when there is no any arc (neither open, 

nor submerged) and electroslag process takes place, which is inherent to electroslag remelting furnaces (ESR). The at-

tempts on the application of submerged arc furnace for steel manufacturing have been undertaken for a long time 

[13,14].  

Recent data published by SMS about development of a highly efficient electric arc furnace that is capable for 

weeklong continuous operation (having a symbolic name S/EAF [15]) indicated the trend of convergence in structures 

of steelmaking and ferroalloy furnaces. The prospects of work can be confirmed by the data on the effectiveness of this 

new furnace in comparison with the most advanced EAF which is listed in the mentioned article. For example, the spe-

cific energy consumption is reduced by 20kWh/t, and the required capacity of a power transformer - by 20%. 

In recent years, EAF DC began to be widely applied in electric steelmaking. One of the obvious advantages of 

such units in terms of energy efficiency is a decreasing of the overall electrical resistance (impedance) of the furnace 

due to eliminating of reactance losses. 

It is clear that in the ferroalloys industry the energy efficiency is one of the key challenges of the time. It is un-

derstood also that the use of direct current in SAF is impractical due to electrolysis of the slag. However, SAFs with a 

reduced frequency of power supply that reduces the reactance of the furnace to almost zero begin to be increasingly 

used in the ferroalloy industry. Note also that low frequency has progressively been used in recent years for high power 

ESR furnaces. 

We have performed some calculations to determine an expediency of industrial furnaces transformation for low 

frequency power supply for both steels and ferroalloys production. In the calculations the following assumptions were 

made: 

1. Elements of high current loop are replaced by equivalent linear resistance and reactance. 

2. Liquid bath and electrodes are considered as purely active resistance, and the inductive reactance of the bath is 

included into reactance of high current loop. 

3. The power capacity of the furnace is taken the same for industrial and low frequency. 

4. Electricity losses due to power distortion and losses in the frequency converter are not taken into account. 

Note, the frequency of 10 Hz is chosen conditionally. In practice today it is possible to realize the adjustable low fre-

quency, for example, from 0.1 to 10 Hz, which makes it possible not only to provide further reduction of the reactive 

losses, but also to avoid a possible overlap between the frequency of power source and frequency of the furnace natural 

vibrations in order to avoid entering of furnace structure into dangerous resonance vibrations. 

Table 2 lists the specifications on three real electric furnaces with power supply from the transformer of industrial fre-

quency 50Hz and data were calculated for operation of the same furnaces with power supply source of low frequency 

10Hz. 
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Table 2: Electrical parameters of the given EAF, LF & SAF (Russian type РКЗ-81 MVA) units at 50 Hz and 10 Hz 

Electric fur-

nace type 

Transformer im-

pedance 

High current loop imped-

ance 

Furnace impedance(on 

phase) 

Cos φ at fre-

quency 

Rт,  

mΩ 

Хт,  

mΩ 

Rкс, 

mΩ 

Хкс, mΩ at fre-

quency  

Rп.у., 

mΩ  

Хп.у, mΩ at fre-

quency 

50 Hz 10 Hz 50 Hz 10 Hz 50 Hz 10 Hz 

EAF 200 t  0.072 0.094 0.56 3.56 0.712 4.01 3.42 0.806 0.761 0.98 

LF 380t  0.05 0.239 0.381 1.724 0.3448 3.25 1.963 0.5838 0.856 0.984 

SAF 81МVА 0.043 0.11 0.063 0.869 0.174 0.611 0.94 0.284 0.545 0.907 

Calculations show that the change to a low frequency can significantly improve the efficiency of all three units, 

but the maximum effect will be received for the ferroalloy furnace as the most powerful one. Significant increase in the 

efficiency of the source is achieved, which can significantly reduce energy losses (Table 3) 

Table 3: Efficiency of the given EAF, LF & SAF at 10Hz 

Electric furnace type Cos φ 

growth, % 

Reduction of the re-

sistance loss, МW/% 

Reduction of the 

losses for 1 year, 

MWhour 

Cost of frequency con-

verter (rough estimation), 

USD 

EAF 200 t  28.8 1.67 / 39.8 9621.2 2400000 

LF 380t  14.9 1.25 / 24.4 7201.1 2000000 

SAF 81МVА 66.4 1.53 / 63.9 19431.9 3200000 

Even at a rather high appraised price of the frequency converter the payback period will be about 3 years. Taking 

into consideration the projected increase in electricity prices this period may be even shorter. 

We believe that the positive experience of the low frequency application in SAF and ESR units will encourage 

steelmakers to use a low frequency in EAF. Moreover, developed technical solutions not to change the EAF design, 

which is an additional argument compared with the adoption of direct current. 

Examples of mutual enrichment by technical solutions in steelmaking and ferroalloy production can be contin-

ued. There are necessary environmental measures (gas cleaning, waste management etc.) and methods to return the re-

trievable losses of heat, which are now used increasingly to generate own electricity and steam, etc. Let’s communicate 

and co-operate for better future. 

2.3 New Emerging Steels And New Ferroalloys  

The driving force behind any production improval is almost always an increase in requirements for manufactured 

products. Thus, steel production technologies which are widely used now were previously used in the manufacture of 

products for special purposes only - for aviation and other so-called critical applications. Increasing demand for steels 

purity entails a responsible growth of restrictions for the impurities content in ferroalloys. This side of the considered 

mutual influence of steelmaking and ferroalloys manufacturing also seems to be more or less studied and clear, espe-

cially in the part that deals with ferroalloys performances for high-alloyed steels.  

Nevertheless, there are certain changes in the practice of steel deoxidation that may lead to changes in the prac-

tice of ferroalloy production. 

Heavy forgings for power generation technology of Vacuum Carbon Deoxidation widely used in the manufacture 

allowed to renounce the use of silicon and aluminium for deoxidation. Vacuum treatment now becomes widespread in 

the mass production of steel, aluminium and silicon deoxidation is minimized, and for some types of steel (wheel steels, 

cord wire steel etc.) deoxidation by aluminium is completely eliminated. 

Steel treatment by calcium is a common practice in secondary metallurgy chain, where it is widely used as the 

filler of a powder wire. However, now silicocalcium is often replaced by ferrocalcium, thereby the silicon content in the 

metal is reduced. 

High nitrogen steel with nitrogen content at and above the equilibrium value today is the focus of metallurgists, 

because nitrogen is a very promising alloying element which can replace nickel and provide steel properties unattaina-

ble in other alloying systems (first of all, excellent mechanical properties and corrosion resistance). Today the consider-

able experience in the application of various methods of nitrogen input at conventional production is already accumu-

lated: from the atmosphere (the maximum efficiency is achieved at plasma-arc remelting process); by addition of nitrat-

ed ferroalloys of manganese, chromium, vanadium; by pure silicon nitride Si3N4 usage [16]. 

There is a tendency to complicate alloying and microalloying systems not just for high-alloyed steels but for 

low-alloyed structural steels (especially for heat resistant and HSLA grades of steels). In recent years, we see the new 

stage the successful use of microalloying by rare earth elements, boron, etc., which in the short term will cause the need 

for proper ferroalloys and complex ligatures. 
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There are new steel types which require new ferroalloys and masteralloys for their production. 

For example, there is very interesting new plastic and lightweight steel of approximate composition Fe -10%, Al-

15%, Mn-0.8%, C-5%, Ni. A recent article by Professor Hansoo Kim and his colleagues in “Nature” on this high-

strength steel with FeAl intermetallic particles hardening [17] has caused a wave of publications far from the metallur-

gy. It is caused by understanding of the scientific aspects of the remarkable achievements of Korean colleagues as a 

promising combination of properties of the new structural material and the authors forecast that the new steel can enter 

the market within three years. Given the fact that the work is supported by one of the world's leading steel companies 

(Korean giant POSCO) we can expect that the forecast can come true. 

The use of “exotic” metals expands. Thus, today power generation needs the high-alloyed nickel superalloys 

which contain in their composition 1.2- 1.5% Ti, 3.8-6.5% Cr, 11% Co, 0-1.4% Mo, 6.5-7.4% Ta, 5.0-6.0% W , 3.6-

5.4% Re, 5.1-5.5% Al, 0.12-0.14% Hf and Ni up to 100 wt% [18]. 

In the essence new compositions are rhenium-cobalt superalloys [19]. Co-Re superalloys promise high potential 

for long service life at elevated temperatures (even above 1200°C).  

Japanese researchers [20] developed cobalt-based superalloys with the addition of iridium, aluminium and tung-

sten, which are considered as candidates for high-temperature heat resistant materials of new generation.  

High melting points of both rhenium and iridium are good for heat resistance properties providing for a superal-

loy, but this complicates the technology of melting, which appears to require the use of an alloying special masteralloys. 

In this regard, once again we get back to work [1] where authors have suggested before us that in the very near 

future we should expect the appearance of masteralloys, including special ones providing a kind of melt modification by 

nanoparticles at solidification. 

3 PRODUCTION OF LOW-TONNAGE FERROALLOYS FOR LOW-ALLOYED AND 

ALLOYED STEEL GRADES 

This area of steelmaking progresses rapidly. The growth of steel consumption in the developing countries occurs 

first of all by increasing of carbon and low alloy structural steels output. Here we will not consider the production of 

manganese, silicon and chromium ferroalloys which will be produced and consumed in ever-increasing volumes 

throughout the world. The situation with these ferroalloys is more or less clear for us. Let’s consider those of ferroalloys 

which create special properties of steels and alloys, although their share in the finished steelmaking product (and in the 

output of ferroalloys in general) is often not so great. 

In the next few years an increase of niobium consumption is expected. Ferroniobium is used for the high-

strength structural steel assortment, especially for high-strength steel pipes, automotive steel, stainless steel (co-alloyed 

with titanium and chromium) etc. Now this market is practically monopolized by Brazilian company SBMM (84% of 

world production). World production and consumption of ferroniobium in 2014 makes more than 80 thousand tons, and 

predicted growth could reach 4.9% annually in the next five years. Ferroniobium prices (recalculated on niobium metal) 

have prospects for 4-6% growth per year as well. 

Active and even sometimes aggressive promotion of ferroniobium has led to its widespread use, even where it is 

not quite reasonable. To some extent this is also applicable to HSLA steels usually alloyed by vanadium, and, rarely, by 

molybdenum. 

Vanadium is niobium analogue in its main effect on steel, and a growing demand for ferrovanadium is associated 

with above-mentioned increase in HSLA grades production, which consumes 59% of ferrovanadium produced. Besides, 

vanadium is used for special steels and superalloys. World production (and consumption) of ferrovanadium is about 90 

thousand tons, and this value is constantly increasing. It is predicted that by 2020 it will increase to 140 thousand tons. 

In connection with the grow of HSLA production, we refer to our own experience in the production of steel for 

gas pipes of the main gas pipelines such as X70-X100. The fact is that the use of the so-known controlled rolling and/or 

heat treatment has been effective for carbon steels of low impurity (sulphur, phosphorus and oxygen). In particular, for 

plates 15...20 mm thick made of structural steel with carbon contents 0.08 – 0.1% alloyed by 1.5 -1.7% manganese only 

we succeed to provide the same level of strength and ductility after controlled rolling, quenching and tempering, which 

is regulated for the X70-X80 type of steel alloyed by niobium, and in some cases by the entire triad – niobium, vanadi-

um and molybdenum! This experience gives reason to suppose that the alloying and microalloying of HSLA steels re-

quires further in-depth study. It is primarily about the rational use of vanadium, molybdenum and niobium both apart 

and together for these types of steels. We believe that the problem is linked not only to the objective lack of our 

knowledge about these types of steels and their hardening mechanisms, but also to the action of subjective factors like 

certain inertia of thinking, traditions etc.  

Ferrotungsten production expands now because of the widening of this element use for high-speed tool steels, 

high carbon steels for various purposes, heat-resistant steels and alloys for gas and steam turbines and petrochemical 

industries. Today the output of ferrotungsten is about 16 thousand tons (about 20% of produced tungsten materials). 

World prices for ferromolybdenum are constantly rising, which is widely used to increase hardness, hardenabil-

ity, wear resistance in tool steels, as well as to improve the heat resistance and creep properties, especially in superal-
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loys. The largest producer of molybdenum in the world is the Climax Molybdenum (USA), and about one-third of pro-

duction is provided by Chilean company Molymet, the third largest player is China's having second mineral deposits. 

The demand for nickel for melting of special, especially stainless steels is satisfied mainly by electrolytic nickel 

having been produced in non-ferrous metallurgy. At the same time, with the development of new technologies in steel 

production (a combination of EAF and BOF with different option of oxygen and fuel), the new alloying materials come 

to the nickel market. This product is called Nickel Pig Iron (NPI). NPI application is particularly effective for stainless 

steel melting by AOD- process. 

The high-nitrogen materials occupy a special place in product assortment of both steelmaking and ferroalloy 

production. Steel alloying by nitrogen stabilizes the austenitic matrix that allows reducing of manganese and nickel con-

tent, but maintains or improves the steel properties, including found effect of nanostructures formation after thermome-

chanical treatment. Great interest in these steels supports the growth of production of nitrated ferroalloys of manganese, 

chromium and vanadium. 

Completing our review of low-tonnage ferroalloys, we point again to increasing trend to use a complex alloying 

and microalloying both for special steels and for structural ones (including HSLA). New grades of structural steel gain a 

widespread use, where along with traditional elements (Mn, Si and Cr) the minor quantity of nickel, molybdenum, cop-

per (for precipitate hardening) etc. is also included (to 0.5% Ni, 0.5% Mo, 0.5 Cu). 

4 CONCLUSIONS 

The problem of the relationship between ferroalloy and steelmaking industry raised in this paper certainly does 

not fully reflects all state-of-the-art. However, certain conclusions made by authors seem to be useful for both steelmak-

ers and ferroalloys specialists.  

General trends in the development of industry and steelmaking indicate an increase in the production of most types of 

ferroalloys in the foreseeable future. 

We guess that a next approaching leap in steelmaking technology will also affect the ferroalloy production. This 

will affect both designs of ferroalloy units and product assortment. There will be a convergence of structures of electric 

furnaces of steelmaking and masteralloys of traditional elements and of elements that were practically not used previ-

ously. 
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STEEL DEOXIDATION AND ALLOYING CONTROL MODEL IN 

THE CONVERTER PLANT 

V.S. Bogushevskiy, V.Yu. Sukhenko  

Introduction 

Significant resources are spent for operations of steel deoxidation and alloying that, first of all, is related to the 

need of adding large amounts of scarce and expensive additives to it, especially at steel smelting in large-capacity ag-

gregates. Steel grades standard guides provide for wide variations of deoxidizing elements which amount to, %: Mn 0.3 

– 0.4; Si 0.2 – 0.3; Al, Cr, Ni, Nb, etc. - twice [1]. It’s relevant to use such additives economy reserve as production of 

steel containing alloying elements on the lower limit of their concentration which is permissible by grade composition. 

But this is possible only by providing guaranteed stability of assimilation of alloying elements and homogeneity of their 

even distribution in steel. 

The widespread application of technologies based on adding alloying metals in a solid state into steel leads to 

significant costs for waste, uneven distribution of steel volume and the need for overheating. It adversely affects the 

stability of the metal properties [2]. Technologies based on the usage of alloys in a liquid state substantially reduce 

waste and increase homogeneity of steel. But even such advance technologies as MAІ process (Japan) do not provide a 

high degree of homogeneity and assimilation of alloying elements by steel. Moreover, the effectiveness of such techno-

logical processes is reduced when using traditional rather than specialized aggregates for transforming alloy additives 

into liquid. It’s connected with exiguous and quite often substantial expenses on waste of alloying elements while melt-

ing and holding-up of liquid alloys in such aggregates, as well as the complexity of regulating the feed of alloy in the 

required zone of steel volume [3]. 

The interpretation of the concept of waste while introducing deoxidants into steel is ambiguous. On the one 

hand, binding of oxygen dissolved in steel is the aim of dioxidizing and consumption of additive elements to achieve this 

goal cannot be considered as their loss. On the other hand, for example, consumption of deoxidizers for the reaction 

with atmospheric oxygen and slag is irrational. Losses of elements that have a high sensitivity to O2 (Ca, Al, Ti, etc.) 

оften exceed 50% [4] and even 96% [5]. 

Target setting. 

The aim of this work was to create a control model for the process of deoxidation and alloying of steel which 

provides production of steel containing deoxidizing and alloying elements near the lower limit set by the steel grade. 

The results of research. 

Researches were conducted in the converter plant with 160-ton converters. Deoxidation of oxygen converter 

steel was conducted by deep technique in a ladle during metal tapping. Deoxidants are not usually introduced into the 

converter to avoid large waste. In smelting of dead-melted steel deoxidants are introduced into the ladle on the metal 

stream in the following order: firstly, ferromanganese or silicomanganese followed by ferrosilicon and aluminum in the 

last turn. Introduction of deoxidants starts when the liquid metal ladle is filled by about 1/4 ... 1/3, and ends when it 

filled the ladle by 2/3 that helps to avoid getting deoxidants into the slag and their higher waste [1]. 

The weight of ferroalloys ( фсm , ton,) is calculated by the formula: 
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where  , Rb − is a coefficient of metal waste during blowing (taken as equal to 0.9) and the deoxidant; чб , mm  - 

weight of scrap and iron, ton; фсмс ,, RRR  − a given mass fraction of the deoxidant element in steel, actual one in metal 

before tapping into the casting ladle and in ferroalloy, respectively, %.  

Deoxidant waste depends on the type of ingot, metal temperature, mass fraction of carbon and the deoxidant 

element in it, and varies broadly: during deoxidation of dead-melted steel - waste of Mn is 0.1 ... 0.25, Si  - 0.15 ... 0.25; 

during deoxidation of rimmed steel waste of Mn is 0.2 ... 0.35. Consumption of aluminum is 0.15 ... 1.20 kg per ton of 

steel, and it increases with decreasing carbon content. 

Coefficient of deoxidant waste is determined by the formula [6]: 
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where 
30  ...

 
- the coefficients with values dependent on the type of deoxidant material; 

MC - a carbon content in 

metal at the end of blowing, %; Mt  - metal temperature at the end of blowing, C;   - correction determined by the 

results of previous meltings. 

Potential cooling of the liquid steel by a large quantity of the alloying materials allows obtaining with the use of 

this technique of only a low-alloy steel with a total content of alloying elements not exceeding 2...3%. 

There are no problems with alloying of those elements which have sensitivity to oxygen less than that of iron 

(nickel, copper, molybdenum). These elements could be introduced into the converter for the reason they do not oxidize 

in it. 

The basis of the mathematical description of metal deoxidation technique is a control following “pattern” meltings [7]. 

Having the selection of control trajectories of the successful meltings ( 1



U [],,U n



[]), we can talk about marking out 

in the real trajectories U i



[] of two components: the program part  


прiU  and an additional control U i



[], that is 

associated with both inaccurate determination of the initial state and with the action of hindrance. Control strategy can-

not be reduced to a purely deterministic, and consists of deterministic (program selection) and stochastic (finding of 

additional control effects) parts. 

We represent the control trajectory iU


[] for each “pattern” melting operation, i = 1,, п,  in the form of a 

piecewise continuous curve in a multidimensional Euclidean space using a single step functions 1( – i). Control ef-

fects  ijU  
that are implemented in the form of constant settings (deoxidants introduction mode) alternating in time 

can be expressed through a unit step function directly: 
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kja  - setting value for 
 1 ii , ; i  - moments of setting changes. 

Two control trajectories 
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means of measure with a vector weight function. 
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where  -  the time counted from the start of metal tapping; Т =max{(ki  01), (kj 01)}. 

This distance d(
iU


[],

jU


[]) between the control trajectories for the i
th

 and j
th

 melts was used to divide control 

trajectories into classes S1, S2,, Sk in such a way that each class Si to be consistent with control trajectories Si 

{Ui1[],, Uik[]}, which are an implementation of a control program 

U i опт[] with different additional control effects 


iU


[]. This condition can be satisfied by selecting a weigh function that way the distance between the actual trajecto-

ries of the control to be less than the distance d(
iU


[], 

vU


[]) for trajectories implementing various programs. 

Dioxidizers are calculated by the formula (1) in two forms: calculation of the broad-brush and accurate dose. 

Here bR is calculated by the formula: 

),()()/( 0

3

0
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0 1 MMMMMRR RRttCbb   (5) 

where index “
0
” – is a value of “pattern” melting. 

In case of absence of “pattern” melting (deoxidation) for any element, its waste coefficient is taken from the 

scale of average values, and the finite value - from the steel grades table. 

The calculation is performed separately for the two concentrations of Mn in steel - minimum and average for 

smelted steel grade. 

Parameters for the formation of an array of “pattern” meltings (deoxidation) are presented in Table 1. 

Table 1. The parameters for the formation of “pattern” melting (deoxidation) 

Name of parameter Notation Value Tasted ranges  Quantity 

Сarbon content at turndown, % Сп 0,05-0,25 0,07; 0,07-0,10; 0,11-0,15; 0,15 4 

Manganese content at turndown, % Mnп 0,08-0,30 0,10; 0,10-0,20; 0,20 3 

Steel temperature at turndown, 
0
С tп 1560-1650 1580; 1580-1610; 1610 3 
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Data in Table 1 are separately applied to such groups of steel: 

- rimmed steel; 

- semikilled steel; 

- killed steel; 

- low-alloyed steel; 

- alloyed steel containing no chromium, nickel, copper, niobium, vanadium, nitrogen, molybdenum, titanium, 

boron, calcium, rare-earth metals; 

- steel containing chromium; 

- steel containing nickel; 

- teel containing copper; 

- steel containing titanium; 

- steel containing niobium; 

- steel containing vanadium; 

- steel containing nitrogen; 

- steel containing molybdenum; 

- steel containing boron; 

- steel containing calcium; 

- steel containing rare-earth metals. 

The deoxidants calculation program that implements this model is started by the master of production from the 

workstation of the platform or distributor machinist from converter’s workstation from the main menu. To enter the 

appropriate grade of steel video footage should be used. If steel grade is not entered by the master before blowing, the 

program uses the steel grade entered by a distributor machinist for calculating the parameters of converter’s blowing. 

Fragment of the program algorithm is shown in Figure 1. 

In both cases, a video frame of the ferroalloys calculation is given in the workstation monitor of the platform 

(Fig. 2). 

Broad-brush calculation of coarse deoxidants doze. 

To make a broad-brush calculation of deoxidants on a video frame of deoxidants calculation the window “broad-

brush” is activated by the master of production (when entering a grade of steel it is activated automatically). This 

changes the colour of the window from gray to red. The calculation is made by the formula (1) in which the content of 

the element in the metal at turndown is considered equal to the value of this element in the selected “pattern” melting 

after blowing. Assimilation coefficient is calculated by the formula (5), in which MC  and Mt  are the values of the 

specified parameters after blowing. 

Calculation results are given at the video frame (Fig. 2) “Ferroalloys calculation” in the corresponding windows 

for materials selected for deoxidation. The windows are also highlighted in red. The type of ferroalloy that is located in 

the hopper is chosen for deoxidation. If several types of ferroalloys from those that are in hoppers can be chosen for 

deoxidation, the type that was used in the “pattern” melting is chosen. Types of materials that do not come through the 

hoppers are chosen by “pattern” melting. The master has the ability to adjust the types of ferroalloys by activating their 

windows and putting out the windows of ferroalloys which are not used. To perform a re-calculation according to the 

adjusted settings it’s necessary to click “Yes” in the “recalculate ferroalloys” window. The recalculation is performed 

by the formula (1) for other types of ferroalloys. To enter the calculation results in the “recalculate ferroalloys” window, 

press “No”. Thus, windows with selected materials change their backlight colour to green. 

At the same time the video frame “Dozing of ferroalloys” (Fig. 3) is formed to which the calculated values of the 

ferroalloys weight with distribution by feeds are transferred (red highlight). After adjusting of the ferroalloys type by 

the master the highlight of ferroalloys weight with distribution by feeds is changed to green. 

Information about the weight of ferroboron, copper and nickel is transferred for their uploading into the convert-

er together with scrap. 

The calculation of the exact portion of deoxidants. 

The calculation of the exact portion of deoxidants is made upon receipt of the results of chemical analysis of the 

metal in the converter before tapping. The calculation is made for the types of ferroalloys selected by broad-brush cal-

culation.  

The calculation is also performed in case of obtaining only carbon content and steel temperature at turndown. 

Thus, “pattern” melting is selected (Table 1) by actual values of MC  and Mt  and the expected value of MnM by the 

array of “pattern” melting after blowing. 

In case of disagreement with the calculation (the weight of certain materials) the master has the possibility to ad-

just it manually by changing the weight in the appropriate windows. To do this in the “Recalculate ferroalloys” window 

click “Yes” button. In this case, both values are entered into the array of deoxidants - recommended and adjusted ones, 
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and in an array for printing – only adjusted one. In case of consent with the calculation of deoxidants “No” button is 

pressed. And calculation of deoxidants is printed. 

After calculating the exact portion of deoxidants adjusting values of materials in the system of ferroalloys por-

tioning are shown. Adjusting values are determined as the difference between the calculated and the uploaded amount 

of materials. 

The weight of all deoxidants that do not pass through the feeder scales is entered by the master after metal tap-

ping into the ladle. To do this, the form for calculation of ferroalloys is called and “Actual” window is activated. After 

entering the actual values “No” button is pressed in the “Recalculatie ferroalloys” window. Upon obtaining of metal 

chemical composition after deoxidation, the coefficients of elements assimilation in the melting are calculated by the 

formula: 

ë ÷ ð ì0

ôñ ôñ

0,9( )( )
1 ,R

ò ò R R
b

m R

 
 



 

(6) 

where рR  - an element content in the metal after deoxidation, %; фсm - the weight of deoxidant for the element R. 
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Figure 2. The video frame “Calculation of ferroalloys” 
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Figure 3. Video frame “Weight of ferroalloys” 
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Before entering a “pattern” into an array of melts 0

Rb is checked for the limits of change. If 0
Rb  

does not come within the 

limits of change, its old value remains. Originally, average values of waste coefficients for each type of deoxidants are 

recorded in an array.  

For portioning of ferroalloys distributor machinist activates the “Ferroalloys portioning” button on “Ferroalloys 

calculation” video frame. This forms the setting in the control system “Portion” on ferroalloys portioning (with the dis-

tribution by feeds). The procedure for introducing deoxidants in the ladle set by technological instruction is taken into 

account (Table 2). 

Portioning ferroalloys begins on the distributor machinist command in the control system “Portion”. 

Table 2. Time to start adding material into the ladle from the start of tapping 

 

Material 

Time to start adding material, c, with a duration of tapping, min 

 5 6 7 8 9 

Silicocalcium, carburizer 10 – 30 20 – 30 30 – 40 40 – 50 50 – 60 

Solid slag former, flux-deoxidant 

АК-45 

40 – 60 60 – 80 80 – 100 100 – 130 130 – 180 

Ferroalloys containing Mn, Si, Cr, Ca 80 – 100 100 – 120 120 – 140 140 – 160 160 – 220 

Al 120 – 150 140 – 180 170 – 200 190 – 220 220 – 300 

Ferroalloys containing Nb, V, Ti, N, 

REM 

160 – 210 200 – 250 230 – 290 250 – 300 280 – 370 

The end of the introduction of addi-

tives 

210 – 230 250 – 270 290 – 310 330 – 350 370 – 460 

Features of deoxidants proportioning of certain steel grades 

Deoxidation of rimmed steel of grades 3кп, 4кп, 08кп, 10кп, 15кп, 20кп is made by ferromanganese. Steel oxi-

dation is corrected by aluminum or ferroaluminum and coal AC. At the beginning of tapping 50 - 100% is added (the 

amount is determined by “pattern” melting, in its absence - 50%) of the required amount of aluminum, the rest - during 

tapping. The coal is added uniformly during tapping. 

The calculated amount of aluminum (ferroaluminium) and coal is verified for the limits (Table. 3) and in the 

case of going beyond the limits, the limit value is accepted. 

Table 3: Variation range of aluminum (ferroaluminium) and coal consumption during deoxidation of rimmed steel 

grades 

Сarbon content 

at tapping, % 

8. The addition of aluminum (ferroaluminium) and coal, g/t 

9. Content of manganese before tapping, % 

≤ 0.09  > 0.10 

Al /FeAl coal Al /FeAl coal 

0.04 350-400/525-600 300-350 300-350/450-525 250-300 

0.05 250-300/375-450 300-350 200-230/300-345 230-280 

0.06 150-200/225-300 200-250 100-130/150-195 120-160 

0.07 100/150 100-150 0-50/0-75 80-100 

Note: If the final blow has been made at the middle position of the lance above 1400 mm (heating, sulfur remov-

al, cooling with lime with slag blowing, aluminum (ferroaluminium) consumption increases by 50 (75 g/t of steel). 

Semikilled steel is deoxidized by ferromanganese or silicomanganese as well as ferrosilicon. Deoxidation of 

steel grades 3пс, 5пс, 3Гпс, 3ТРпс, 3ГТРпс, 5Гпс, 35ГСм, 25Г2См is carried out in the ladle with ferromanganese 

and silicomanganese on the basis of obtaining silicon content of 0.07% and a weight-average proportion of manganese 

in the finished steel. If it’s not possible to obtain the silicon content of 0.07%, its content within 0.05 - 0.10% is 

checked. In the absence of silicomanganese final deoxidation of metal is carried out in the ladle by ferromanganese and 

ferrosilicon. 

Microalloying of steel is carried out by titanium or titanobauxite alloy and (or) ferroboron to obtain not more 

than 0.03 titanium or boron not more than 0.005% in the finished steel. 

Deoxidation of steel grades 5пс, 3ТРпс is carried out in the ladle by ferromanganese and ferrosilicon to obtain 

silicon content of 0.07% and a weight-average proportion of manganese in the finished steel. If it is not possible to ob-

tain the silicon content of 0.07%, its content within 0.05 - 0.10% is checked. In the absence of ferrosilicon deoxidation 

of metal is carried out in the ladle by silicomanganese and ferromanganese. 
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Deoxidation of killed steel is carried out by silicomanganese and ferromanganese and 65% or 45% ferrosilicon 

median rate of receipt of manganese and silicon in the finished steel. Ferroalloys are introduced in the following order: 

silicomanganese, ferromanganese, ferrosilicon. 

Consumption of aluminum or ferroaluminium is for steel grades 1сп and 2сп 1200/1800 g/t of steel; for steel 3сп 

- 1000/1500 g/t of steel; for steel 5сп 700/1050 g/t of steel. Aluminum (ferroaluminium) is introduced into the ladle in 

the following order. At the beginning of tapping prior the input to ferroalloys 40 - 50% is added (the amount is deter-

mined by “pattern” melting, in its absence - 40%) of the required amount of aluminum, the rest - after addition of fer-

roalloys. 

Deoxidation of steel grades 20ГС, 27ГС, 30ГС, 25Г2С, 35ГС is carried out by silicomanganese and 

65%ferrosilicon to obtain eight-average content of manganese and silicon in the finished steel and aluminum (ferroalu-

minum) of 500 (750) g/t of steel. 

Alloying and deoxidation of steel grade 30ХГСА is carried out by ferrochromium, silicomanganese and 65% 

ferrosilicon to obtain eight-average of chromium, manganese and silicon in the finished steel. The final deoxidation is 

carried out by aluminum (ferroaluminum) at a rate of 700 (1050) g/t of steel. 

Alloying by ferrochromium as well alloying and deoxidation of steel grade 40X is carried out by ferromanga-

nese, silicomanganese and 65% ferrosilicon to obtain weight-average chromium and manganese content in the finished 

steel. 

Deoxidation of killed structural steels. Tapping from the converter is performed at a set carbon content followed 

by carburizing at not more than 0.12%. Consumption of aluminum (ferroaluminium) is, g/t of steel: steel 10 - 1200 

(1800); 15-20 - 1000 (1500); 25-30 - 800 (1200); 35-55 - 700 (1050); 50Г - 500 (750); 15X - 700 (1050); 20X - 500 

(750). 

Deoxidation of steel 23Г2А is carried out by silicomanganese, ferromanganese, aluminum and ferrotitanium. 

The order of introducing deoxidants is as follows: at the beginning of tapping silicomanganese is added into the ladle to 

obtain set-average value of silicon content in the finished steel and ferromanganese to obtain set-average value of man-

ganese content in the finished steel, followed by aluminum and ferrotitanium to obtain 800-1000 g/t of each in steel 

(numerical value is determined by “pattern” melting, in case of its absence - 900 g/t). 

Deoxidation of steel 26ГА, 23ХГА is carried out by silicomanganese and ferrochromium to obtain set-average 

manganese and chromium content in the finished steel 800-1000 g/t of each (numerical value is determined by “pattern” 

melting, in case of its absence - 900 g/t). 

To obtain carbon content towards the lower limit in the finished steel, carbon content before tapping ain the pro-

cess of alloying steel grade ФХ650 – ФК850 by ferrochrome should be in the range of 0.06 - 0.12%. 

Deoxidation of steel 09Г2 is carried out by ferromanganese, silicomanganese and aluminum (ferroaluminum) at 

a rate of 800 (1200) g/t of steel, and steel 09Г2С – by silicomanganese, 65% ferrosilicon and aluminum (ferroalumi-

num) at a rate of 500 (750) g/t of steel. 

Deoxidation of steels НП-30ХГСА and НП-26ХГСА is carried out by ferrochrome, silicomanganese and 65% 

ferrosilicon to obtain set-average content of chromium, manganese and silicon in the finished steel. Aluminum (ferroal-

uminium) is introduced into the ladle after addition of ferroalloys in the amount of 700 (1050) g/t of steel НП-30ХГСА, 

and 500 (750)g/t of steel НП-26ХГСА. 

Deoxidation of steels Св-08ГС and Св-08Г2С is carried out by silicomanganese to obtain weight-average man-

ganese content and by 65% ferrosilicon. Aluminum (ferroaluminium) is instroduced into the ladle after the addition of 

all ferroalloys at a rate of 500 (750) g/t of steel. 

Deoxidation of steel Св-08Гis carried out by medium-carbon ferromanganese to obtain weight-average manga-

nese content. Aluminum (ferroaluminium) onsumption is 1300 (1950) g/t of steel. 

The melts are tapped from the converter with carbon content not exceeding 0.05%. 

Deoxidation of rope steel grades is carried out by silicomanganese and 65% ferrosilicon of the weight average 

calculation software of manganese and silicon. 

The melts are tapped from the converter when the carbon content does not exceed 0.20% below the weight-

average carbon content in the rope steel grades. 

Deoxidation of steel grade 10кп with a high content of aluminum is carried out by ferromanganese to ensure 

weight-average manganese content steel and aluminum in the finished in the amount of 300 kg per melt. 

The melts are tapped from the converter when carbon content is not less than 0.07%. 

Deoxidation of 10 кп and 0м steel grades in nearlyrimming steel is carried out by silicomanganese and ferro-

manganese, depending on the residual carbon, kg/melt (Table 4). 

The calculation of silicomanganese and ferromanganese is carried out referenced to “pattern” melting, in case of 

its absence it’s recommended to use weight-average value of the corresponding column. When the melt is tapped from 

one turndown silicomanganese consumption corresponds to the lower limit. 
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Table 4: Deoxidants consumption in the production of 1кп and 0м steel grades. 

Deoxidants Residual carbon before tapping, % 

0.03 0.04 0.05 0.06 0.07 0.08 0.09 

iMn 1000 800-900 500-800 500-700 500-700 500-700 500-700 

FeMn 200-300 200-400 200-400 200-400 200-400 200-400 200-400 

Al/FeAl 90/110 90/110 45/65 25/45 - - - 

Coal АС 20-60 20-40 0-20 0-20 - - - 

Aluminum (ferroaluminium) is introduced into the ladle immediately after the start of tapping. In the case of 

final blowing of the melt at integral mean lance position not higher than 1400 mm and more than two turndowns alumi-

num consumption increases by 20 kg per melting. 

Deoxidation of Св08 and Св08А steel grades is carried out by silicomanganese, ferromanganese and titanium-

aluminum briquettes, depending on the residual carbon, kg/melt (Table 5). 

Table 5: Flow rate of deoxidants in the smelting of Св08 and Св08А steel grades. 

Deoxidants Residual carbon before tapping, % 

0.04 0.05 0.06 0.07 0.08 

SiMn 650-800 550-700 550-650 550-650 500-600 

FeMn 500-700 500-650 480-600 400-550 300-460 

ТАБ 90-105 45-70 30-50 15 - 

Coal АС 0-40 20-40 0-20 - - 

Titanobauxite 

alloy 

80-100 80-100 - - - 

Calculation of silicomanganese, ferromanganese, titanium-aluminum briquettes and coal is carried out refer-

enced to the “pattern” melting, in the case of its absence it is recommended to use weight-average value of the corre-

sponding column. 

In case of final blowing at the integral mean lance position above 1400 mm and/or more than two turndown the 

consumption of titanium-aluminum briquettes increases by 20 kg per melting. 

Together with the titanium-aluminum briquettes oxidation adjustment is carried out by ferroaluminum refer-

enced to the “pattern” melting, in case its absence it is recommended to use weight-average value of the corresponding 

column (Table 6). 

Table 6: FeAl consumption in the melting of Св08 and Св08А steel grades 

Deoxidant Residual carbon before tapping, % 

less than 0.06 0.06 and more 

FeAl 24-26 16-18 

Titanobauxite alloy is introduced immediately after the beginning of tapping, titanium-aluminum briquettes and 

FeAl – prior to the beginning of ferroalloys introduction. Addition of silicomanganese, ferromanganese and coal begins 

when the ladle is filled with metal by 1/5 and ends when it’s filled by 2/3 of its height. 

In the absence of titanium-aluminum briquettes deoxidation of Св08 and Св08А steel grades is carried out in ac-

cordance with the deoxidation of rimmed steel grades. 

Deoxidation of semi-killed of low-alloy steel 25Г2С with chromium is carried out by silicomanganese, ferro-

manganese to obtain silicon at a rate of < 0.05 and a weight-average manganese content in the finished steel referenced 

to the “pattern” meltings and ferrochrome in the amount of 300 kg per melting. When using furnace bars made of high-

alloy steel instead of ferrochrome (тфх, kg), the weight of the bars (тк, kg) is detrmined by the furmula: 

,
к

фхфх

к
R

Rт
m




 (7) 

where Rфх, Rк - the content of chromium in the ferrochrome and bars, respectively, %. In the absence of chromium con-

tent in the bars, its average value of 28% is taken. The resulting value is verified for permissible limits (1000 - 2000 kg) 

in the event of going beyond the nearest limit value is taken. 

Carbon content at metal tapping should not be less than 0.05%. 

Deoxidation of steel grades 3ТРпс, 3ГТРпс according to the national standards of Ukraine, Germany and the 

UK is carried out by ferromanganese and ferrosilicon referenced to the “pattern” melting; in case of its absence - in 

accordance with the calculation of deoxidants for semi-killed steel. For 3ТРпс grade results of the calculation are veri-

fied for the maximum possible values (Table 7). In case of exceeding it is recommended to use values from the Table. 
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Table 7: Maximum deoxidants consumption in the smelting of steel 3ТРпс 

Deoxidant Residual carbon before tapping,% 

less than 0,05 0,05 0,06 0,07 0,08 and more 

FeMn 1450 1400 1350 1300 1150 

FeSi 65 % 300 250 250 250 200 

Deoxidation of 3ТрпсУ steel grade is carried out by ferromanganese and ferrosilicon or ferromanganese and sil-

icomanganese referenced to the “pattern” melting; in the case of its absence the calculation is carried out on the basis of 

conditions for ensuring weight-average manganese content in the finished steel and silicon content of 0.07%. The re-

sulting value of siliceous materials is verified for permissible limits (Table 8) and in case of going beyond the limits the 

nearest limit value is taken. 

Table 8: Maximum deoxidants consumption in the smelting of 3ТРпс steel grade  

Ferroalloys, 

kg/melt 

8. Residual carbon before tapping, % 

0.03-0.05 0.06-0.09 0.10-0.13 0.14-0.20 

FeSi 65 % 300-400 200-300 150-200 100-150 

SiMn 1100-1400 900-1100 700-900 500-700 

In case of tapping 3ТРпс and 3ГТРпс steel grades with a carbon content less than 0.07 pre-adjustment of oxida-

tion titanobauxite alloy is carried out. Its amount is determined by “pattern” melting; if it is missing 90 kg/melting is 

recommended. Titanobauxite alloy is introduced into the ladle immediately after the start of tapping. 

Deoxidation of 25ХГНМА steel grade is carried out by ferrosilicon, silicomanganese, carbon ferrochromium, 

ferrotitanium and aluminum referenced to the “pattern” melting, in case of its absence the calculation is carried out 

based on the conditions for ensuring the mean-manganese, silicon, chromium, and titanium, and aluminum is added in 

an amount of 1.9 kg/t of steel. Alloying of the steel is carried out by ferronickel which is directly introduced on the met-

al waste, and by ferromolybdenum which is introduced immediately after primary flushing. The amount of alloying 

elements is determined by melting "positive experience melting operations", in the case of its absence - the calculation 

is made a condition for the mean-molybdenum and nickel with a degree of assimilation of 95 and 97%, respectively. 

The model was tested at Azovstal Iron and Steel Works PJSC and Yenakiieve Iron and Steel Works. Testing 

havs shown that deoxidants saving is 2.5% in average. 

Conclusions 

1. Waste of deoxidant and alloying elements varies greatly depending on the carbon and manganese content, metal tem-

perature and steel grade. 

2. Сontrol of the deoxidation process referenced to the “pattern” melting significantly improves economic performance 

of the converter process. 
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Introduction 

A special role in metal refining is paid to the melted slag, especially to ensuring its physico-chemical properties: 

desulphurizing ability, viscosity, surface tension. Forecasting of these properties is the objective of the present study. 

Current state of the problem. 

Metal desulfurization process is the most effective during the contact of metal with slag which has good porta-

bility (slag viscosity) and relative desulfurizing ability (СS). There are several approaches to calculation of desulfurizing 

ability of slags. In the work [1] the options for assessing of desulfurizing ability of slags are discussed: 

  )(
21

22
SPPC SOS          (1) 

- desulphurising ability accepted by the foreign authors [2, 3]. 

][)(.][][
' SSfaC SOS          (2) 

  

- desulphurising ability accepted by the authors [4],
    

][)(.][ SSfPC SCOC          (3) 

- desulphurising ability accepted by the authors [5, 6], 

where ][Sf  and ][Oa  - reactivity factor and sulfur reactivity in metal; 
2OP and 

2SP - oxygen and sulfur 

partial pressures; ][S  and )(S  - sulfur content in steel and slag, respectively. 

The main ways to reduce sulfur content in the melt are the use of non-sulfur charge materials, cast iron desul-

phurizing if it is used for steelmaking, steel desulphurization operation during its melting, out-of-furnace steel desul-

phurization.  

Summary of the reserch basic material.  

Melt desulphurization process is usually described by equations: 

[FeS]+(CaO)=(CaS)+(FeO),  337.0
2047

lglg
)(][

)()(


Taa

aa
K

CaOFeS

CaSFeO

S
 (4) 

[FeS]+(MnO)=(MnS)+(FeO) 271.0
4234

lglg
)(][

)()('' 
Taa

aa
K

MnOFeS

MnSFeO

S
 (5) 

 [FeS]+(MgO)=(MgS)+(FeO) 337.0
7573

lg
)(][

)()('' 
Taa

aa
K

MgOFeS

MgSFeO

S
     (6) 

The numerical values of the equilibrium constants of the above reactions are indicative of the influence of free 

lime in slag on achieving maximum degree of sulfur redistribution from metal into slag. The following factors contrib-
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ute to desulphurization of steel by slag: reduced reactivity of iron oxide in slag, increased reactivity of lime in slag, ele-

vated temperature, decreased reactivity of sulfide compounds in slag. 

In practice, the process of desulphurization is more active in a recovery period of electric melting when the metal 

temperature is the highest. For the intensification of this process, a high-calcium (free CaO) deoxidized white or carbide 

(having low iron oxide content) slag is prepared, and the higher its weight, the higher the degree of metal desulphuriza-

tion. 

In practice the main integral criterion of chemical reactivity of slags is considered to be basicity (B). To deter-

mine its value different ratios between the concentrations of major and acidic oxides in slag are used - starting with 

CaO/SiO2 and ending with more complex than (CaO +MgO+FeO+ MnO)/(SiO2, Al2O3). Numerous attempts to find a 

universal indicator of “chemical” basicity in the form of remainder or ratio of “basic” and “acid” components to the 

mathematically solid expression have failed.  

In the works of G.I. Zhmoydin and I.S. Kulikov during the experimental study of desulphurizing ability of slag, 

the following expression was used: 

][/ SSS fLC           (7) 

where LS is the equilibrium sulphur distribution coefficient between metal and slag. 

For the forecast calculations of aluminosilicate melts the following expression is used: 

2/7,1lg SiOCaOCS   - 1.07              (8) 

 

(the basic composition is CaO-SiO2 with the impurity of up to 30% Al2O3), 

23232 )/01.004.0(07.1/3,1lg SiOOAlCaOOAlCaOCS   (9) 

(the basic composition is CaO-Al2O3 with the impurity of up to 30% SiO2). 

At the stage of slag analysis as a chemically uniform system which allows for the simultaneous contributions of 

all components is the use of optical basicity to forecast desulphurizing ability of CS of the slag, which concept was de-

veloped in the work on glass chemistry by Duffy and Ingram and transferred into the field of studying metallurgical 

slags by many researchers [7, 8, 9]. It is interpreted by using the term “donor e-power” of oxygen ions in the slag which 

are defined by experimental spectroscopic methods in transparent slags. For other elements, optical basicity is deter-

mined by empirical dependence as a function of the electronegativity of cations by Polling scale:
 

),26,0(74,0  Xi  it allows representing   of complex oxide systems as an integral parameter of the com-

position “compression”: 

 
 


m

i

m

j
jjjjiiiii MPkvMPkv

1 1

)//()( ,    (10) 

where iv  is the valence of the anion with the number i; ik  is its amount in the oxide formula; iP
 
is % by 

weight; iM  is molecular weight. 

The use of optical basicity values is correct only if there is no chemical interaction between the components of 

the system and energy characteristics of melts formation of the inputs can be neglected. As a result, the use of this crite-

rion provides good results for groups of slag melts identical in their composition.  

Research findings.  

In this work the experiment of HMI NAS of Ukraine is used for assessing desulphurizing ability of slags [10]. 

As integral criteria which characterize slag melt as chemically uniform system special parameters which characterize 

interatomic interaction in melts were used - stoichiometry indicator   equal to the cations (K) and anions (A) ratio, 

e  - the number of electrons localized towards K-A bond, as well as the average charge AKZ   in K-A bond. These 

parameters are used by the authors in assessing desulphurizing ability of slags as a pattern ones: 

06.217.307.1297.2lg )(  akZeCs     (11) 

Some arguments in their rationale are close correlation of 
 
and optical basicity parameter   (Fig. 1), as 

well as the results of classification of refining slags used in out-of-furnace steel treatment in ladles (Fig. 2). 
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Fig. 1. Correlation between optical basicity and ρ parame-

ter for CaO-SiO2-Al2O3 system 

 

Fig. 2. Correlation between е and  for synthetic refining 

slags 

 

Analysis of the information available in literature about suggested refining synthetic refinery slag [11-18] (Table 1) 

showed that the composition of slags in zone I and III is commonly used for deep and partial desulphurization of metal, 

in zone II - for desulphurisation and partial dephosphorization, and in zone IV - for remelting and welding slags.   

Table 1. Chemical compositions and pattern parameters of some slags for out-of-furnace treatment 

 

Chemical composition of synthetic slag, % 

Pattern parameters Sourse 

CaO Al2O3 Na2O CaF2 

NaF 

SiO2 FeO MgO MnO ρ Δe  

49 1  50     0.702 2.8 [11] 

60 35  5     0.817 1.237 [12] 

49 30 4.6 1 16    0.791 -1.98 [12] 

45 5 9.2 10 32    0.768 -3.006 [12] 

 30 9 30 32    0.627 -3.339 [12] 

54 5  40 1    0.733 1.996 [12] 

69 21   10    0.829 -0.074 [13] 

65 20 3 10     0.866 -0.678 [14] 

59 14 12 5     0.996 -2.359 [14] 

10   65 20 5   0.548 -1.499 [15] 

64 20  3 10  5  0.823 -0.656 [16] 

55 20 5  10  10  0.874 -2.179 [17] 

20 35 15  20  10  0.829 -3.362 [16] 

61 5   5 20 5 4 0.929 -2.193 [17] 

29 1   35 30  5 0.731 -3.726 [18] 

Of course, this division is arbitrary to some extent, since it does not take into account the change in slag com-

position resulted from the interaction of metal in the ladle. Being guided by the taxonomy in Figure 3, one can assess in 

the first approximation the usefulness and direction of influence of synthetic slags chemical composition adjustments. 

Suggested evaluation method of desulphurizing ability of real steelmaking slags is also tested on the basis of industrial 

data of steel heat finishing at the limit: converter operation→ steel heat finishing in a ladle → casting. As an analysis of 

current melting operations which are different in mixing technology has shown, the ladle No. 36 had upgraded ar-

rangement of tuyere plugs for more intensive mixing of melts to get the expected improvement of macro- and micro-

structural heterogeneity. However, statistical analysis of chemical composition of finished steel shows the change in the 

elements concentration in relatively wide ranges (Mn=0.36-1,57; S=0.005-0.05; P=0.011-0.041; Mn/S=12.1-240). 

Figure 3 presents the integral curve of distribution of sulfur, manganese, phosphorus and Mn/S for the ladles 

No. 8 and No. 36 for their comparative analysis. Data of the analysis demonstrate that steel production in the ladle 

No. 36 has a higher ratio of Mn/S providing homogeneous macro- and microstructure of the finished product. It follows 

from Figure 4 that converter slags has a higher desulphurizing capacity than that of LF ladle furnace due to higher 

charge sulphur content. 
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Fig. 3: Integral distribution curves of finished steel components of ladles No. 8 and No. 36 
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                            Fig. 4:                                                            Fig. 5: 

The influence of the charge state of sulfur in slag on its 

desulphurizing ability 

Dependence of sulfur content in finished steel on slag 

stoichiometry coefficient 

Stoichiometry coefficient Ro  estimates in the most complete manner slag desulphurizing ability. This value is 

recommended to be used  for the preparation of desulfurator slag which ensures the required level of sulfur content in 

steel at all melting limits. For example, as can be seen from Fig. 5, to ensure sulfur content in steel at the level of S 

≤0.03 it is necessary to prepare slag with stoichiometry coefficient of Ro≥0.81. 

In the final period of converter smelting and the ratio of basicity and oxidation of steel is crucial for metal de-

sulphurization. Figure 6 demonstrates a cartogram of deviations of the sulphur content in steel from CaO/SiO2/Al2O3 

ratios and of slag oxidation (FeO+MnO), the optimal values are selected for slag preparation that provides the appropri-

ate level of sulfur. 
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Fig. 6: Cartogram of sulfur reaction in steel from its oxidation and 
322 // OAlSiOCaO

 
ratio 

4. Conclusions 

1. The analysis of available approaches to evaluation of desulphurizing ability of steelmaking slags is carried out. For 

the estimation of desulphurizing ability of melts it is recommended to use the components interaction parameters and 

the established physic-chemical criteria. 

2. The method of classification of synthetic slags refining abilities on the basis of interatomic interaction parameters. 

Based on the analysis of current melts in steel production, the method their statistical analysis and the use of interatomic 

interaction parameters for estimation of desulphurizing ability of real slags and selection of optimal desulfator slag is 

provided. 
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