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A B S T R A C T   

Large amounts of slags are formed in the production of ferrochrome and stainless steels. Although there are many 
suitable applications for ferrochrome slag products, some chromium is lost with the slag. On the other hand, 
utilisation of some stainless steel slags are hindered by the volumetric changes of the dicalcium silicate, which is 
formed during the solidification and cooling of slags. Furthermore, there is some chromium also in stainless steel 
slags and its recovery would significantly improve the material efficiency and decrease the environmental impact 
of the stainless steel production. The purpose of this study was to estimate the possibilities to overcome these 
hindrances by mixing different slags with different ratios thus creating slags in which no dicalcium silicate is 
formed during solidification and from which chromium could be reduced in one process step before solidification 
of the slag. Carbon, methane and ferrosilicion were considered as possible reductants in this study. The study was 
conducted in three stages in which thermochemical simulations were used to estimate the solidus and liquidus 
temperatures of different slag mixtures, amounts of reductants required to reduce chromium from the slag 
mixtures and finally the needs for additional energy in the reduction process. The results of thermodynamic 
simulations were used to define suitable slag mixing ratios for chromium recovery taking avoidance of dicalcium 
silicate formation, distribution of chromium between different phases as well as the amounts of different possible 
reactants required for chromium recovery into account. According to the results, at least 30% of ferrochrome 
production slags are required in the mixtures in order to avoid the formation of dicalcium silicate, whereas the 
excessive use of ferrochrome slags increases the amount of solid spinel phase in the system thus making the 
chromium recovery more challenging.   

1. Introduction 

Large amounts of slags are formed in the production of ferrochrome 
and stainless steel. It is estimated that, depending on the used raw ma-
terials, approximately 1.1–1.6 tons of slags are formed in the submerged 
arc furnaces (SAF) for each produced ton of ferrochrome [1]. More slags 
are formed when stainless steel is produced from ferrochrome and other 
raw materials (i.e. mainly steel scrap). For example, an integrated fer-
rochrome and stainless steel production in Tornio, Finland, produces 
approximately 1.1 Mt/a of various slags with the ferrochrome and 
stainless steel production capacities of 0.53 Mt/a and 1.2 Mt/a, 
respectively. With the global stainless steel production rapidly growing, 
being 52.2 Mt in 2019 with an annual growth of 5.80% [2], it is 
increasingly important to ensure the high material efficiency by mini-
mising the chromium losses to slags and by ensuring the high utilisation 

rate of by-products and residues. 
There are various possibilities for slag utilisation and valorisation. 

For example, Dash & Patro [3], Bashkatov [4], Das et al. [5], Nath [6] 
and Yaragal et al. [7] have reported the use of ferrochrome slags in the 
production of concrete and alkali-activated products, whereas Karhu 
et al. [8] and Saha & Sarkar [9] have studied utilisation of ferrochrome 
slags as a raw materials for refractory material production and in 
wastewater treatment, respectively. On the other hand, the utilisation of 
stainless steel slags have been studied by e.g. Isteri et al. [10], who used 
slags from the Argon Oxygen Decarburization (AOD) process as a raw 
material in the production of calcium sulfoaluminate belite (CSAB) 
cement clinkers. 

In Tornio, all the ferrochrome slags are currently utilised as slag 
products (aggregates and insulation materials), but significant amounts 
of valuable chromium are lost with the slag. Some chromium is also lost 
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with the stainless steel slags, but the main challenge with the utilisation 
of stainless steel slags are the volumetric changes of the dicalcium sili-
cate which is formed during the solidification and cooling of the slags 
[11]. These volumetric changes cause solidified slag to disintegrate into 
very small particle size, which hinders the slag utilisation. In their recent 
review on the recovery of chromium from chromium-containing slags 
Gu et al. [12] pointed out that although the recovery of chromium from 
molten slags is relatively high in comparison to e.g. physical separation 
techniques and bioleaching, in which chromium is recovered from so-
lidified slags, the smelting reduction also faces disadvantages such as 
high energy consumption and high recycling costs [12]. In order to 
decrease the high energy consumption, it would be beneficial to recover 
chromium from the molten state before it is solidified at all. Recovery of 
chromium from AOD-slags by reduction with either carbon, aluminium 
or ferrosilicon in a small-scale electric arc furnace has been studied by 
Adamczyk et al. [13]. According to their study, most of the chromium 
can be recovered with suitable reductant addition, but they also raise a 
question of economical feasibility due to high energy demands and 
hence materials with higher chromium content in comparison to AOD 
slags should be considered as raw materials [13]. 

In our previous study [14] we studied possibilities to mix AOD slags 
with SAF slags with aims to recover chromium from both slags simul-
taneously in one reduction process and to obtain a slag composition 
from which dicalcium silicate is not formed during the solidification. 
Recovered chromium could be recycled to the stainless steel production, 
whereas the remaining slag would be useable in e.g. road construction 
purposes. 

The purpose of this study was to extend our previous study to all 
stainless steelmaking slags - i.e. slags from electric arc furnace (EAF), 
chromium converter (CRC) and ladle treatments (LF) in addition to 
previously studied AOD. The goals were to computationally estimate (1) 
the solidus and liquidus temperatures of different slag mixtures and (2) 
possibilities to reduce chromium from these mixtures with thermody-
namic equilibrium simulations as well as (3) to create a heat balance for 
the reduction process. Required amounts of reductants (carbon, 
methane or FeSi) for different cases as well as requirements for addi-
tional energy were obtained as results. From the practical perspective 
the results can be used to estimate optimal slag mixing ratios taking 
avoidance of dicalcium silicate formation, distribution of chromium 
between different phases as well as the amounts of different possible 
reactants required for chromium recovery into account. 

2. Methods and initial values 

Equilibrium computations concerning the solidus and liquidus tem-
peratures and reduction of chromium were made with FactSage Version 
7.1 and its FactPS, FToxid and FSstel databases, whereas heat balances 
for reduction processes were made with HSC Chemistry Version 9.2.2 
and its database. All the material compositions considered in this study 
were obtained from the industrial samples from the Outokumpu’s fer-
rochrome and stainless steel plants in Tornio, Finland. For all slag 
compositions, eight major components (i.e. Cr2O3, Fe2O3, Al2O3, MgO, 
CaO, SiO2, MnO and TiO2) were taken into account and the sum of these 
components was normalised into 100% for each considered slag. 

Estimations of solidus and liquidus temperatures were made for 
different slag mixtures of varying ratios of ferrochrome production slags 
(SAF) and either electric arc furnace slags (EAF) or stainless steelmaking 
slags (Meltshop; MS), latter of which were mixtures of slags from chrome 
converter (CRC), electric arc furnaces (EAF), Argon Oxygen Decarburi-
zation processes (AOD) and steel ladles (LF). When considering the 
mixtures of stainless steelmaking meltshops slags (MS), the relative 
amounts of different slags were assumed to correspond with their rela-
tive annual production rates at the Tornio plant. It was estimated that 
the production rates of CRC, EAF, AOD and LF slags were 40 kt/a, 110 
kt/a, 170 kt/a and 40 kt/a, respectively. Furthermore, 30% of the EAF, 
AOD and LF slags were assumed to be from the production line 1, 

whereas 70% of these slags were assumed to be from the production line 
2. CRC slags are only formed on the production line 1. 

Normalised slag compositions for all the considered slags are pre-
sented in Table 1, in which compositions of EAF, AOD and LF slags are 
presented for two different production lines at the Tornio plant. CRC 
process exists only on one production line and only one composition is 
presented for SAF slags to represent the mixture of ferrochrome slags 
from three submerged arc furnaces existing in Tornio. Compositions of 
two slag mixtures are presented in Table 2. EAF1+2-mixture is a mixture 
of two EAF slags from two production lines, whereas Meltshop-mixture 
is a mixture of all stainless steel slags from both production lines. 
Finally, slag compositions used as initial values in thermodynamic 
simulations are presented in Table 3. As seen from Table 3, mixtures of 
ferrochrome slags (SAF) with either electric arc furnace slags (EAF) or 
stainless steelmaking slags (MS) were studied with ratios varying from 
20%/80%–80%/20%. 

Reduction of chromium from different slag mixtures was simulated 
using either coal (assumed as pure carbon, C), natural gas (assumed as 
pure methane, CH4) or ferrosilicon (FeSi; assumed to consist of 75 wt-% 
of silicon and 25 wt-% of iron) as a reductant. 

Heat balances were made based on the results of equilibrium com-
putations. They were made for reduction systems in which the amount of 
the reductant corresponded the situation in which 99% of chromium 
was reduced into metal phase. 

Thermochemical data of the described oxide systems are obviously 
needed in the equilibrium simulations. However, since the purpose of 
this paper is not to present a comprehensive review on the thermo-
chemical data needed to model and simulate the systems considered in 
this study, it was considered not to be relevant to repeat the vast list of 
references in which all the necessary data has been validated; particu-
larly when a detailed description of the modelling principles as well as 
restrictions of the models when taking different components into ac-
count is available on the FactSage website [15]. The website also con-
tains the full list of references in which all the models and submodels 
have been validated. 

This being said, a few things about the used data should nevertheless 
be briefly mentioned. The most crucial data for the purposes of this 
study are the models used to describe the molten oxide phase, the 
necessary oxide solid solutions and the molten metal phase formed 
during the reduction. Models available from the FToxid and FSstel da-
tabases were used for these purposes. In the FactSage version used in this 
study, the molten metal phase is described with a simple substitutional 
solution approach based on the Redlich-Kister-Muggianu polynomial 
expression. The model is primarily meant to be used for iron-rich 
composition ranges, but the assessed data is also reliable in many 
cases with higher concentrations of alloying components. The model 
takes all the elements of this study (i.e. iron, chromium, manganese, 
titanium, calcium, magnesium, silicon, aluminium and oxygen) into 
account. This data is available from the FSstel database. The data used to 
model the oxide phases are from the FToxid database, in which Modified 
Quasichemical Model (MQM) is used to describe the molten oxide phase 
and models taking into account the mixing of various cations on crys-
tallographically different sublattices are used to model the solid solu-
tions such as spinel, olivine, etc. Concerning the molten oxide phase, the 
CaO–MgO–SiO2–Al2O3–FeO–Fe2O3 system has been validated for the 
whole composition range. The chemical behaviour of the oxides of the 
other elements relevant in this study (i.e. chromium, manganese and 
titanium) can also be simulated with the models available in the FToxid 
database, but it should be noted, that the evaluation, optimisation and 
validation for these systems is more limited [15]. 

Finally, it should be noted that the entalphies of mixing are not taken 
into account in the heat balance calculations due to limitations of the 
used database from the HSC software. 

All the databases used in this study are summarized in Table 4. 

E.-P. Heikkinen et al.                                                                                                                                                                                                                          



Calphad 75 (2021) 102349

3

3. Simulations 

Simulations of this study consisted of three stages. In the first stage, 
the thermodynamically stable phases were computed as a function of 
temperature for the compositions presented in Table 3. Solidus and 
liquidus temperatures of different slag mixtures were obtained from the 
results of these simulations. Additionally, distribution of chromium 
between different phases in different temperatures was also estimated 
based on the results of the first stage of simulations. 

The second stage focused on the reduction of chromium from the slag 
mixtures using either carbon, methane or ferrosilicon as a reductant. The 

simulations were made as a function of reductant amount for 100 g of 
each slag mixture presented in Table 3. Reduction was assumed to be 
isothermal at 1873K (1600 ◦C). The results of the second stage were used 
to estimate the amounts and compositions of different phases when 
using different reductants as well as the distribution of chromium be-
tween different phases (i.e. mainly molten slag phase, molten metal 
formed during the reduction and solid spinel phase). Furthermore, the 
amounts of reductants needed to reduce chromium from different slag 
mixtures were estimated. Amounts of reductants needed to “start” the 
reduction, to obtain the “full recovery” of chromium and to obtain the 
maximum chromium content in the metal phase were compared for each 

Table 1 
Normalised slag compositions of major components for all the slags considered in this study.  

Process Chemical compositions [wt-%]   

Cr2O3 Fe2O3 Al2O3 MgO CaO SiO2 MnO TiO2 

SAF  13.17 5.73 26.03 23.03 2.00 30.04 0.00 0.00 
CRC  2.21 0.80 3.42 18.51 39.13 33.70 0.30 1.91 
EAF 1 1.68 1.36 2.30 6.60 60.10 27.12 0.42 0.42 
EAF 2 9.27 1.60 7.99 6.92 41.64 27.37 3.09 2.13 
AOD 1 0.92 1.03 2.16 9.97 60.33 25.28 0.10 0.21 
AOD 2 1.13 0.82 2.06 7.62 58.50 29.04 0.41 0.41 
LF 1 0.92 1.03 2.16 9.97 60.33 25.28 0.10 0.21 
LF 2 1.13 0.82 2.06 7.62 58.50 29.04 0.41 0.41  

Table 2 
Normalised slag compositions of EAF and MS slag mixtures.  

Slag Chemical compositions [wt-%]   

Cr2O3 Fe2O3 Al2O3 MgO CaO SiO2 MnO TiO2 

EAF 1 + 2 6.99 1.53 6.28 6.82 47.18 27.29 2.29 1,62 
Meltshop 3,01 1.07 3.52 9.00 53.21 28.37 0.92 0.91  

Table 3 
Slag compositions used as initial values in thermodynamic simulations.  

Share [%] Chemical compositions [wt-%] 

SAF EAF Cr2O3 Fe2O3 Al2O3 MgO CaO SiO2 MnO TiO2 

20 80 8.22 2.37 10.23 10.07 38.14 27.84 1.83 1.29 
30 70 8.84 2.79 12.21 11.69 33.63 28.12 1.60 1.13 
40 60 9.46 3.21 14.18 13.31 29.11 28.39 1.37 0.97 
50 50 10.08 3.63 16.16 14.93 24.59 28.67 1.14 0.81 
60 40 10.70 4.05 18.13 16.55 20.07 28.94 0.92 0.65 
70 30 11.32 4.47 20.11 18.17 15.56 29.22 0.69 0.48 
80 20 11.93 4.89 22.08 19.79 11.04 29.49 0.46 0.32 

SAF MS Cr2O3 Fe2O3 Al2O3 MgO CaO SiO2 MnO TiO2 

20 80 5.04 2.00 8.02 11.80 42.97 28.70 0.73 0.73 
30 70 6.06 2.47 10.27 13.21 37.85 28.87 0.64 0.64 
40 60 7.07 2.93 12.52 14.61 32.73 29.04 0.55 0.55 
50 50 8.09 3.40 14.78 16.01 27.61 29.20 0.46 0.46 
60 40 9.10 3.86 17.03 17.42 22.48 29.37 0.37 0.36 
70 30 10.12 4.33 19.28 18.82 17.36 29.54 0.28 0.27 
80 20 11.14 4.80 21.53 20.22 12.24 29.70 0.18 0.18  

Table 4 
Summary of databases used in this study.  

Software Database Relevant components in this study Relevant phases in this study 

FactSage [15] FToxid Al2O3, CaO, FeO, Fe2O3, MgO, SiO2 (full comp. range) Molten oxide phase (slag), Spinel solid solution, Olivine solid solution   
+ CrO, Cr2O3 (limited comp. range)    
+ MnO, Mn2O3 (limited comp. range)    
+ TiO2, Ti2O3 (limited comp. range)   

FSstel Al, Ca, Cr, Fe, Mg, Mn, O, Si, Ti Molten metal phase  

FactPS Al, Ca, Cr, Fe, Mg, Mn, O, Si, Ti Various stoichiometric compounds, ideal gas 

HSC Chemistry HSC Main database Al, Ca, Cr, Fe, Mg, Mn, O, Si, Ti Various stoichiometric compounds (solutions considered as ideal)  
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case (i.e. different slag mixtures and different reductants). The “start” of 
the reduction was defined as a point in which 1% of chromium is 
recovered, whereas “full recovery” was defined as a point in which 99% 
of chromium is recovered from the slag into the metal phase. 

In the third stage of simulations the need for additional energy for 
the reduction was studied with heat balance calculations. Heat balances 
were made for the reduction cases in which 99% recovery of chromium 
was obtained. Materials considered in the third stage of calculations 
were molten oxide, solid spinel and one of the reductants as input 
streams as well as molten slag (consisting of unreduced oxides), molten 
metal phase formed in the reduction and a gas phase as output streams. 
Temperatures of all the streams (except the reductant) were assumed to 
be 1600 ◦C and the temperature of the reductant was assumed to be 
25 ◦C. For each reductant and slag mixture, the need for additional 
energy or alternatively excess energy available for other purposes was 
obtained as a result of the third stage of simulations. 

4. Results and discussion 

Results of each simulation stage described in the previous chapter are 
presented separately. Additionally, some aspects of practical relevance 
of the results are briefly discussed in the end of this chapter. 

4.1. Mixing of slags 

The key results of the stage 1 are presented in Tables 5 and 6 and 
Figs. 1 and 2. Table 5 collects the results concerning the mixing of fer-
rochrome slags (SAF) with electric arc furnace slags (EAF), whereas 
Table 6 collects the results concerning the mixing of ferrochrome slags 
(SAF) with all the stainless steel meltshop slags (MS). Figs. 1 and 2 
illustrate the effect of slag mixing ratio on the amount of solid spinel 
phase and on the portion of chromium occurring in this solid spinel 
phase. 

The results presented in Tables 5 and 6 show, that the liquidus 
temperatures are lower for the SAF + MS-slag mixtures and higher for 
the SAF + EAF-slag mixtures, but very high in both cases. The solidus 
temperatures vary between 1050 ◦C and 1200 ◦C the values being lowest 
for mixtures with 30–50% of SAF slag. No significant differences can be 
seen in the solidus temperatures of the SAF + EAF-slag mixtures and 
SAF + MS-slag mixtures. Due to high liquidus temperatures the slag is 
not completely molten in temperatures used in the ferrochrome pro-
duction and possible slag treatment processes. For example, 6–27% of 
solid spinel phase exists in the slag system at 1600 ◦C depending on the 
slag ratio in the mixture (as seen also from Fig. 1). The amount of solid 
spinel phase is highest with the highest portions of SAF slag in the 
mixtures and slightly higher for SAF + EAF-slag mixtures than for SAF +
MS-slag mixtures. 

An interesting feature of results is the distribution of chromium be-
tween molten and solid phases. As portion of solid spinel varies between 

6 and 27% at 1600 ◦C, the major portion of chromium in the system is 
bound in this solid phase. It is seen from Tables 5 and 6 as well as from 
Fig. 2 that over 90% of chromium is in the spinel phase in nearly all the 
studied cases and the value tops at 98% in mixtures with 80% of SAF 

Table 5 
Results of computations concerning the mixing of SAF slags with EAF slags.   

Slag ratio (SAF/EAF)  

20/ 
80 

30/ 
70 

40/ 
60 

50/ 
50 

60/ 
40 

70/ 
30 

80/ 
20 

Solidus 
temperature [◦C] 

1065 1065 1050 1050 1145 1170 1180 

Liquidus 
temperature [◦C] 

2010 2185 a a a a a 

Portion of solid 
spinel phase at 
1600 ◦C [wt-%] 

11.3 13.3 15.4 18.0 20.8 23.8 26.9 

Cr in spinel at 
1600 ◦C [wt-% of 
Crtotal] 

89 93 95 96 97 98 98  

a Over 2200 ◦C, which was the upper limit of computations. 

Table 6 
Results of computations concerning the mixing of SAF slags with MS slags.   

Slag ratio (SAF/MS)  

20/ 
80 

30/ 
70 

40/ 
60 

50/ 
50 

60/ 
40 

70/ 
30 

80/ 
20 

Solidus 
temperature [◦C] 

1170 1075 1080 1050 1165 1180 1185 

Liquidus 
temperature [◦C] 

1870 1950 2030 a a a a 

Portion of solid 
spinel phase at 
1600 ◦C [wt-%] 

6.1 8.8 11.6 14.7 18.1 21.8 25.6 

Cr in spinel at 
1600 ◦C [wt-% of 
Crtotal] 

79 88 92 95 96 97 98  

a Over 2200 ◦C, which was the upper limit of computations. 

Fig. 1. The amount of solid spinel phase as a function of the portion of SAF-slag 
in the slag mixture at 1600 ◦C. 

Fig. 2. The portion of chromium in the solid spinel phase as a function of the 
portion of SAF-slag in the slag mixture at 1600 ◦C. 

E.-P. Heikkinen et al.                                                                                                                                                                                                                          



Calphad 75 (2021) 102349

5

slag. The occurrence of chromium in solid phases might complicate the 
reduction of chromium in practical applications. For instance, Nakasuga 
et al. [16] have reported that according to their experiments the 
reduction rate of chromium is controlled by the mass transport from slag 
to metal and it could be considerably accelerated by adding fluxes which 
increase the portion of molten phase in the slag system. According to our 
results, less solid spinel phase is formed (and hence less chromium is 
bound to the spinel phase) when the portion of SAF slag in the slag 
mixture is decreased and the portion of either EAF- or MS-slag mixture is 
increased. Considering the oxide components, this is due to decreasing 
amounts of spinel forming components (especially MgO and Al2O3, but 
also Cr2O3) and increasing amount of non-spinel foming component (i.e. 
CaO) when the amount of SAF-slag in the mixture is decreased. As seen 
from Figs. 1 and 2, the effect of MS-slag mixture is slightly larger than 
the effect of EAF-slag mixture. This difference can be explained with 
differing compositions (especially contents of Cr2O3, Al2O3 and CaO) of 
the EAF- and MS-slag mixtures (cf. Table 2). 

One important result of the stage 1 was also a remark (not mentioned 
on Tables 5 and 6) according to which harmful dicalcium silicate was 
only formed in the slag mixture which consisted of 20% of SAF slag and 
80% of MS slag mixture. The formation of dicalcium silicate could 
therefore be completely avoided in all other mixture ratios which in-
dicates higher probability for slag utilisation in comparison to unmixed 
stainless steel slags in which dicalcium silicate is commonly formed 
during the solidification [11]. 

4.2. Chromium recovery 

The key results of the stage 2 are presented in Tables 7 and 8. Table 7 
collects the results concerning the mixing of ferrochrome slags (SAF) 
with electric arc furnace slags (EAF), whereas Table 8 collects the results 
concerning the mixing of ferrochrome slags (SAF) with all the stainless 

steel meltshop slags (MS). Values in Tables 7 and 8 represent the 
amounts of different reductants that are needed to “start” the reduction 
of chromium, for “full recovery” of chromium and to obtain the 
maximum chromium content for the metal phase. All values are grams 
per 100 g of slags. As explained before, the “start” of the reduction was 
defined as a point in which 1% of chromium is recovered, whereas “full 
recovery” was defined as a point in which 99% of chromium is recovered 
from the slag into the metal phase. 

Some examples of more detailed of results are presented in Figs. 3 
and 4, in which distribution of chromium between different phases (i.e. 
molten oxide, molten metal and spinel solid solution) as well as the 
amounts and chromium contents of the metal phase formed during the 
reduction are presented as a function of amount of redutant (i.e. C, CH4 
or FeSi) for slag mixtures consisting of 70% of SAF slag and 30% of MS 
slag. This 70%/30% -ratio has been chosen as an example, because it is 
close to the ratio in which SAF and MS slags are formed in Tornio plant. 

It is seen from Tables 7 and 8 that the amounts of reductants needed 
in the chromium reduction are higher for SAF + EAF -slag mixtures than 
for SAF + MS -slag mixtures. The required amounts of reductants also 
increase with increasing amounts of SAF slag in the slag mixtures. Both 
of these features are due to higher amounts of Cr2O3 in the mixtures. It is 
also seen from the Tables 7 and 8 that carbon is the most effective 
reductant, ferrosilicon being the least effective (when considered as 
mass units). Although not presented in Tables 7 and 8, the results of the 
stage 2 also showed that the excessive use of carbon or methane may 
lead into precipitation of either carbon or SiC. 

Also worth mentioning is the observation, according to which the 
“full recovery” of chromium into the metal phase cannot be reached 
when reducing chromium from the slag mixture of 20% of SAF slag and 
80% of EAF slag with carbon (cf. Table 7). This is due to the formation of 
the carbide phase (Cr3C2) into which some of the chromium is bound. 
Formation of chromium carbides (i.e. Cr3C2, Cr7C3 and Cr23C6) during 

Table 7 
Results of computations concerning the reduction of chromium from slag 
mixtures.  

Amount of reductant 
[g/100g-slag] needed 
to … 

Slag ratio (SAF/EAF) 

20/ 
80 

30/ 
70 

40/ 
60 

50/ 
50 

60/ 
40 

70/ 
30 

80/ 
20 

Carbon as a reductant: 

reduce 1% of Cr into 
metal (i.e. reduction 
starts) 

0.7 0.8 0.8 0.9 1.0 1.1 1.1 

reduce 99% of Cr into 
metal (i.e. “full 
recovery”) 

a 3.9 4.1 4.4 4.7 5.1 5.5 

get the highest content 
of Cr in metal 

2.9 3.3 3.6 3.9 4.2 4.5 4.8 

Methane as a reductant: 

reduce 1% of Cr into 
metal (i.e. reduction 
starts) 

0.9 0.9 1.0 1.1 1.2 1.3 1.4 

reduce 99% of Cr into 
metal (i.e. “full 
recovery”) 

4.7 5.1 5.5 5.9 6.3 6.8 7.4 

get the highest content 
of Cr in metal 

3.8 4.2 4.6 5.0 5.4 5.8 6.1 

Ferrosilicon as a reductant: 

reduce 1% of Cr into 
metal (i.e. reduction 
starts) 

1.0 1.1 1.2 1.4 1.5 1.6 1.7 

reduce 99% of Cr into 
metal (i.e. “full 
recovery”) 

6.7 7.3 8.0 8.6 9.4 10.2 11.3 

get the highest content 
of Cr in metal 

3.9 4.3 4.8 5.2 5.7 6.2 6.7  

a Not obtained. 

Table 8 
Results of computations concerning the reduction of chromium from slag 
mixtures.  

Amount of reductant [g/ 
100g-slag] needed to … 

Slag ratio (SAF/MS) 

20/ 
80 

30/ 
70 

40/ 
60 

50/ 
50 

60/ 
40 

70/ 
30 

80/ 
20 

Carbon as a reductant: 

reduce 1% of Cr into 
metal (i.e. reduction 
starts) 

0.5 0.6 0.7 0.8 0.9 1.0 1.1 

reduce 99% of Cr into 
metal (i.e. “full 
recovery”) 

2.4 2.8 3.2 3.7 4.1 4.6 5.1 

get the highest content 
of Cr in metal 

2.0 2.4 2.9 3.3 3.7 4.1 4.5 

Methane as a reductant: 

reduce 1% of Cr into 
metal (i.e. reduction 
starts) 

0.7 0.8 0.9 1.0 1.1 1.3 1.4 

reduce 99% of Cr into 
metal (i.e. “full 
recovery”) 

3.1 3.7 4.3 4.8 5.5 6.1 6.9 

get the highest content 
of Cr in metal 

2.6 3.2 3.7 4.2 4.8 5.3 5.8 

Ferrosilicon as a reductant: 

reduce 1% of Cr into 
metal (i.e. reduction 
starts) 

0.8 0.9 1.1 1.2 1.4 1.5 1.7 

reduce 99% of Cr into 
metal (i.e. “full 
recovery”) 

4.0 4.8 5.8 6.8 7.9 9.1 10.3 

get the highest content 
of Cr in metal 

2.6 3.2 3.8 4.4 5.0 5.7 6.4 

*Not obtained. 
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the carbothermic reduction of Cr2O3 has been detected in the experi-
ments by Mori et al. [17], who also concluded that the carbide formation 
may hinder the conversion of Cr2O3 into metallic chromium [12,17]. To 
avoid this hindrance caused by the carbide formation, Wu et al. [18] 
studied the effect of Fe2O3 on the chromium reduction and found out 
that the presence of Fe2O3 in the initial system results in the formation of 
Fe–C-alloys into which the reducing chromium is dissolved (rather than 
forming carbide precipitates) [12,18]. Adamczyk et al. [13] have also 
observed the formation of carbides while reducing chromium from 
stainless steelmaking slags. According to their study, the carbide for-
mation is possible also when using other reductants than carbon (due to 
reactions with carbon emitted from the carbide electrodes used in their 
experiments) and that the formed carbides are destroyed while reacting 
with chromium oxide [13]. 

More detailed visualisation of the chromium reduction is presented 
in Figs. 3 and 4 in which the reduction of slag mixtures consisting of 70% 
of SAF slag and 30% of MS slag are shown as an example. It is seen from 
Fig. 3 that chromium is almost completely bound in solid spinel phase 
before any reductant is added. As reductants are added to the system, 
chromium reduces and is dissolved into molten oxide phase, in which it 
is mainly in divalent form. As the amount of reductant is increased, a 
molten metal phase containing e.g. iron and carbon (as suggested by Wu 
et al. [18]) is formed and eventually chromium is reduced into elemental 
Cr which is dissolved into the formed metal phase. It is also seen from 
Fig. 3 that in order to obtain the same degree of reduction for chromium, 
the required amount of ferrosilicon is higher than the required amount 
of methane, which in turn is higher than the required amount of carbon. 

Fig. 4 illustrates the amounts and Cr-contents of the forming metal 
phase when the amount of reductant in the system is increased. It is 
observed from Fig. 4 that as reductants are added to the slag system, 
some molten metal with a very low chromium content is formed when 
the amount of reductant is approximately 0.5% of the slag mass. 
Reduction of chromium begins when the amount of reductant is from 
1.0% (with carbon as a reductant) to 1.5% (with ferrosilicon as a 
reductant) of the slag mass as seen also from Table 7. As the amounts of 
reductants are increased, more metal with higher Cr-content is formed. 
The maximum chromium contents are approximately 63% for carbon 
and methane reductions and approximately 54% for ferrosilicon 
reduction. These values are reached with the amounts of reductants 
from 4.1% (with carbon as a reductant) to 5.7% (with ferrosilicon as a 
reductant) of the amount of the slag mixture. The lower value for 
ferrosilicon reduction is due to larger amount of iron and silicon ending 
up in the metal phase. Salina et al. [19] have studied computationally 
the effect of ferrosilicon composition on the chromium reduction and 
noticed that metal with higher chromium contents can be obtained 
when using ferrosilicon with higher silicon contents. According to their 
results, the chromium content of the metal can also be increased with 
decreasing temperature (in the range of 1500–1700 ◦C) and increasing 
slag basicity (in the CaO/SiO2 -range of 1–3) [19]. In their other study on 
carbothermic reduction of chromium, Salina et al. [20] concluded that 
the reduction of chromium can be improved with increasing 

Fig. 3. Distribution of chromium between different phases (i.e. molten oxide, molten metal and spinel solid solution) as a function of amount of redutant (i.e. C, CH4 
or FeSi) for a slag mixtures consisting of 70% of SAF slag and 30% of MS slag (at 1600 ◦C). 

Fig. 4. The amounts and chromium contents of the metal phase formed during 
the reduction as a function of amount of redutant (i.e. C, CH4 or FeSi) for a slag 
mixtures consisting of 70% of SAF slag and 30% of MS slag (at 1600 ◦C). 
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temperature (in the range of 1400–1700 ◦C) when using carbon as a 
reductant. 

The amounts of reductants needed for “full recovery” of chromium 
are slightly higher than the amounts needed for the maximum chro-
mium content in the metal: 4.6% of the slag mass when using carbon as a 
reductant, 6.1% of the slag mass when using methane as a reductant and 
9.1% when using ferrosilicon as a reductant. Small decreases in the 
chromium contents of the metal phase are due to increased reduction of 
silicon with the larger additions of reductants. It is also seen from Fig. 4 
that with carbon and methane reduction it is possible to obtain a certain 
maximum amount of metal after which the excessive addition of re-
ductants no longer increases the amount of the metal phase, whereas 
with ferrosilicon reduction the amount of formed metal keeps increasing 
as the amount of ferrosilicon is increased. This is of course due to 
excessive ferrosilicon ending up in the metal phase, whereas excessive 
carbon causes carbide formation and excessive hydrogen (from 
methane) ends up in the gas phase. 

Finally, a brief comparison of the simulated chromium contents with 
the values presented elsewhere is made. Maximum chromium contents 
in the metal phase computed in this study were between 54% (for a 
ferrosilicon reduction) and 63% (for carbon and methane reductions). 
For silicothermic reduction at the same temperature (1600 ◦C) Salina 
et al. [19] computed a chromium content of 54.02% in the metal when 
using slags with the CaO/SiO2 -ratio of 1. Although their system com-
positions slightly differ from ours, the values obtained in the computa-
tions are well within the same range of magnitude. For carbothermic 
reduction at 1700 ◦C Salina et al. [20] computed chromium contents 
between 65.3% and 65.6% when reducing mixtures of chromite ores and 
ferrochrome production slags. Once again, there are differences in the 
considered systems, but the obtained values are nevertheless quite close 
to each other. As a comparison, ferrochrome produced on an industrial 
scale with submerged arc furnaces contains approximately 53% of 
chromium [1]. 

4.3. Heat balances 

The key results of the stage 3 are presented in Tables 9–11 and 
visualised in Fig. 5. Table 9 collects the results concerning the reduction 
with carbon, Table 10 the results concerning the reduction with 
methane and Table 11 the results concerning the reduction with ferro-
silicon. All the values presented in Tables 9–11 as well as in Fig. 5 are for 
the cases in which 100 kg of slag mixtures are treated with different 
reductants. The amounts of reductants vary for each case, because they 
were chosen to correspond the situations with the lowest amounts of 
reductants for which the “full recovery” of chromium from slag mixtures 
into metal could be obtained. 

The purpose of stage 3 was to estimate how much additional energy 
is needed (or alternatively how much energy is released for other pur-
poses) during the reduction of chromium when using different re-
ductants. In addition to amounts of required additional energies for each 

case, the Tables 9–11 also contain data on how much reductant was 
needed and how much metal was formed (per 100 kg of slag mixtures) in 
each case. Furthermore, Tables 9–11 also show how much carbon (as kg 
per 100 kg of slag mixtures) would be needed to cover the extra need for 
energy when no heat losses are considered. 

It is seen from Tables 9–11 as well as from Fig. 5 that additional 
energy is needed when chromium is reduced with either carbon or 
methane, whereas some energy is released for other purposes when 
using ferrosilicon as a reductant. It is also seen, that whereas the 

Table 9 
Results of computations concerning the heat balances of chromium reduction 
when using carbon as a reductant.   

Slag ratio 

FeCrS/EAFS FeCrS/SSMS 

(for 100 kg of slag mixture) 20/ 
80 

50/ 
50 

80/ 
20 

20/ 
80 

50/ 
50 

80/ 
20 

Amount of reductant 
needed [kg] 

3.5 4.4 5.5 2.4 3.7 5.1 

Amount of metal formed 
[kg] 

8.7 10.8 13.2 5.8 9.0 12.4 

Need for additional energy 
[MJ] 

59 72 92 47 58 83 

Energy need as carbon [kg] 1.8 2.2 2.8 1.4 1.8 2.5  

Table 10 
Results of computations concerning the heat balances of chromium reduction 
when using methane as a reductant.   

Slag ratio 

FeCrS/EAFS FeCrS/SSMS 

(for 100 kg of slag mixture) 20/ 
80 

50/ 
50 

80/ 
20 

20/ 
80 

50/ 
50 

80/ 
20 

Amount of reductant 
needed [kg] 

4.7 5.9 7.4 3.1 4.8 6.9 

Amount of metal formed 
[kg] 

8.6 10.8 13.2 5.6 8.8 12.4 

Need for additional energy 
[MJ] 

113 141 182 79 113 167 

Energy need as carbon [kg] 3.5 4.3 5.5 2.4 3.4 5.1  

Table 11 
Results of computations concerning the heat balances of chromium reduction 
when using ferrosilicon as a reductant.   

Slag ratio  

FeCrS/EAFS FeCrS/SSMS 

(for 100 kg of slag 
mixture) 

20/ 
80 

50/ 
50 

80/ 
20 

20/ 
80 

50/ 
50 

80/ 
20 

Amount of reductant 
needed [kg] 

6.7 8.6 11.3 4.0 6.8 10.3 

Amount of metal 
formed [kg] 

11.8 14.6 18.4 7.2 11.7 16.9 

Need for additional 
energy [MJ] 

− 14 − 18 − 19 − 11 − 17 − 20 

Energy need as carbon 
[kg] 

− 0.41 − 0.53 − 0.57 − 0.34 − 0.52 − 0.61 

Negative values refer to situations in which more heat is released than absorbed. 

Fig. 5. Additional energy required for “full recovery” of chromium for different 
slag mixtures and reductants. Positive values indicate the need for additional 
energy and negative values indicate additional energy to be used for 
other purposes. 
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composition of the slag mixture (i.e. mainly the Cr2O3-content of the 
mixture) has a significant effect on the amount of needed additional 
energy when using carbon or methane as a reductant, its effect is almost 
negligible with ferrosilicon reduction. From this point of view, the 
methane reduction seems to be the least effective (and also the most 
sensitive to the slag composition), whereas the ferrosilicon reduction is 
not only the most energy efficient, but actually releases some additional 
energy for other purposes, which could include e.g. treatment of dusts in 
the same slag treatment process. 

4.4. Practical relevance of results 

The results of this study can be used in the planning of the slag 
treatment process for the mixtures of ferrochrome slags and stainless 
steel slags. The results can help to estimate the ratios in which different 
slags are to be mixed with each other before the treatment, which 
reductant(s) should be used, how much reductants should be used, what 
is the need for additional energy, etc. According to our results the 
harmful formation of dicalcium silicate during the solidification of slags 
can be avoided when at least 30% of SAF slag is used in the slag mix-
tures. On the other hand, excessive use of SAF slag should be avoided, 
because more Cr-binding solid spinel phase is being formed when the 
portion of the SAF slag is increased in the slag mixture. In practice the 
optimal slag ratio is also influenced by the production rates of different 
slags. 

When applying the results of this study into practice, a few re-
strictions should be kept in mind. First of all, due to actual yields being 
always less than 100%, the required amounts of reductants and possible 
additional energy sources are likely to be slightly higher in practice than 
the values presented in this study. It should also be kept in mind that the 
occurrence of chromium in solid spinel phase rather than molten oxide 
phase could hinder the reduction and to avoid this, some modification of 
the slag compositions might be required. 

Concerning the use of methane as a reductant, it should be noted that 
although the approach presented in this paper provides a tool to esti-
mate the overall amounts needed in the reduction of chromium from 
different slag mixtures, the actual use of methane would require a 
reforming process in which methane reacts with water vapour and/or 
carbon dioxide to produce carbon monoxide and hydrogen which act as 
actual reductants. 

5. Conclusions 

The purpose of this study was to estimate the possible advantages 
that could be obtained by mixing slags from ferrochrome and stainless 
steel production and treat them in the same process unit for simulta-
neous chromium recovery from both slags before their solidification and 
cooling. According to thermochemical simulations, the formation of 
harmful dicalcium silicate can be avoided when mixing ferrochrome 
slags with stainless steelmaking slags as long as the amount of ferro-
chrome slag is sufficient. However, liquidus temperatures of the mix-
tures are increased as the amount of ferrochrome slag is increased and 
more chromium is bound to a solid spinel phase rather than molten 
oxide melt. Required amount of reductant is also increased when the 
ratio of ferrochrome and steelmaking slags is increased. 

A comparison of different reductants revealed that the required 
amount of reductant is the largest when ferrosilicon is used, whereas it is 
the smallest with the use of carbon as a reductant. However, the use of 
ferrosilicon as a reductant generates additional energy which could be 
used e.g. in the smelting of other residues in the same process, whereas 
reduction with carbon and especially with methane requires some 
additional energy. 

The results obtained in this study could be used in preliminary 
planning of a slag treatment plant for recovering chromium from fer-
rochrome and stainless steel slags. According to the results, the forma-
tion of dicalcium silicate can be avoided by mixing at least 30% of SAF 

slags with either EAF or MS slag mixtures. However, excessive use of SAF 
slags in the mixture increases the formation of solid spinel phase into 
which more chromium is bound making its reduction more challenging. 
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