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Abstract

Chromium is an important alloying element for stainless steels and other Cr-bearing steels. 

During the steelmaking process chromium is added to the steels mainly in the form of 

ferrochrome, which is largely produced by the energy-intensive smelting reduction process of 

chromite ore in the submerged arc furnace. To reduce the overall energy consumption during 

the ferrochrome production process and the chromium alloying process, direct chromium 

alloying by chromite ore has been proposed. The application of this process will integrate the 

processes for ferrochrome production and chromium alloying, and thus has the potential to cut 

the production costs of the Cr-bearing steels by avoiding, or at least partially avoiding, the 

usage of ferrochrome. Further, this new alloying process has the capacity to improve the 

recovery of chromium from chromite ore. This thesis presents fundamental studies on the 

carbothermic reduction of synthetic iron chromite (FeCr2O4) and chromite ore, which aim at 

designing a direct alloying precursor to be applied in the industrial process.  

Thermogravimetric Analysis (TGA) experiments have been carried out to investigate the 

carbothermic reduction processes of FeCr2O4 in the absence/presence of metallic iron, and of 

chromite ore in the absence/presence of mill scale. In the case of using the mixture ‘FeCr2O4 + 

iron powder + graphite’, it is found that the presence of metallic iron enhances the reduction 

of FeCr2O4, and this enhancing effect increases with increasing iron addition. The enhancing 

effect of iron addition on the reduction of FeCr2O4 is due to the fact that the reduction of 

component Cr2O3 in FeCr2O4 is enhanced, and this effect is attributed to the presence of solid 

iron which can decrease the activity of chromium by having chromium in situ dissolved in the 

iron. In the case of using the mixture ‘chromite ore + petcoke’, it is found that the reduction of 

iron ions in the chromite ore starts before that of chromium ions in the ore and the reduction 

of iron ions and chromium ions in the ore overlaps to some degree. (Cr,Fe)7C3 is found to be 

the intermediate phase during the reduction and a chromium gradient is found in the spinel 

phase of the fractional reduced sample at 1673 K. A four-stage reduction process is proposed: 

one stage involving the reduction of iron ions in the chromite ore and three stages involving 

the reduction of chromium ions in the ore. The activity aspects of component FeCr2O4 and 

component MgCr2O4 in the chromite ore have been considered. The difficulty in the reduction 

of the chromite ore is attributed to the fact that, as the reduction proceeds, the activity of 

component MgCr2O4 in the fractional reduced ore will decrease to a very low level, which 

makes the further reduction very difficult. In the case of using the mixture ‘chromite ore + 

mill scale + petcoke’, it is found that mill scale is reduced to iron before 1573 K. The as-
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reduced iron is disseminated around chromite ore particles and, at the same time, some carbon 

is dissolved in the iron via diffusion. Reduction of chromite ore is enhanced with the addition 

of mill scale at temperatures higher than 1623 K, and the enhancing effect increases with 

increasing mill scale addition. The enhancing effect, in this case, is attributed to the presence 

of molten Fe-Cr-C phase in the vicinity of chromite ore, which can decrease the activity of 

chromium by having chromium in situ dissolved into the melt.  

Induction furnace experiments have been carried out to investigate the effectiveness of some 

different alloying mixtures. The experimental results have confirmed the necessity of 

adjusting the composition of the slag to ensure high chromium yield in the final product and 

the experimental results show that, by using iron scrap, chromium yield can reach 90%. 

The present findings have led to the proposal of using ‘chromite ore + mill scale + petcoke’ as 

a lloying precursor for direct chromium alloying. The effectiveness of this alloying 

precursor needs to be further explored by induction furnace experiments, followed by full 

scale Electric Arc Furnace experiments. 
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1 Introduction 

1.1 Background 

Chromium is an important alloying element in many types of steels. Due to the presence of 

chromium, the steels can have high hardness and strength. When the chromium contents in 

the steels exceed 12 wt.% (at this point the steels are called stainless steels), the steels can also 

have high resistance to corrosion and staining. Traditionally, the production of stainless steels 

and other Cr-bearing steels comprises two separate processes: the ferrochrome production 

process and the steel production process. Regarding the ferrochrome production process, there 

are four primary processes that are currently in use, namely, conventional smelting process, 

Outokumpu process, DC arc process and Premus process, and these processes have proved 

themselves to be techno-economic[1, 2]. The key issue with ferrochrome production is that it 

requires a large amount of electric energy (4.1 and 3.5 MWh per metric ton of ferrochrome 

for the conventional smelting process and the Outokumpu process[1, 3], respectively). This is 

due to the fact that the production of ferrochrome depends largely on the energy-intensive 

smelting reduction process of chromite ore in the SAF (Submerged Arc Furnace). To cut the 

electric energy consumption in the smelting reduction process, pre-reduction/pre-heating of 

chromite ore before charging into the SAF has been proposed. Nowadays, this 

implementation is commercially available in some ferrochrome production plants[4]. 

Regarding the steel production process, the as-produced ferrochrome is charged into the EAF 

(Electric Arc Furnace) with some iron scrap to produce Cr-bearing steels. Due to the high 

carbon content in the ferrochrome, the crude steels obtained from the EAF are decarburized, 

for example, in the AOD (Argon Oxygen Decarburization) converter. The flow chart of this 

traditional Cr-bearing steels production process is shown in Figure 1 (a). 

From Figure 1 (a) it is seen that a lot of energy is lost due to cooling and re-melting the 

ferrochrome. Therefore, there is a potential to cut the electric energy consumption by 

integrating the ferrochrome production process with the steel production process. This idea 

has been put into practice since 1995, when Outokumpu (Tornio site) started to produce 

stainless steels by charging molten ferrochrome produced in-house into the ferrochrome 

converter and later on mixing molten ferrochrome with melted scrap in the AOD converter[5, 6]. 

A considerable amount of electric energy is saved by this practice of process integration[7], 
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since there is no need to cool down, crush, and re-melt the ferrochrome. The flow chart of 

Outokumpu’s practice is shown in Figure 1 (b).  

From Figure 1 (a) and Figure 1 (b), it is noted that ferrochrome is just an intermediate during 

the production process of the steels. Therefore, there should be more potential to reduce the 

energy consumption if the ferrochrome can be replaced by chromite ore, which is the Cr-

bearing raw material. Direct chromium alloying by chromite ore[8-12] is a state-of-the-art 

technology to meet this claim. By charging chromite ore fines/briquettes into the iron melt, 

chromium ions can be reduced from the ore by carbon to in situ alloy the melt with chromium. 

The application of this technology is expected to reduce the electric energy consumption and 

the production costs for the production of Cr-bearing steels, since at least the re-melting of 

ferrochrome can be avoided. Moreover, direct chromium alloying by chromite ore provides 

another means to use chromite ore fines, which are less expensive than the lumpy chromite 

ore. The flow chart of the typical direct alloying process by smelting reduction of chromite 

ore in the converter is shown in Figure 1 (c). 

Figure 1 From chromite ore to stainless steel: flow chart of the production chains for (a) 

traditional practice, (b) Outokumpu’s practice and (c) direct alloying by smetling reduction. 
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Besides the high energy requirement, it is reported that during the smelting reduction of 

chromite ore in the SAF 12-16 wt.% (15-20 wt.%, reported by Finnish expert) of the 

chromium is lost either in the flue dust or in the slag, although some metallic Cr-bearing 

particles in the slag can be reclaimed during the slag processing [13, 14]. The dumping of Cr-

bearing slag or using this slag for road construction, for example, is a waste of the alloying 

element, and can potentially pose environmental problems due to the leaching of chromium 

into the soil and groundwater.  

Therefore, both from economic and environmental points of view, it is advantageous to 

develop new chromium alloying strategies for the production of Cr-bearing steels. Direct 

alloying by chromite ore or other Cr-bearing oxides is one promising way to cut the electric 

energy consumption and possibly also reduce chromium losses[11, 15], since it has fewer 

production units and a higher degree of process integration.  

1.2 Literature review on direct alloying technologies 

A direct alloying operation can be either implemented in the EAF or in the ladle/converter. In 

review of the available literature, manganese, vanadium, molybdenum and chromium are 

among the elements that arouse more interest to researchers with respect to direct alloying. 

Kologrivova et al.[16] showed that primary manganese ore can be used to directly alloy steel 

with up to 2% manganese, and the quality of steel was comparable to that alloyed with 

manganese ferroalloys. Nokhrina et al.[17] pointed out that silicon (in the melt) was the 

element that actually reduced manganese ore. They found that direct manganese alloying in 

the EAF can reduce the consumption of both manganese and silicon, and the manganese 

assimilation in the steel can reach 90-95%. These authors also observed that there was no 

quality difference between the steel traditionally alloyed by manganese ferroalloys and the 

steel directly alloyed by manganese ore. Bobkova et al.[11] pointed out that the main 

shortcomings of direct manganese alloying were the low recovery degree, the instability of 

operation parameters and the presence of nonmetallic inclusions. They also pointed out that, 

to ensure fast reduction, steel should be alloyed with eutectic-type mixtures of oxides, which 

have a liquidus temperature lower than the finishing temperature of the molten steel. 

Dzhandieri et al.[18] pointed out that the stochastic nature (for example, temperature of the 

tapped melts) of the process and the density differences between briquettes and liquid melts 

disturbed stable implementation of the process. The earliest work with respect to direct 

vanadium alloying was mostly carried out in the 1990s by Russian researchers[19, 20]. Their 
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results showed that, by using V-bearing slags, the assimilation of vanadium in the micro-

alloyed steel amounted to 70-80% in the converter and 95-97.5% in the EAF, and the steel 

specification was in agreement with various kinds of vanadium-micro-alloyed steels. The 

most recent work done by Chinese researchers shows that direct silicothermic reduction of 

calcium vanadate and V2O5 can result in a recovery ratio of vanadium higher than 90%[21-23]. 

With respect to direct molybdenum alloying, Song et al.[24, 25] investigated the silicothermic 

reduction of molybdenum oxide and found that molybdenum yield can reach up to 97%. 

Chychko et al.[26] designed an alloying mixture (FeOx + MoO3 + C) and found that 

molybdenum yield could reach up to 98%. Yang et al.[15, 27] investigated direct alloying in the 

EAF by using waste-carbon briquettes from stainless steel production and found that the 

recovery of Cr, Ni and Fe elements from the briquettes was nearly complete. Direct alloying 

with respect to other alloying elements, such as nickel[28], was also reported in the literature 

and direct alloying of two or more elements at the same time has also aroused a lot of interest 

among researchers[29, 30]. 

Direct chromium alloying by chromite ore was more commonly implemented by smelting 

reduction of chromite ore in the converter. Kawakami et al.[31] investigated the kinetics of the 

reduction process of bottom-injected chromite ore powder and concluded that oxygen 

transport in the melt should be the rate-controlling step. Taoka et al.[10] investigated the 

smelting reduction of top-charged chromite ore (pretreated and pelletized) into a combined 

oxygen blowing converter (shown in Figure 2 (a)) and they found an improvement in 

productivity and energy efficiency for the stainless steel. Takeuchi et al.[9] investigated the 

smelting reduction of chromite ore fines in the converter and they showed that both bottom 

and top oxygen blow injection of chromite ore fines (shown in Figure 2 (b)) can reach an 

almost equivalent chromium recovery ratio of 70-93%. Simbi et al.[32] investigated the 

smelting reduction of chromite ore fines in the CaO–FeO–Cr2O3–SiO2–Al2O3 slag system by 

carbon dissolved in the melt. They found that the reduction progressed preferentially by a 

zeroth-order reduction of FeO and then a first-order reduction of Cr2O3. They also found that 

increasing slag basicity can enhance the reduction by minimizing the formation of CrO, which 

is thermodynamically quite stable in the slag. The drawback of present direct chromium 

alloying method mainly lies in that the chromium recovery ratio is not stable and can be very 

low in some cases. This could be due to the preferential reduction of iron ions in the chromite 

ore[32] and due to the instability of operation parameters[18]. Since the density of the injected 

ore briquette or powder is comparably lower than that of the melt, the chromite ore tends to 
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float on the surface of the melt and dissolve in the slag, if this happens, the chromium yield 

can be very low[27]. 

 
Figure 2 (a) Top-charging chromite ore pellets in the converter for the production of stainless 

steel[10]; (b) bottom and top oxygen blow injection of chromite ore fines in the converter for 

the production of stainless steel[9]. 

1.3 Chromite ore and its reduction 

1.3.1 Chromite ore 

The chromite ore, generally expressed as (Mg,Fe)(Al,Cr)2O4, is a sub-metallic mineral 

belonging to the spinel group, in which the tetrahedral sites are occupied by divalent ions 

(such as Mg2+, Fe2+), while the octahedral sites are occupied by trivalent ions (such as Al3+, 

Cr3+, Fe3+). The partial replacement of divalent ions and trivalent ions can create a spinel with 

some inversion. However, it is believed that in the chromite ore Mg2+ dominantly occupies 

tetrahedral sites, while Cr3+ and Al3+ dominantly occupy octahedral sites[33, 34].  

1.3.2 Carbothermic reduction of chromite ore 

Carbothermic reduction of chromite ore is an important process both for the production of 

ferrochrome and for direct chromium alloying by chromite ore. Perusal of available literature 

shows some consistencies as well as some discrepancies with respect to the carbothermic 

reduction of the chromite ore. Nafziger et al.[35] found that reduction of iron ions and 

chromium ions in the ore proceed simultaneously to varying degrees, while some other 

investigators[36, 37] found that iron ions in the chromite ore are completely reduced before the 
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commencement of the reduction of chromium ions. By analyzing the fractional reduced 

chromite ores, Nafziger et al.[35] and Soykan et al.[38] both provided qualitative data on phase 

evolution as the reduction proceeded to various degrees. However, discrepancies were found 

with respect to the presence and amount of some phases, such as carbides and olivine. This 

may be due to the composition differences of the ores used by different investigators and due 

to the differences in cooling profiles of the samples, which could have significant influence on 

the precipitation or decomposition of the carbides. Rankin et al.[39] found that Cr2O3 was 

produced as a separate phase when chromite ore was reduced by carbon, but the same 

precipitation of Cr2O3 was not found by other researchers[35, 38]. Perry et al.[40] attributed this 

discrepancy to the relative magnitudes of the diffusion coefficients of Cr2+ and Mg2+ ions: if 

the diffusion coefficient of Cr2+ ions from partially reduced Cr3+ ions is greater than that of 

the Mg2+ ions, the sesquioxide will not form. With respect to the reduction kinetics, Nafziger 

et al.[35] investigated the carbothermic reduction of two chromite ores with different Cr/Fe 

ratios, and they believed that the reduction of chromite was nucleation controlled. 

Chakraborty et al.[37] considered the reduction of iron ions and chromium ions in the chromite 

ore as two different rate-controlling steps, concluding that reduction of iron ions was 

controlled by diffusion, while the reduction of chromium ions was controlled either by 

chemical reaction or by nucleation. Soykan et al.[38, 41] carried out a detailed study on the 

carbothermic reduction of chromite at 1689 K. In their study, zoning was observed in partially 

reduced chromite, Fe2+ and Cr3+ were found to diffuse outward, Cr2+, Al3+ and Mg2+ ions were 

found to diffuse inward, and an ionic reduction mechanism was proposed.  

1.3.3 Various methods to enhance chromite ore reduction 

To enhance the reduction process of the chromite ore, numerous lab-scale trials have been 

conducted. A literature survey shows that the methods used by the researchers lie in two 

categories: (1) microstructure modification of the chromite ore and (2) flux or metallic 

materials addition. Within the scope of the first category, Ding et al.[42] found that heat 

treatment can improve the reducibility of the chromite ore, which was attributed to the fact 

that heat treatment altered the microstructure of the chromite ore grains. Apaydin et al.[43] 

investigated the effect of mechanical activation on the carbothermic reduction of chromite ore 

and they found that the activation procedure led to amorphorization and structural disordering 

in the ore, which accelerated the reduction of the ore. Compared with the methods in the first 

category, more attempts have been made in the second one. Katayama et al.[44] investigated 

the effect of addition of chlorides, carbonates, fluorides and borates on the reduction of 
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chromite ore, and they found borates had the strongest promoting effect on the reduction, 

which was attributed to the fact that borates facilitated the diffusion of ionic species and the 

grain growth of metal. Van Deventer[45] investigated the effect of various additives on the 

reduction of chromite ore by graphite. They found that K2CO3, Na2O2 and CaO enhanced the 

carbothermic reduction of chromite significantly, SiO2 and Fe had a moderate influence on 

the reduction process, Cr exerted very little influence on the reduction process, Al2O3 and 

MgO had negative effect on the reduction process. Neuschütz et al.[46] investigated the 

addition of different fluxes (composed of 3 or 4 components of SiO2, CaO, A12O3, MgO and 

CaF2) on the reduction of chromite ore. They found that the reduction was always accelerated 

by the addition of fluxes, and they observed two acceleration effects: the first one was 

attributed to the formation of solid-state ternary oxides and the second one was attributed to 

the formation of liquid slag. Weber et al.[47, 48] investigated the effect of silica addition on the 

reduction of chromite ore. They found that silica enhanced the reduction at and above 1400 , 

and they proposed a two-stage reduction mechanism: in the first stage silica did not interfere 

with the reduction and in the second stage silica enhanced the reduction via the formation of 

silicate slag, which changed the reduction mechanism. Ding et al.[42] investigated the effect of 

lime addition on the reduction of chromite. They found that the lime can enhance the 

reduction of chromite ore and they attributed this enhancement effect to the fact that: (1) lime 

went into the spinel lattice of the chromite ore and released FeO and (2) lime enhanced the 

nucleation and/or interfacial reaction in the early stage and facilitated the solid-diffusion 

process in the late stage. Neizel et al.[49] investigated the addition of CaCO3 on the pre-

reduction of chromite ore and found that CaCO3 significantly enhanced the reduction of 

chromite ore.  

1.4 Aim and scope 

Outokumpu’s Cr-bearing steelmaking process is a highly integrated process. However, this 

process can only be applied in the plant where ferrochrome melt is produced. Direct 

chromium alloying is a promising way to produce Cr-bearing steels if the direct alloying 

process can be controlled properly. The aim of this thesis is to investigate the effects of iron 

or mill scale addition on the  carbothermic reduction of synthetic iron chromite (FeCr2O4) or 

chromite ore, which forms the basis for designing a direct alloying precursor, ‘chromite ore + 

mill scale + petcoke’. The application of this alloying precursor in the EAF operation 

provides another means for direct chromium alloying, which is expected to overcome the 
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drawback that may otherwise generate in the direct alloying process . 

Further, the application of this direct alloying precursor provides another means to use 

chromite ore fines and to recycle/reuse the mill scale. The application of this alloying 

precursor is also expected to cut the electric energy consumption and improve the recovery of 

chromium from chromite ore.  

In this thesis, Thermogravimetric Analysis (TGA) experiments have been carried out to study 

the reduction kinetics of several designed mixtures and induction furnace experiments have 

been carried out to study the feasibility of using these mixtures for direct chromium alloying. 

The samples obtained from the TGA experiments and the induction furnace experiments were 

analyzed by SEM/EDS (Scanning Electron Microscope/Energy Dispersive Spectroscopy) 

analyses and XRD (X-ray Diffraction) analyses. The results from the experiments are mainly 

presented in three papers, appended at end of this thesis as Appendix I, Appendix II and 

Appendix III. In Appendix I experiments were done to investigate the effect of iron addition 

on the carbothermic reduction of FeCr2O4 and the feasibility of alloying steel with chromium 

by the mixture ‘chromite ore + iron scrap + petcoke’. In Appendix II experiments were done 

to investigate the carbothermic reduction process of chromite ore under non-isothermal 

conditions. In Appendix III experiments were done to investigate the effect of mill scale 

addition on the carbothermic reduction of chromite ore. The structure of the thesis work is 

shown in Figure 3.  

Figure 3 Structure of the thesis work. 
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2 Thermodynamic considerations

For the carbothermic reduction of metallic oxide the reduction proceeds by limited direct 

reactions (solid-solid reactions) in the initial stage and by the dominant indirect reactions 

(gas-solid reactions) in the later stage. This is because direct reactions can only take place at 

limited active sites where carbon (or also carbides) and oxides have contacts with each other. 

And as soon as a product layer is formed the direct reactions will be almost stagnant. In a 

general form, the indirect reaction of metallic oxides can be written as Equation (1), in which 

metallic oxide ROx is reduced by CO gas, and R and CO2 gas are formed as the products. The 

CO2 gas is then converted to CO gas via the Boudouard reaction, as shown in Equation (2).  

ROx(s) + xCO(g) = R(s) + xCO2(g)     (1)

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

The Gibbs energy term of Equation (1) can be written as Equation (3):  

   (3)

where aROx and aR represent the activities of ROx and R, respectively; PCO2 and PCO represent 

the partial pressures of CO2 and CO, respectively. From Equation (3) it can be seen that the 

reduction of oxide ROx by CO is influenced by the activities of ROx and R, as well as the 

partial pressures ratio of CO2 and CO (PCO2/PCO).  

In the case of carbothermic reduction of FeCr2O4 or Cr2O3 (FeCr2O4 will be reduced to Cr2O3),  

FeCr2O4 and its intermediate Cr2O3 are present in the system at unit activity (pure solid 

substances). In the case of carbothermic reduction of natural chromite ore, the reducible 

components (FeCr2O4 and MgCr2O4) in the chromite ore are present in the form of solid 

solution, thus the activity of ROx cannot be treated as unity. In Equation (3), R can represent 

metallic iron, metallic chromium, Fe-Cr-C solid/liquid solution, or carbide (such as Cr7C3), 

and the activity of R, in this sense, depends on the form of the product phase. PCO2/PCO 

depends on the Boudouard reaction, which is closely related to the temperature and amount of 

carbon in the system. From Equation (3), it is noted that, to thermodynamically enhance the 

reaction in Equation (1), one should increase the activity of ROx, decrease the activity of 

product R, and/or decrease PCO2/PCO. By taking temperature as the abscissa and log(PCO2/PCO) 
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as the ordinate, an equilibrium diagram for the following evaluated indirect reactions of 

carbothermic reduction of FeCr2O4 at a total pressure of 1 atm (105 Pa) is plotted in Figure 4.  

 

Figure 4 Equilibrium diagram (log(PCO2/PCO) vs. temperature) for the indirect reactions of 

carbothermic reduction of FeCr2O4. (The data used to plot this diagram are derived from the 

FactPS database of the software package Factsage 6.3[50], PCO + PCO2  1.0 atm.) 

FeCr2O4 + CO = [Fe] + Cr2O3 + CO2                              (4)

7Cr2O3 + 33CO = 2Cr7C3 + 27CO2 (5)

Cr2O3 + 3CO = 2[Cr] + 3CO2             (6)

Cr7C3 + 3CO2 = 7[Cr] + 6CO (7)

It is seen from Figure 4 that the reaction in Equation (4) occurs more easily, compared with 

that in Equation (5), explaining thereby the initial reduction of iron ions in FeCr2O4 follows 

by chromium ions in Cr2O3. It is noted that, other than the reaction in Equation (5), the 

reactions in Equation (6) and Equation (7) are also thermodynamically feasible in the 
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temperature range 1273-1723 K, if the activity of chromium can be decreased to a critical 

value. 

To thermodynamically enhance the reduction of chromite, iron powder or mill scale is added 

into the chromite-carbon mixture. It is expected that the presence of extra iron (mill scale will 

be reduced to iron) can decrease the activity of chromium by having chromium in situ 

dissolved into the Fe-Cr-C alloy/liquid, and thus enhance the reduction. 
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3 Experimental: materials and methods 

3.1 TGA experiments 

3.1.1 Raw materials and samples preparation 

Preparation of samples based on the mixture ‘FeCr2O4 + iron powder + graphite’ 

The FeCr2O4 was synthesized in the laboratory according to the following procedure. Iron 

powder (particle size 10 m, purity 99%), iron oxide powder Fe2O3 (particle size 5 m, 

purity 99%) and chromium oxide powder Cr2O3 (particle size 5 m, purity 99%) were 

well mixed in an agate mortar in the stoichiometric proportion, and then sealed in a pure iron 

crucible by welding. The crucible with the mixture was heated to 1573 K in a vertical furnace 

under a protecting stream of argon gas and maintained at this temperature for 24 hours before 

being quenched in water[51]. The as-prepared product was crushed and milled into powder 

with particle size less than 30 m (determined by SEM). X-ray Diffraction (XRD) analysis of 

the powder, as shown in Figure 5, confirms that the powder is pure FeCr2O4. 

 
Figure 5 XRD pattern of the synthetic iron chromite (FeCr2O4). 

FeCr2O4 powder (particle size 30 m), iron powder (particle size 10 m, purity 99%) 

and graphite (particle size 50 m, purity 99%) were well mixed to form the testing 

samples. As shown in Table 1, three different samples (numbered S1 to S3) with different 

ratios of FeCr2O4 to iron were prepared. The sample S1, without iron addtion, was intended to 
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be the reference sample. In each sample, graphite was stoichiometrically added according to 

the reaction in Equation (8) but with 20 wt.% excess.  

FeCr2O4 + 4C = Fe + 2Cr + 4CO    (8)

Table 1 Prepared samples based on the mixture ‘FeCr2O4 + iron powder + graphite’. 

Sample number S1 S2 S3 

Fe / (Fe +FeCr2O4) 0 40 wt.% 80 wt.% 

Preparation of samples based on the mixture ‘chromite ore + mill scale + petcoke’ 

The raw materials used in the experiments are shown in Table 2. Chromite ore, mill scale and 

petcoke were crushed and milled into powders, and then dried at 473 K for at least 24 hours in 

a desiccator to remove the moisture and other volatiles. The composition of the mill scale was 

analyzed by SEM/EDS analysis, which shows that the mill scale contains 71.2 wt.% iron, 4.2 

wt.% chromium and stoichiometric amount of oxygen, if other minority elements (such as 

molybdenum, silicon, calcium, etc.) in the mill scale are also counted. The average amount of 

removable oxygen in this mill scale was determined to be 24.7 wt.% by running several TGA 

tests under reducing atmosphere, and that was the scheme for the follow-up addition of 

reducing agent. The composition of the chromite ore is shown in Table 3. The main 

composition of the petcoke is carbon (purity  99.3 wt.%). XRD analyses show that the 

chromite ore is close to the mineral spinel-type phase ‘Magnesiochromite’ with the chemical 

formula (Fe,Mg)(Cr,Al)2O4, and the mill scale is close to the spinel phase ‘magnetite’ with the 

chemical formula Fe3O4.  

Table 2 Raw materials used in the experiments. 

Raw materials Supplier 
*Particle size 
after milling 

Drying
condition Composition

Mill scale Uddeholms AB, Sweden 50 μm 473 K, 24 hours 
**71.2 wt.% iron, 4.2 wt.% 

chromium, and others. 
Chromite ore Outokumpu, Finland 30 μm 473 K, 24 hours Refer to Table 3 

Petcoke Uddeholms AB, Sweden 20 μm 473 K, 24 hours Carbon 99.3 wt.% 
*The particle size was determined by SEM; **the composition (in average) is determined by SEM/EDS analysis. 

Table 3 Composition of the chromite ore used in the experiments (wt.%). 

MgO Al2O3 SiO2 CaO Cr2O3 FeO Fe2O3 Others
11.3 12.1 4.7 0.75 44.4 19.4 4.43 ca. 3 

The samples containing chromite ore and petcoke were prepared by thoroughly mixing the as-

prepared chromite ore together with the petcoke in the designed proportion. The amount of 
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the petcoke added in the samples was 20 wt.% in excess of the stoichiometric requirement 

according to the reaction in Equation (9). The samples containing chromite ore, petcoke and 

mill scale were prepared by thoroughly mixing the as-prepared powders of mill scale, 

chromite ore and petcoke in the designed proportion. The petcoke is stoichiometrically added 

according to the reaction in Equation (9), but with different excess percentage (10 wt.%, 20 

wt.% or 30 wt.% excess). Besides the powder samples, some pellet samples were also 

prepared by pressing the powder samples into pellets under a pressure of 2.6 GPa. A list of the 

prepared samples is shown in Table 4.  

MOx + xC = M + xCO (M=Fe/Cr)       (9)

Table 4 Prepared samples based on the mixture ‘chromite ore + mill scale + petcoke’. 

Sample
ID

Mass ratios 
M : O : C 

Mass ratios
M : (M + O) 

Petcoke
excess

Including
pellet sample 

# 1a 3.65: 1.00 : 0.90  
78%  

10 wt.% No 
# 1b 3.65: 1.00 : 0.99 20 wt.% Yes 
# 1c 3.65: 1.00 : 1.06 30 wt.% No 
# 2a 0.61: 1.00: 0.28  

38%  
10 wt.% No 

# 2b 0.61: 1.00: 0.31 20 wt.% Yes 
# 2c 0.61: 1.00: 0.34 30 wt.% No 
# 3b 0: 1.00: 0.18              0 20 wt.% Yes 

M: mill scale; O: chromite ore; C: petcoke. 

3.1.2 TGA experimental procedures and sample analyses 

The TGA experiments were mainly carried out in the SETARAM TG-24 double-furnace unit. 

A schematic diagram of the unit is presented in Figure 6. In the experiment a carefully 

weighed sample was placed in an alumina crucible. The crucible was then placed at one end 

 

Figure 6 Schematic diagram of the TG-24 unit. 
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of the balance beam, while another alumina crucible was placed at the other end of the 

balance beam as the reference. The sample within the furnace was heated and cooled in the 

deoxidized argon atmosphere (flow rate 20 ml/min). The mass change was recorded 

simultaneously as a function of time. Some of the TGA experiments were also carried out in 

the Netzsch 449C apparatus with simultaneous thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC). The experimental procedure was the same as for the 

experiments carried out in the SETARAM TG-24 unit. Some selected experiments were 

repeated to confirm the reproducibility.  

For the samples based on the mixture ‘FeCr2O4 + iron powder + graphite’, the experiments 

were performed at various heating rates (8, 15, 25 and 35 K/min). In each case a 20±0.5 mg 

sample was loaded in the Netzsch 449C apparatus and heated to 1723 K. After holding for 30 

minutes at 1723 K, the sample was then cooled down to room temperature at a cooling rate of 

40 K/min. Another set of experiments was done in the SETARAM TG-24 double-furnace unit. 

In each case a 150 ± 1 mg sample was loaded in the alumina crucible, and heated at a heating 

rate of 15 K/min. The mass loss was monitored continuously and the heating process was 

intentionally stopped each time at around 25%, 50%, 75% or 95% of the reduction progress 

by quenching the sample to room temperature at a cooling rate of 70 K/min. The final reaction 

degree was determined by measuring the mass change of the sample before and after each 

experiment. For the samples based on the mixture ‘chromite ore + mill scale + petcoke’, the 

TGA experiments were performed in the SETARAM TG-24 double-furnace unit according to 

following procedure. In each case a 150 ± 1 mg sample was loaded in an alumina crucible and 

the sample was heated in the furnaces at a heating rate of 15 K/min to 1823 K, and then held 

for 30 minutes at 1823 K. The sample was then cooled down to room temperature at a cooling 

rate of 40 K/min. Another set of experiments was also done to heat the sample to 1173 K, 

1373K, 1473 K, 1573 K, 1623 K or 1673 K at a heating rate of 15 K/min, and then quench the 

sample to room temperature at a cooling rate of 70 K/min. The samples subjected to the full 

heating and cooling procedures are called completely reduced samples, while the samples 

quenched to room temperature in the middle way are called fractional reduced samples. 

Temperature profiles for the preparation of fractional reduced samples and completely 

reduced samples are shown in Figure 7.  

The obtained samples were crushed and subjected to SEM/EDS analyses and XRD analyses. 

The XRD data were collected using Cu-K  radiation from 15°-85° (2 ) using a 0.017° (2 ) 

step size and 36 second count time. The errors from the X-ray diffractometer were considered 
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via several standard tests, and the carbon (graphite or petcoke) in the sample was used as the 

internal standard. 

 
Figure 7 Temperature profiles of TGA experiments for the preparation of the fractional 

reduced samples and the completely reduced samples: (a) samples based on the mixture 

‘FeCr2O4 + iron powder + graphite’; (b) samples based on the mixture ‘chromite ore + mill 

scale + petcoke’.  

3.2 Induction furnace experiments 

In the induction furnace experiments, chromite ore (particle size <1 mm, with mean diameter 

50% = 0.13 mm, from Outokumpu, Finland) was used as Cr-bearing raw material. Petcoke 

(purity 99.3%) was crushed into powder (particle size <0.25 mm) and used as the reducing 

agent. Industrial iron scrap (<5 mm in thickness, and <30 mm in the other dimensions) or pure 

iron fine powder (<0.84 mm, purity 99%) was used as the metallic iron to be alloyed. The 

composition of the chromite ore used in the experiments is shown in Table 3 and the 

composition of the scrap is shown in Table 5. The experiments were carried out in three 

groups. In Group 1 only chromite ore, petcoke and iron powder were mixed together. In 

Group 2 a slag-forming mixture was added, either by mixing well with the alloying mixture or 
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positioning above the alloying mixture. In Group 3 a slag-forming mixture was added after 

complete reduction was assumed. The sample was placed in an alumina crucible and 

protected from oxidation by a graphite lid and also argon gas. The schematic diagram of 

induction furnace setup is shown in Figure 8. The composition of the alloying mixture and 

the slag-forming mixture used in the induction furnace experiments, as well as the 

temperature program for each group, are shown in Table 6. 

Table 5 Composition of the iron scrap used in the induction furnace experiments (wt.%). 

C Si Mn Cr Mo Ni P 
0.1 0.2 0.7 0.1 0.015 0.07 0.012 

Figure 8 Schematic diagram of the induction furnace setup. 

Table 6 Alloying mixture and slag-forming mixture used in each group of induction furnace 

experiments (in gram). 

 Number 
  Alloying mixture Slag-forming mixture 

Scale Chromite ore Petcoke Iron powder Iron scrap Al2O3 SiO2 CaO 

Group 1 

N1-1 100 85.1 14.9 - - - - - 
N1-2 100 62.2 10.9 26.9 - - - - 
N1-3 100 26.5 4.7 68.8 - - - - 

10-15 K/min to 1873-1883 K, held for 45 minutes, then cooled down to room temperature.  

Group 2 

N2-1 100 20.5 3.6 53.3 - 1.8 9.6 11.2 
N2-2 100 20.5 3.6 53.3 - 1.8 9.6 11.2 
N2-3 500 102.7 18.0 - 266.4 8.9 48.1 55.9 
N2-4 500 102.7 18.0 - 266.4 8.9 48.1 55.9 

10-15 K/min to 1773-1783 K, held for 30 minutes, then heated up to 1873-1883 K, and then cooled down 
to room temperature. For N2-1 and N2-3, slag-forming mixture was placed above the alloying mixture; for 
N2-2 and N2-4, slag-forming mixture was well mixed with the alloying mixture.  

Group 3 

N3 500 102.7 18.0 - 266.4 8.9 48.1 55.9 
10-15 K/min to 1773-1783 K, held for 30 minutes, then heated up to 1873-1883 K, and then cooled down 
to 1573 K. The slag-forming mixture was introduced into the crucible at 1573 K, and the sample with slag-
forming mixtures was reheated to 1873-1883 K. After holding for 15 minutes, the sample was cooled down 
to room temperature. 
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4 Results and discussion 

4.1 TGA experiments 

In the TGA experiments the mass loss of the sample was recorded as a function of time. The 

reduction degree can be defined as:  

 = (m0-mt)/mc                                                                     (10)

where  denotes the reduction degree, m0 the initial mass of the sample, mt the mass of the 

sample at time t and mc the theoretically calculated mass loss according to the overall 

chemical reaction shown in Equation (9). 

It is well noted that in the TGA experiments there are some mass losses at low temperatures 

(lower than 1273 K). This is due to the loss of volatiles in the sample and due to the reduction 

of FeO (present in the iron powder). Therefore, these mass losses will not be counted in the 

reduction degree.  

4.1.1 Carbothermic reduction of FeCr2O4 by graphite in the presence of iron 

TGA Results and XRD results 

The reduction degree  as a function of time at the heating rate of 8 K/min for samples with 

various amounts of iron addition is shown in Figure 9. It is seen that FeCr2O4 starts to be 

reduced at around 1300 K. In the early stages of reduction ( <0.3) at lower temperatures, the 

effect of iron addition on the reduction of FeCr2O4 is not significant, as the reduction rates for 

different samples are almost the same. However, in later stages of the reduction occurring at 

higher temperatures, iron addition is seen to have a strong effect on the reduction rates. 

Higher reduction rates are observed with samples containing higher amounts of iron, and the 

phenomenon is more significant at higher temperatures. These results clearly indicate that the 

presence of iron in the FeCr2O4-graphite mixture enhances the reduction of FeCr2O4. 

The XRD analysis results for the fractional reduced samples of S1, S2, and S3 are shown in 

Figure 10. For sample S1, Cr2O3 is found to be an intermediate phase during the reduction, as 

it appears in the initial stage of the reduction, while it disappears in the later stage of the 

reduction. Chromium iron carbide, (Cr,Fe)7C3, is also found during the reduction. At the end 

of the reduction the products for sample S1 are mainly Fe-Cr-C alloy and (Cr,Fe)7C3. For 
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sample S2, the phases formed in different stages of the reduction are almost the same as that 

of sample S1. However, the intensities of Cr2O3 peaks and (Cr,Fe)7C3 peaks are very weak. 

The products for sample S2 are also mainly Fe-Cr-C alloy and (Cr,Fe)7C3. For sample S3, no 

Cr2O3 or (Cr,Fe)7C3 is found during the whole course of reduction. The product for sample S3 

is only Fe-Cr-C alloy.  

 

Figure 9 Effect of iron addition on the reduction of FeCr2O4 (Heating rate: 8 K/min).   

 

Figure 10 XRD spectrums of the fractional reduced samples with different amounts of iron 

addition.  
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Discussion 

The iron addition into the FeCr2O4-graphite mixture decreases the contacts of FeCr2O4 and 

graphite. However, the reduction is enhanced with iron addition in the FeCr2O4-graphite 

mixture. This indicates that the reduction of FeCr2O4 by graphite proceeds mainly via the 

indirect reactions. The enhancing effect of iron addition on the reduction of FeCr2O4 is due to 

the fact that the reduction of component Cr2O3 in FeCr2O4 is enhanced. This is because the 

reduction of component Cr2O3 amounts to 75% of the reduction of FeCr2O4, and the 

enhancing effect takes place especially in later stage of reduction (as shown in Figure 9), 

during which the reduction of Cr2O3 prevails (shown by XRD results in Figure 10). The 

enhancing effect of iron addition on the reduction of component Cr2O3 can be attributed to the 

catalytic effect of iron on the Boudouard reaction[52]. However, this may have to be ruled out, 

as the Boudouard reaction rate is likely to be very fast in the present experimental temperature 

range (1300-1723 K). Keiji et al.[53] investigated the carbothermic reduction of Cr2O3-Fe2O3 

(mole ratio 1:1). They found that the reduction of Cr2O3 was enhanced due to the addition of 

Fe2O3, and they attributed this enhancing effect to the formation of carbon-containing molten 

iron. In this investigation the enhancing effect started at a temperature of around 1350 K (as 

shown in Figure 9). Obviously, molten metallic phase is not likely to form at that temperature 

range when the Fe-Cr-C phase diagram is referred to. And this is further assured by referring 

to the DSC endothermic curve recorded during the reduction, which indicates that the 

formation of liquid phase starts at around 1573 K. Ma et al.[54] investigated the solid-state 

reduction in the Fe2O3–NiO–Cr2O3–C system. They found that Fe2O3 enhanced the complete 

reduction of Cr2O3 at a temperature lower than that required for reducing pure Cr2O3, and they 

attributed this enhancing effect to the formation of transitional compound ‘FeCr2O4’. This 

explanation may also have to be ruled out, since the metallic iron addition in this investigation 

doesn’t contribute to the formation of FeCr2O4. 

In the present investigation the enhancing effect of iron addition on the reduction of Cr2O3 is 

attributed to the presence of solid iron, which can decrease the activity of chromium by 

having chromium in situ dissolved in the iron. The iron reduced from FeCr2O4 is considered 

to have the same enhancing effect for the reduction of Cr2O3. Obviously, this enhancing effect 

is amplified due to the deliberate addition of iron. The added iron in the vicinity of unreduced 

particles serves as a sink for the as-reduced chromium. Higher amounts of added iron will 

enhance this, due to lower activities of chromium in the alloy, contributing thereby to the 

driving force for the reduction of component Cr2O3. There is no doubt that some carbon will 
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also dissolve into the iron, and the dissolution of carbon and chromium into the iron will lead 

to the formation of Fe-Cr-C solid solution. It is believed that the presence of carbon will 

further enhance the dissolution of chromium due to the negative interaction coefficient 

between chromium and carbon. The dissolution effect of chromium and carbon in the iron can 

be seen from the XRD spectrum of sample S3 by considering the shift and broadening of the 

diffraction peaks for Fe-Cr-C alloy phase at lattice plane (110), as shown in Figure 11. As the 

reduction proceeds, more and more carbon and chromium are dissolved in the iron. The 

interstitial dissolution of carbon in the iron and substitutional dissolution of chromium (the 

atom radius of Cr is bigger than that of Fe atom, 1.28 Å vs. 1.26 Å) in the iron both increase 

the crystal parameter of the alloy phase, leading to the diffraction peaks shifting to the 

direction of low angle (2 ). The broadening of the diffraction peaks indicates the existence of 

carbon and/or chromium gradients in the Fe-Cr-C alloy phase.  

 

Figure 11 Shift and broadening of the diffraction peaks at lattice plane (110) of the Fe-Cr-C 

alloy phase for sample S3 at different reduction degrees.  

Katayama et al. investigated the carbothermic reduction of FeCr2O4 and found that “the 

reduction of FeO component preceded that of Cr2O3” [55]. Their findings are in agreement with 

the results of the present investigation, since Cr2O3 is found to be the intermediate phase 

during the reduction of FeCr2O4. This indicates that the reaction in Equation (4) takes place in 

the initial stage of the reduction. In the later stage Cr2O3 will be reduced, and it is quite 

plausible that the reaction in Equation (5) takes place, since (Cr,Fe)7C3 is found to be the 

reduction product. For sample S1, the phase evolution during the course of reduction can be 
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generally depicted by the Fe-C-C phase diagrams at two evaluated temperatures, as shown in 

Figure 12. In the beginning of the reduction, the equilibrium phase, which is pure iron, starts 

to develop from ‘O’. As the reduction time elapses, chromium ions will be reduced from 

FeCr2O4, and Fe-Cr-C alloy forms due to the inter-diffusion of iron, chromium and carbon. As 

more and more chromium is reduced, (Cr,Fe)7C3 forms. The equilibrium composition of 

sample S1 after complete reduction would then be located around point CS1 (assuming that the 

reduction proceeds completely, as shown by the reaction in Equation (8), and there is no mass 

loss in other ways in the system), which is in good agreement with the final phases obtained 

for sample S1.  

Figure 12 Fe-Cr-C phase diagrams[56] at (a) 1473 K and (b) 1573 K. (After complete 

reduction, the equilibrium composition points of sample S1, sample S2 and sample S3 are 

located at CS1, CS2 and CS3, respectively.) 
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For sample S3, no Cr2O3 or (Cr,Fe)7C3 is found during the whole course of reduction. This 

may indicate that the reactions in Equation (6) and Equation (7) are greatly enhanced due to 

the addition of a considerable amount of iron. The phase evolution at equilibrium conditions 

would follow a pathway from ‘O’ to somewhere around ‘CS3’, which would not involve the 

formation of any (Cr,Fe)7C3. This is in good agreement with the results obtained for sample 

S3.   

The phase evolution during the reduction of sample S2 is generally the same as that of sample 

S1. However, it is believed that reactions in Equation (6) and Equation (7) are enhanced to 

some extent due to the addition of iron, and thus the equilibrium conditions should be located 

somewhere in the phase area around CS2, which is in good agreement with that obtained for 

sample S2. 

By combining the experimental results and the thermodynamic consideration, the reduction 

steps for different experimental samples can be generally described as: 

(1) Sample without iron addition: 1. FeCr2O4 is reduced to iron and chromium oxide; 2. 

chromium oxide is reduced to (Cr,Fe)7C3 by CO gas; 3. the final reduction products are 

Fe-Cr-C alloy and (Cr,Fe)7C3; 

(2) Sample with 80 wt.% iron addition: 1. FeO component and Cr2O3 component in FeCr2O4 

are reduced without the formation of Cr2O3 or (Cr,Fe)7C3; 2. the final reduction product is 

Fe-Cr-C alloy. 

4.1.2 Carbothermic reduction of chromite ore by petcoke 

TGA results and discussion 

Samples based on the mixture ‘chromite ore + petcoke’ (sample #3b as listed in Table 4) 

were investigated by TGA experiments to understand the carbothermic reduction process of 

chromite ore under non-isothermal conditions.  

Figure 13 shows the mass loss ‘m’ vs. time ‘t’ curve of the chromite ore reduction by petcoke. 

It can be seen that the reduction of chromite ore starts at around 1513 K. The mass loss below 

this temperature is due to the loss of volatiles in the chromite ore and the reduction of traces 

of miscellaneous oxides that may exist in the chromite ore. The mass loss observed 

experimentally, 44.5 mg, is close to the theoretically calculated value, 43.9 mg, based on the 

composition of the chromite ore shown in Table 3 and the reaction in Equation (9). This 

confirms that during the reduction one mole of carbon only takes one mole of oxygen and the 
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gaseous by-product of the reduction should be CO gas. It is noted that the experimental value 

is slightly higher than the theoretical value, even though the mass loss at low temperatures has 

been deducted. This is due to the reduction of SiO2 and MgO in the chromite ore at high 

temperatures (confirmed by SEM/EDS observations). 

To conduct the analyses of TGA experimental data the mass loss ‘m’ vs. ‘t’ curve was 

transformed as reduction rate ‘dm/dt’ vs. time ‘t’ curve, as shown in Figure 14. The nature of 

the ‘dm/dt’ vs. time ‘t’ curve indicates the complexity of the chromite ore reduction under 

prevailing non-isothermal conditions. According to the non-continuous changes in the 

reduction rate function, the process of chromite ore reduction is divided into four stages 

(Stage I to IV, as shown in Figure 14).  

 
Figure 13 Mass loss ‘m’ vs. time ‘t’ curve for the reduction of chromite ore by petcoke 

(heating rate: 15 K/min). 

 

Figure 14 Reduction rate ‘dm/dt’ vs. time ‘t’ curve and division of reduction stages (Stage I- 

IV). 
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A comparison of the reduction curves between the loosely packed sample and the pellet 

sample is shown in Figure 15. It can be seen that the two samples tend to reach the same 

degree of reduction at the end of the reduction process. However, the reduction of the pellet 

sample proceeds faster in the initial stage but slower in the later stage. This is due to the fact 

that there are different reduction mechanisms during the initial stage and later stage. In the 

initial stage the reduction proceeds mainly by limited direct reactions (solid-solid reactions). 

A faster reduction rate for the pellet sample in the initial stage is mainly attributed to the fact 

that that direct reactions are promoted in the pellet sample. The promotion is due to the fact 

that: (1) the contacts between carbon and oxide particles  greatly increased in the pellet 

sample, especially when considering the pressing pressure (2.6 Gpa) as well as the particle 

sizes of chromite ore fines ( 30 m) and petcoke fines ( 20 m) used in this study; (2) the 

heat conduction is significantly increased, when considering an endothermic process of the 

direct reactions. In the later stage the gas-solid reduction starts to prevail in the reduction and 

diffusion of the reaction gas could be the controlling step of the reaction. Since the diffusion 

of CO and CO2 gas is more difficult in the pellet sample than that in the loose sample, the 

reduction rate and reduction extent of the pellet sample is lower than that of the loose sample 

in the later stage. 

Figure 15 Comparison of the reduction curves between the loosely packed sample and the 

pressed pellet sample. (Free sample: sample packed loosely; pellet sample: sample pressed 

into pellet under 2.6 GPa.) 
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SEM/EDS results and discussion 

The SEM micrographs of the fractional reduced samples quenched from 1473 K, 1573 K, 

1623 K and 1673 K are shown in Figure 16, and these micrographs characterize the state of 

the samples at their respective temperature. It can be seen that: (1) at 1473 K the fractional 

reduced sample was still, roughly, a mixture of carbon and chromite ore, in which the 

chromite ore showed no significant changes compared to the way it was before the reduction; 

(2) at 1573 K some metallic beads (~1μm in diameter) formed on the surfaces of chromite ore 

and these beads were metallic iron with some chromium; when the composition of the 

fractional reduced ore at this temperature was compared with that at 1473 K it was found that 

chromium was concentrated in the ore, whereas iron was depleted in the ore; (3) at 1623 K the 

size of the metallic beads increased and a greater fraction of chromium was found in these 

beads; at the same time more chromium was concentrated in the ore and more iron was  

Figure 16 SEM micrographs of the fractional reduced samples quenched from (a) 1473 K, (b) 

1573 K, (c) 1623 K and (d) 1673 K. (The information in brackets shows the EDS results of 

the atom ratios of selected elements.) 
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depleted in the ore; (4) at 1673 K the beads became bigger with a greater fraction of 

chromium than that at 1623 K, while the chromium concentration in the fractional reduced ore 

decreased and the iron concentration in the ore reached a very low value. The SEM/EDS 

results indicate that: (1) the iron ions in the chromite ore are preferentially reduced, and then 

chromium ions in the ore are reduced; (2) the reduction of iron ions and chromium ions in the 

ore overlaps to some degrees. This phenomenon is consistent with other investigators’ 

observations [35]. 

XRD results and discussion 

The XRD analyses of the fractional reduced samples quenched from 1373 K, 1473 K, 1573 K, 

1623 K, 1673 K and the completely reduced sample are shown in Figure 17. It can be seen 

that: (1) at 1373 K the spectrum of chromite ore had no significant differences as compared to 

the raw materials, since no new phase appeared and the Bragg positions of the chromite ore 

were exactly the same as that of the raw materials; (2) at 1473 K the spectrum had no visible 

differences with that at 1373 K, but a shift of the spectrum to the direction of high diffraction  

 
Figure 17 XRD spectrums of the fractional reduced samples quenched from (a) 1373 K, (b) 

1473 K, (c) 1573 K, (d) 1623 K, (e) 1673 K, and XRD spectrum of (f) the completely reduced 

sample.  
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angle (2 ) was observed (shown later in Figure 18); (3) at 1573 K metallic phase was 

detected as the new phase; (4) at 1623 K the metallic phase developed, and chromium iron 

carbide, (Cr,Fe)7C3, was detected; (5) at 1673 K the metallic phase and the carbide phase both 

developed as the reduction proceeded; (6) after complete reduction (Cr,Fe)7C3 became the 

minor phase, which indicated that this carbide phase was an intermediate phase, since it 

formed and then was consumed at temperatures higher than 1673 K; the metallic phase was 

the dominant phase in the product and unreduced spinel phase also remained.  

Besides the phase changes, gradual shifts of the diffraction angles (2 ) are observed for the 

metallic phase and the spinel phase, respectively. This is demonstrated in Figure 18. For the 

metallic phase it is believed that the metallic phase contains more iron than chromium in the 

initial stage of reduction, since iron ions tends to be reduced from the chromite ore first, as 

shown from the SEM/EDS results in Figure 16. As the reduction proceeds, more and more 

chromium ions from the ore are reduced and the as-formed chromium dissolves in the iron. 

This would increase the crystal parameter of the metallic phase and lead to the shift of the 

diffraction peaks to the direction of low diffraction angle (2 ), because the atom radius of Cr 

is bigger than that of Fe (1.26 Å vs. 1.28 Å for Cr). In the spinel phase (fractional reduced 

chromite ore) the radius of Fe2+ ions is bigger than that of Mg2+ ions (0.59 Å vs. 0.62 Å for 

Fe2+) and the radius of Cr3+ ions is bigger than that of Al3+ ions (0.53 Å vs. 0.62 Å for Cr3+)[57]. 

The depletion of Fe2+ ions would leave a higher fraction of Mg2+ in the tetrahedral sites of the 

spinel and the depletion of Cr3+ ions would leave a higher fraction of Al3+ ions in the 

octahedral sites of the spinel. As the reduction proceeds to a higher degree, as well as the 

sequential depletion of Fe2+ ions and Cr3+ ions in the spinel structure, the crystal parameters of 

the spinel decreases, finally leading to the shift of diffraction peaks to the direction of higher 

diffraction angle (2 ). The Bragg positions of two different kinds of metallic phases and 

several different kinds of spinel phases are also marked in Figure 18. It is believed that: (1) 

the metallic phase is stoichiometrically close to pure iron below 1573 K and close to iron 

chromium (CrFe4) above 1673 K; (2) the spinel phase is stoichiometrically close to 

(Mg,Fe)(Cr,Al)2O4 below 1573 K, close to Mg(AlCr)O4 at around 1623 K, and the spinel 

phase becomes MgAl2O4 after complete reduction.  

The peak broadening of the XRD spectrum for the fractional reduced sample with respect to 

the spinel phase is also observed in Figure 18 for the sample quenched from 1673 K. This 

peak broadening indicates that there is a composition gradient in the spinel phase or, more 

specifically, there is a chromium gradient in the spinel phase of this fractional reduced sample, 
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since most part of iron in the chromite ore has been reduced at temperatures lower than 1623 

K. However, the peak broadening of the XRD spectrum is not observed for the samples 

quenched from the temperatures at and below 1623 K. Taking the sample quenched from 

1623 K as an example, the reduction degree is around 50% and no significant peak 

broadening of the spectrum is observed. This peak broadening of XRD spectrum is in accord 

with the zoning effect that Soykan et al.[38] observed for the fractional reduced samples. 

However, Soykan et al.[38] showed that zoning could even be observed at a reduction degree 

as low as 27.5%. The discrepancy may be due to the differences with respect to the size of the 

chromite ores and experimental conditions used by different investigators. 

 
Figure 18 Shift in angle (2 ) of the diffraction peaks at lattice plane (311) and lattice plane 

(400) of the spinel phase, and at lattice plane (110) of the metallic phase for the fractional 

reduced samples quenched from different temperatures. (*Bragg positions are derived from 

ICDD PDF-2 database[58].)  

Reduction stages 

In an inert atmosphere the reduction of metal oxide by carbon initiates via solid-solid (carbon-

metal oxide) reaction. When the carbon and metal oxide are separated by a product layer the 

reaction proceeds via gas-solid (CO-metal oxide) reaction, and a coupling phenomenon of 
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carbon gasification and metal oxide reduction occurs[59]. By combining the TGA results, SEM 

and XRD results, the reduction of the chromite ore under present non-isothermal condition 

can be divided into four stages, as shown in Figure 14.  

Stage I involves the reduction of iron ions in the chromite ore. The reduction of iron ions in 

the ore includes two different processes, i.e., limited solid-solid reduction by carbon and 

dominant gas-solid reduction by CO, which is formed via the Boudouard reaction. From the 

SEM/EDS results it is also apparent that a small amount of chromium ions is reduced in the 

later period of Stage I due to the overlapping reduction of iron ions and chromium ions in the 

chromite ore. The reduction product for this stage is assumed to be a high-Fe low-Cr alloy 

with some carbon. 

Stage II involves the reduction of chromium ions in the ore. As reduction of iron ions in the 

ore proceeds, chromium accumulates in the ore, and when the activity of component MgCr2O4 

in the chromite ore exceeds a certain value that is determined by the reduction temperature, 

the reduction of chromium ions in the ore starts. In this stage, the reduction proceeds mainly 

by gas-solid reduction, and the reducing gas CO is generated via the gasification of carbon. 

The new reduction product in this stage is (Cr,Fe)7C3. And as the reduction proceeds, the 

proportion of Cr in (Cr,Fe)7C3 increases. 

Stage III involves the further reduction of chromium ions in the ore in the presence of liquid 

metallic phase. The change in the reduction rate at temperatures higher than 1673 K, as shown 

in Figure 14, can be attributed to the formation of a liquid metallic phase with high iron 

content. The liquid metallic phase will have a solubility for carbon and, hence, some of the as-

formed (Cr,Fe)7C3 will be dissolved in the liquid. As free carbon is almost or totally 

consumed the reduction proceeds between the interfaces of liquid metal and fractional 

reduced ore. It is believed that some (Cr,Fe)7C3 may also be acting as the reductant. The 

reduction of chromium ions in the ore in this stage depends on: (1) the presence of solid state 

(Cr,Fe)7C3 in the vicinity of the chromite ore and/or on the gasification of carbon in the 

(Cr,Fe)7C3 to provide the reductant, and (2) on the wettability between the liquid metallic 

phase and the fractional reduced chromite ore as well as the concentration of carbon in the 

liquid phase. The new reduction product in this stage is a high-Cr low-Fe alloy with some 

carbon. 

Stage IV involves final reduction of chromium ions in the ore in the presence of liquid phase. 

In this stage the reduction is very slow. This is probably due to the fact that that: (1) the 
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carbon in the sample is almost or totally consumed; and (2) the activity of reducible 

component, MgCr2O4, becomes very low. 

Activity aspects of chromite ore during reduction 

Generally, the chromite ore can be treated as FeCr2O4-MgCr2O4-MgAl2O4 pseudo-ternary 

spinel-structure solid solution coexisting with (Cr,Al)2O3
[60]. In this sense, the activity of each 

reducible component (component FeCr2O4 and component MgCr2O4 in the ore) cannot be 

considered to be unity. Taking the chromite ore used in present study as an example, the 

activities of component FeCr2O4 and component MgCr2O4 can be calculated according to 

Equation (11) and Equation (12)[60], respectively.  

RTln FeCr2O4 = – 12,800 N2
MgCr2O4 – 92,000 N2

MgAl2O4 – 74,800 NMgCr2O4 NMgAl2O4    (J)   (11)

RTln MgCr2O4 = – 12,800 N2
FeCr2O4 – 30,000 N2

MgAl2O4 + 49,200 NMgCr2O4 NMgAl2O4    (J) (12)

where i and Ni denote the activity coefficient of the component i, and the mole fraction of 

component i, respectively. By assuming that (a) the reduction of chromium ions in the 

chromite ore starts after the completion of reduction of iron ions in the ore and (b) the 

chromite ore always keeps a perfect spinel structure during the reduction, the activity change 

of component FeCr2O4 and component MgCr2O4 as a function of the reduction degree can be 

estimated, as shown in Figure 19.  

It is seen that, before the start of reduction, the activity of component FeCr2O4 in the chromite 

ore is 0.330, while the activity of component MgCr2O4 is 0.039, both of which are far less 

than unity. As the reduction proceeds, iron ions in the chromite ore will be reduced first, then 

less and less component FeCr2O4 will be present in the ore and the activity of FeCr2O4 will 

decrease. In an opposite way, the component MgCr2O4 will accumulate in the ore and the 

activity of MgCr2O4 will increase accordingly. As the reduction of chromium ions in the 

chromite ore starts, the activity of component MgCr2O4 starts decreasing. By taking 

consideration of the Gibbs free energy of the reaction in Equation (3), it is believed that the 

reduction of chromium ions in the ore will be extremely difficult when the activity of 

component MgCr2O4 reaches a very low value. This can hinder the direct chromium alloying 

by chromite ore in the induction furnace or EAF with respect to a high chromium yield, if the 

reduction rate cannot be increased by some means.  
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Figure 19 A mathematic description of the activity changes of the components, FeCr2O4 and 

MgCr2O4, in the chromite ore as a function of reduction degree under different isothermal 

conditions. (The discontinuity of the activity lines is due to the assumed precipitation of Al2O3 

or MgO from the system FeCr2O4-MgCr2O4-MgAl2O4; the degree of reduction is defined as: 

amount of oxygen removed from the system FeCr2O4-MgCr2O4-MgAl2O4 / amount of 

removable oxygen in the system FeCr2O4-MgCr2O4-MgAl2O4.) 

Carbothermic reduction of chromite ore is a complex process. Besides the activity of each 

reducible component in the ore, the reduction is also closely related to the reduction 

temperature, the state of the reduction products (metallic phase or carbide), as well as 

PCO/PCO2. The difficulty in the reduction of the chromite ore lies in the fact that, as the 

reduction proceeds to a high degree, the activity of the component MgCr2O4 in the fractional 

reduced ore will reach a very low level.  

4.1.3 Carbothermic reduction of chromite ore by petcoke in the presence of mill scale 

To change the thermodynamic and kinetic conditions towards higher degree of chromite ore 

reduction, the reduction behavior of a designed mixture, ‘chromite ore + mill scale + petcoke’, 

is studied. Samples studied by TGA experiments to evaluate the effect of mill scale addition 

on the carbothermic reduction of chromite ore are listed in Table 4. 

TGA results and discussion 

The effect of mill scale addition on the kinetics of the reduction was tested with two different 

amounts of mill scale addition, i.e., 78 wt.% (sample #1b) and 38 wt.% (sample #2b) with 
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respect to the sum of mill scale and chromite ore in the sample. The sample without mill scale 

addition (sample #3b) was tested as  reference sample. Figure 20 shows the 

experimental results. It can be seen that the reduction of sample #1b and sample #2b 

proceeds earlier than that of sample #3b, and a two-stage reduction process can be seen for 

samples #1b and #2b. The first stage of the reduction, almost completes before 1573 K, is 

attributed to the reduction of mill scale, and the second stage, which starts at 1573 K, is 

attributed to the reduction of chromite ore. This is confirmed by the XRD results to be 

discussed later. It can also be seen that the reduction rate and extent with respect to the 

chromite ore increase with increasing mill scale addition. This means that the presence of 

mill scale, or the as-reduced iron from mill scale, kinetically enhances the reduction of 

chromite ore. It is noted that the reduction degrees for the samples are greater than 1, and 

this is due to the reduction of SiO2 and MgO in the chromite ore. 

Figure 20 Reduction degrees vs. time for the reduction of chromite ore with different 

amounts of mill scale addition. (#1b: 78 wt.% addition; #2b: 38 wt.% addition; #3b: no 

addition.) 

The reduction degree curves for the samples with 10 wt.% (#1a, #2a), 20 wt.% (#1b, #2b) and 

30 wt.% (#1c, #2c) excess amount of carbon are shown in Figure 21. It can be seen that, 

generally, the reduction rate and extent increases with increasing amount of carbon addition. 

The effect of carbon amount on the reduction rate for the first-stage reduction is mild. This is 

because reduction of iron ions is believed to be dominating in this step and there is already a 

surplus of carbon for this reduction. However, a high carbon amount significantly improved 

the chromite ore reduction taking place in the second-stage reduction. This is attributed to the 
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fact that an excess amount of carbon can decrease the activity of the as-reduced chromium via 

the formation of chromium carbide and thus enhances the reduction process.  

 
Figure 21 Reduction degrees vs. time for the reduction of chromite ore with different excess 

amounts of carbon. (#1a, #2a: 10 wt.% excess; #1b, #2b: 20 wt.% excess; #1c, #2c: 30 wt.% 

excess.) 

 
Figure 22 Reduction degrees vs. time for the reduction of chromite ore with mill scale 

addition: a comparison of the loosely packed samples and the pressed pellet samples. (Free 

sample: sample packed loosely; pellet sample: sample pressed into pellet under 2.6 GPa.) 

Figure 22 presents a comparison between the loosely packed samples and pressed pellet 

samples. It is seen that the pellet samples have a higher reduction rate for the first stage of 

reduction than the loosely packed samples. This can be explained by the closer contacts of 

particles for the pellet samples, which will enhance the solid/solid reduction in the initial first-
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stage reduction. However, the differences in the reduction rate between pellet samples and 

loosely packed samples in the second stage of the reduction are not so significant. This is due 

to the fact that that the gas/solid reduction prevailed in the later stage of the reduction.  

SEM/EDS and XRD results and discussion 

The SEM images of the fractional reduced samples quenched from 1373 K, 1573 K, 1623 K 

and 1673 K are shown in Figure 23. By combining the EDS analysis results, it is found that: 

(a) at 1373 K mill scale was reduced to porous sponge-type metallic iron and some carbon 

was picked up in the iron; no significant changes were found with the chromite ore particles, 

since at this temperature the reduction of chromite ore would not have started yet; (b) at 1573 

K the as-formed sponge iron grew and coalesced together to form a network structure, in 

which the chromite ore particles were surrounded; some chromium were also found in the 

metallic phase, and the chromium can be either from the reduction of mill scale or from 

chromite ore; (c) at 1623 K the metallic iron grew and were less porous than that at 1573 K, 

and the chromite ore was found to be covered by the metallic iron shells; (d) at 1673 K 

globular metallic beads were observed and some slag formed, either entrapped in the metallic 

phase or present at the surface of the metallic beads. 

 
Figure 23 SEM micrographs of the fractional reduced samples #1b quenched from (a) 1373 K, 

(b) 1573 K, (c) 1623 K and (d) 1673 K.         
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The XRD analyses of the fractional reduced samples for sample #1b and sample #2b 

quenched from 1173 K, 1373 K, 1473 K, 1573 K, 1623 K and 1673 K are shown in Figure 24. 

Two sequential reduction steps were observed:  

 
Figure 24 XRD spectrums of the fractional reduced samples (#1b and #2b) that were 

quenched from (a) 1173 K, (b) 1373 K, (c) 1473 K, (d) 1573 K, (e) 1623 K and (f) 1673 K. 

(1) Reduction of iron ions from mill scale and chromite ore. This first reduction step started at 

around 1273 K, as can be seen from Figure 20. From Figure 24 it is seen that wüstite 

occurred as a new phase at 1373 K and disappeared in later stage of the reduction. This 

indicates that the reduction of trivalent iron ions in the mill scale experiences the sequence 

of ‘Fe3+ Fe2+ Fe’. The reduction of iron ions from chromite ore started at temperatures 

higher than 1473 K, since the Bragg positions of spinel phase (fractional reduced chromite 

ore) started to change afterwards. At 1473 K the sample was a mixture of reduced iron, 

chromite ore, carbon and unreduced residue from the mill scale (estimated to be FeCr2O4).  

(2) Reduction of chromium ions from mill scale and chromite ore. This second reduction step 

started at around 1573 K, as can be seen from Figure 20. Due to the activities of the 

reducible components in chromite ore being less than unity, it is believed that the 

reduction of chromium ions from mill scale proceeds before that of chromium ions from 
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chromite ore. At 1623 K two kinds of carbide, (Cr,Fe)7C3 and Cr2Fe14C, occurred; at 1673 

K Cr2Fe14C decreased, while (Cr,Fe)7C3 developed.  

As the reduction of chromite ore proceeds, the diffraction peaks of the spinel phase (chromite 

ore) will shift from low angle (2 ) direction to high angle (2 ) direction due to the depletion 

of Fe and Cr from the chromite ore, and the extent of this shift corresponds to the extent of the 

reduction. A close examination of the diffraction peaks of the spinel phase for different 

samples quenched from 1623 K and 1673 K is shown in Figure 25. It can be seen that: (a) at 

1623 K no significant difference with respect to the Bragg positions of the spinel phase was 

observed among different samples, which means that the extents of the reduction of chromite 

ore among different samples at 1623 K were almost the same, i.e., the presence of mill scale 

and its products have no effect on the reduction of chromite ore; (b) at 1673 K dramatic 

changes with respect to the Bragg positions of the spinel phase were observed among samples 

with different amounts of mill scale addition. It is seen that at 1673 K the diffraction angles 

(2 ) with respect to the spinel phase of samples #1b, #2b and #3b have the following 

relationship:  

(2 ) sample #1b at 1673 K > (2 ) sample #2b at 1673 K > (2 ) sample #3b at 1673 K   (13)

 

Figure 25 Comparison of the Bragg positions of spinel phase (chromite ore) for sample #1b, 

sample #2b and sample #3b quenched from (a) 1623 K and (b) 1673 K. 

This indicates that at 1673 K a higher reduction extent was obtained for the samples with 

higher amounts of mill scale addition. The Bragg positions of the spinel phase for sample #1b 

at 1673 K are quite close to that of MgAl2O4. This means that the reduction of chromite ore 

for this sample was nearly complete at around 1673 K. These observations are consistent with 
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the TGA results (shown in Figure 20) that the presence of mill scale or its products 

kinetically enhances the reduction of chromite ore. However, it seems that the enhancing 

effect only occurs at temperatures higher than 1623 K.  

Reduction mechanism 

From the experimental results shown above, it is concluded that the presence of iron (reduced 

from mill scale) can enhance the reduction of chromite ore. Actually, the iron reduced from 

the chromite ore has the same effect. This is confirmed by Nafziger et al., who investigated 

the reduction of two chromite ores that had different Fe/Cr ratios and found that chromite ore 

having higher total iron contents would be reduced more rapidly[35]. Obviously, the deliberate 

addition of extra mill scale in this investigation amplified this effect. As discussed before, the 

enhancing effect of iron on the reduction of chromite ore cannot be attributed to the catalytic 

effect of iron on the Boudouard reaction[52], because the enhancing effect is only found at 

temperatures higher than 1623 K, while the Boudouard reaction is not likely to be the rate-

controlling step at this temperature range[42].  

In the present investigation, the enhancing effect of the iron on the reduction of chromite ore 

can be explained as follows: (a) iron in the vicinity of chromite ore provides nucleation sites 

for the newly reduced chromium from the chromite ore; (b) the presence of iron decreases the 

activity of the newly reduced chromium from the chromite ore, and this is further accentuated 

due to the negative interaction coefficient between chromium and carbon. It is noted that the 

enhancing effect took place at temperatures higher than 1623 K. This is probably the 

temperature around which the reduction of chromium ions from chromite ore started to 

prevail. It is evident from the Fe-Cr-C phase diagrams that at temperatures higher than 1623 

K, liquid Fe-Cr-C phase forms. Therefore, the enhancing effect of mill scale addition on the 

reduction of chromite ore, in this case, is attributed to the presence of molten Fe-Cr-C phase, 

which can dramatically decrease the activity of chromium by enabling chromium in situ to 

dissolve into the melt.  

In summary, the reduction mechanism of chromite ore in the presence of mill scale is 

considered to consist of a number of consecutive steps: 

(1) Reduction of mill scale by carbon occurs at relatively low temperatures. Since the mill 

scale used is in micron scale and homogeneously mixed with chromite ore, the mill scale 

is reduced to small iron particles in the same scale and highly disseminated around 

chromite ore particles. The as-reduced iron has very high active surfaces and carbon will 
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dissolve in the iron. The dissolution of carbon in the iron is validated by SEM/EDS 

analysis results, and this is also consistent with Bagatini et al.’s observation that carbon 

was picked up by iron during the reduction of mill scale[61]. 

(2) As temperature increases, more and more carbon diffuses into the as-reduced iron, and the 

(3) Chromite ore is reduced directly or indirectly by carbon in the mixture as well as the 

carbon in the molten Fe-C phase, and the as-reduced chromium is in situ dissolved into 

the Fe-C melt. The reduction of chromium ions in the chromite ore is enhanced due to the 

presence of this molten phase, which dramatically decreases the activity of the as-reduced 

chromium.  

(4) Fe-Cr-C alloy is formed with inter-diffusion of iron and chromium. 

4.2 Induction furnace experiments 

Figure 26 shows the samples obtained after induction furnace experiments. It can be seen that, 

for sample N1-1 (chromite ore + petcoke), no visible metallic droplets formed; for sample 

N1-2 (chromite ore + petcoke + iron powder, the ratio of nominal FeCr2O4 in the chromite ore 

to iron powder is 3:2), the droplets formed had an average diameter of 1-2 mm; for sample 

N1-3 (chromite ore + petcoke + iron powder, the ratio of nominal FeCr2O4 in the chromite ore 

to iron powder is 1:4), both ingot and droplets formed. Sample N2-4 shows a typical image 

that can represent all the samples in Group 2 and Group 3, in which the ingots are well 

separated from slags. The typical SEM micrographs and composition analysis (by EDS) of the 

droplets formed in N1-2, the ingot formed in N1-3, the droplets embedded in the slags in N1-

3s and the ingots formed in Group 2 and Group 3 are shown in Figure 27 and Table 7, 

respectively. In Group 1 the chromium yield for sample N1-2 is 87.2%. For sample N1-3, the 

average chromium content in the ingots is 1.6%, which is far lower than the theoretical value. 

However, a high content of chromium (54.5%) is found in the droplets which were closely 

embedded in and between the slags. A possible reason for this could be that, during the 

heating process, the iron in the mixture melted down before all the ore was reduced. The 

small trace of iron left in the slags assimilated the chromium, but failed to coalesce to form 

big droplets or ingots, probably because of the high viscosity of slags in the mixture. After the 

experiments samples N1-1, N1-2 and N1-3 were sieved and magnetic separation was 

employed in order to remove the entrapped iron alloys and get the slags with relatively higher 
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purity. The XRD results of the slags show that MgAl2O4 spinel phase is the main phase in the 

slags, while no chromite ore or chromium oxide are detected. This confirms that the 

chromium ions in the ore mixture are almost completely reduced. In Group 2 a slag-forming 

mixture was added in the alloying mixture and a higher Cr yield was obtained both for using 

iron powder and iron scrap. However, it seems that, with respect to Cr yield, it is more 

advantageous if slag phase is positioned above the alloying mixture rather than being mixed 

with alloying mixtures, and iron powder is more effective than iron scrap. In Group 3 the 

slag-forming mixture was added into the mixture after complete reduction of the alloying 

mixture. In this case Cr yield, by using iron scrap, is almost 90%.  

Figure 26 Samples (N1-1, N1-2, N1-3 and N2-4) obtained after induction furnace 
experiments. 

Figure 27 SEM micrographs of the ingots/droplets obtained after induction furnace 
experiments.

The ingots and final slags obtained from samples N2-3 and N3 were also analysed at 

Uddeholms AB, Sweden. The results are shown in Table 8. These results show good 

agreement with the results from SEM/EDS analyses, with respect to Cr and Fe, and the mass 

balance of Cr and Fe in ingots and slags shows good agreement with that from chromite ore 

and iron scrap. The inconsistency of Al2O3 is due to the slight dissolution of alumina crucible 

in which the samples were contained.  
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Table 7 SEM/EDS analyses of the droplets/ingots obtained after induction furnace 
experiments.  

 Element Phase 1 
/wt.%

Phase 2 
/wt.%

Area scanning 
/wt.%

Cryield
/wt.%

N1-2 Cr 21.4 72.17 29.3 87.2 Fe 78.6 27.83 70.7 

N1-3 
 

N1-3s* 

Cr 1.0 4.14 1.6 

-- Fe 99.0 95.9 98.4 
Cr 84.7 -- 54.5 
Fe 15.4 -- 45.5 

N2-1 Cr 5.3 28.7 9.1 92.4 Fe 94.7 64.2 90.9 

N2-2 Cr 4.7 28.7 8.5 86.3 Fe 95.3 71.3 91.5 

N2-3 Cr 6.9 40.9 7.8 79.6 Fe 93.1 50.1 92.2 

N2-4 Cr 5.0 35.8 5.8 58.9 Fe 95.0 64.2 94.2 

N3 Cr 7.3 53.3 8.8 89.4 Fe 92.7 46.7 91.2 
*For N1-3s, the metallic phase embedded in the slags was analyzed.  

Table 8 Composition analyses of the slags and ingots for sample N2-3 and sample N3 by 
Uddeholms AB, Sweden. 

Composition analyses of the slags (wt. %) 
 CaO Al2O3 MgO SiO2 FeO Cr2O3 CaF2 MnO P2O5 V2O5 TiO2 S 

N2-3 24.0 33.0 6.16 30.5 1.4 5.18 <0.5 1.41 <0.02 0.12 0.34 0.004 
N3 35.0 27.7 6.95 26.1 0.62 2.73 <0.5 0.98 <0.02 0.05 0.35 0.010 

             
Composition analyses of the ingots (wt. %) 

 C Si Mn P S Cr Ni Mo W Nb V  
N2-3 1.68 0.1 0.18 0.02 0.0057 7.55 0.08 <0.01 <0.01 <0.01 0.02  
N3 0.97 0.22 0.14 0.02 0.0058 8.89 0.06 <0.01 <0.01 <0.01 0.04  

Generally, the present chromium alloying process consists of two steps: (a) the reduction of 

chromite ore; (b) the separation of metallic phase and slag phase. Step (a) can be reached by 

appropriate thermodynamic and kinetic conditions, viz., temperature, particle size, the 

presence of iron, etc. The results from TGA experiments and induction furnace experiments 

confirm the thermodynamic and kinetic aspects of using iron, chromite ore and carbon as 

mixture for chromium alloying. Step (b) can be realized when temperature is high enough, 

and the composition of the slag is appropriate to get the final liquid slag which has lower 

viscosity and good wettability to ensure the coalescence of the metallic droplets. Assuming 

that all the chromite can be reduced in every case in Group 1, the final composition of slags 

should be around 43.5 wt.% of Al2O3, 39.9 wt.% of MgO, 14.5 wt.% of SiO2 and 2.2 wt.% of 

CaO. The melting point of this slag is around 2273 K, by referring to the MgO-Al2O3-SiO2 

phase diagram[62] shown in Figure 28. Therefore, it is necessary to adjust the composition of 

the slag to ensure high Cr yield in the final product. In Group 2, by adding the slag-forming 
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mixture (mixture of CaO, Al2O3 and SiO2) in the alloying mixture, the melting point of slag 

could be lowered to around 1573 K, and finally the Cr yield could be increased to some extent, 

but still, a lot of chromite is lost to the slag phase. This is attributed to the following factors:  

Figure 28 MgO-Al2O3-SiO2 phase diagram[62]: the estimated slag composition (mainly MgO, 

Al2O3 and SiO2) after complete reduction of chromite ore is shown with a circle.  

(1) During the reduction process, the presence of the slag disseminated between the chromite 

ore and carbon can either reduce the chromite ore-carbon contacts or hinder the diffusion 

of gas species (CO and CO2), thus decreasing the reaction rate;  

(2) Some chromite may dissolve in the slags, and in this case the reduction will be retarded 

because, on one hand, the reduction progressed slowly between the interface of carbon 

and slags at low temperatures, or at high temperatures between the interface of melts and 

slags by carbon dissolved in the melts. On the other hand, the dissolution of chromite into 

slags would decrease the activity of chromite, and then also slow down the reduction. This 



44 

is confirmed by the fact that Cr yield is higher if the slag phase was placed above the 

alloying mixture than mixed with the alloying mixture.  

It is also apparent that iron powder seems to be more effective than iron scrap, since the 

former has larger active surface area than iron scrap and can be homogenously disseminated 

between the chromite ore. When chromite ore is reduced, chromium can instantly be 

dissolved in the iron. This explanation is confirmed by the TGA results discussed earlier. In 

Group 3 there is still some chromium lost in the slag phase, though the Cr yield in the ingots 

is already very high. The possible reason for this may be that, during the addition of slag-

forming materials, some oxygen (from the air) might have been introduced into the reduced 

sample, and the chromium was re-oxidized and entered the slags. Therefore, in a better 

controlled atmosphere during slag addition, a higher chromium yield can be expected.  

4.3 Summary 

The effect of iron addition on the reduction of synthetic FeCr2O4 by graphite was examined 

by TGA experiments. It is found that the presence of iron can enhance the reduction process 

and the enhancing effect increases with increasing iron addition. This is attributed to the fact 

that the iron can decrease the activity of as-reduced chromium. The effectiveness of using 

‘chromite ore + iron scrap/iron powder + petcoke’ for direct chromium alloying was 

examined by induction furnace experiments. It is found that chromium yield from chromite 

ore can reach 90 wt.% and iron powder is more effective than iron scrap with respect to 

chromium yield.  

Since it is not suitable to use commercial iron powder in the production process, the use of 

‘chromite ore + mill scale + petcoke’ as an alloying precursor for direct chromium alloying is 

proposed. The effect of mill scale addition on the reduction of chromite ore by petcoke was 

examined by TGA experiments. It is found that reduction of chromite ore is enhanced with 

the addition of mill scale at temperatures higher than 1623 K. The enhancing effect is 

attributed to the presence of molten Fe-Cr-C phase, which can dramatically decrease the 

activity of chromium by having chromium in situ dissolved into the melt.  

‘Chromite ore + mill scale + petcoke’ is regarded as a suitable direct alloying precursor. The 

application of this precursor for direct chromium alloying could be a promising way to 

produce Cr-bearing steels by using raw material chromite ore and the industrial by-product 

mill scale.  
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5 Conclusions 

TGA experiments have been done with the mixture ‘FeCr2O4 + iron powder + graphite’ to 

investigate the effect of iron addition on the carbothermic reduction of FeCr2O4. It is found 

that the metallic iron in the mixture enhances the reduction of FeCr2O4 and the enhancing 

effect increases with increasing iron addition. The enhancing effect of iron addition on the 

reduction of FeCr2O4 is due to the fact that the reduction of component Cr2O3 in FeCr2O4 is 

enhanced. This enhancing effect is attributed to the presence of solid iron which can decrease 

the activity of chromium by having chromium in situ dissolved in the iron. No Cr2O3 or 

(Cr,Fe)7C3 is found during the reduction of FeCr2O4 with 80 wt.% iron addition. 

TGA experiments have been done with the mixture ‘chromite ore + petcoke’ to investigate the 

carbothermic reduction process of chromite ore. It is found that the reduction of iron ions in 

the chromite ore starts before that of chromium ions in the ore and the reduction of iron ions 

and chromium ions in the ore overlaps to some degree. (Cr,Fe)7C3 is found to be the 

intermediate phase during the reduction and a chromium gradient is found in the spinel phase 

of the fractional reduced sample at 1673 K. A four-stage reduction process has been proposed 

for the reduction of the chromite ore under non-isothermal conditions. Stage I involves the 

reduction of iron ions in the chromite ore by direct and indirect reactions; Stage II involves 

the reduction of chromium ions in the chromite ore by indirect reactions; Stage III involves 

the reduction of chromium ions in the chromite ore in the presence of liquid metallic phase; 

Stage IV involves the final reduction with a slow reduction rate. The activity aspects of 

component FeCr2O4 and component MgCr2O4 in the chromite ore are considered. As the 

reduction proceeds, the activity of component FeCr2O4 in the ore decreases, while the activity 

of component MgCr2O4 in the ore first increases and then decreases. The difficulty in the 

reduction of the chromite ore lies in the fact that, as the reduction proceeds to a high degree, 

the activity of the component MgCr2O4 in the fractional reduced ore reaches a very low value. 

TGA experiments have been done with the mixture ‘chromite ore + mill scale + petcoke’ to 

investigate the effect of mill scale addition on the carbothermic reduction of chromite ore. It is 

found that mill scale in the mixture ‘chromite ore + mill scale + petcoke’ is reduced to iron 

before 1573 K. The as-reduced iron is disseminated around chromite ore particles and, at the 

same time, some carbon is dissolved in the iron via diffusion. Reduction of chromite ore is 

enhanced with the addition of mill scale at temperatures higher than 1623 K and the 
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enhancing effect increases with increasing mill scale addition. The enhancing effect, in this 

case, is attributed to the presence of molten Fe-Cr-C phase in the vicinity of chromite ore, 

which can decrease the activity of chromium by having chromium in situ dissolved into the 

melt.  

The induction furnace experiments have been done to investigate the effectiveness of using 

‘chromite ore + iron powder/iron scrap + petcoke’ for direct chromium alloying. It is found 

that, by using iron scrap, the chromium yield can reach 90%. It is also found that iron powder 

is more advantageous than iron scrap with respect to chromium yield in the final product. It is 

concluded that the composition of the slags needs to be adjusted to ensure a high chromium 

yield, while the dissolution of chromite into the slags and the oxidation of chromium during 

the addition of slag-forming materials should be avoided. 

The present findings have led to the proposal of using ‘chromite ore + mill scale + petcoke’ a

 alloying precursor. The use of this alloying precursor in the EAF operation is 

expected to reduce the production costs of Cr-bearing steels and improve the recovery of 

chromium from chromite ore. 
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6 Future work 

To have a better understanding of the carbothermic reduction process of chromite ore, the 

kinetic aspects of the reduction stages, as described in this thesis, will be considered 

separately. To have a better understanding of the mechanisms of iron addition on the 

carbothermic reduction of FeCr2O4, and of mill scale addition on the carbothermic reduction 

of chromite ore, kinetic models will be developed.  

Sulphur and phosphorus are present in the petcoke and chromite ore. Therefore, the transfer of 

sulphur and phosphorus into the metal due to the use of these raw materials needs to be 

evaluated.  

High MgO content in the ore limits the maximum amount of chromite ore addition in the 

direct alloying process because a lot of lime and silica may be required to get a proper content 

of MgO in the slag, which is normally around 6-10 wt.%. Therefore, the amount of chromite 

ore usage in the alloying precursor needs be optimized. Suitable slag-forming materials in 

relation to the amount of chromite ore usage needs to be designed to ensure: (1) a high 

chromium yield by avoiding the loss of chromium to the slag phase; (2) a good separation of 

metallic phase and slag phase and no macroscopic inclusions in the metallic phase; (3) that the 

as-produced slag from the EAF production is possible to be used in an environmentally 

acceptable way. Although high amount of mill scale addition in the alloying precursor is 

found to be beneficial for the reduction of chromite ore, the amount of mill scale usage in the 

precursor also needs to be optimized to reduce the usage of petcoke. 

‘Chromite ore + mill scale + petcoke’ will be used as an alloying precursor and tested in the 

induction furnace to study the effectiveness of this precursor. Energy balance and materials 

balance will be calculated with respect to using this precursor for direct chromium alloying.  
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Abstract

Direct chromium alloying by chromite ore in EAF operation is a promising process in stainless steel production, which has
the advantage of resource-saving, energy-saving, and environment-friendly. In the present investigation, iron, carbon, and
chromite ore mixture (Fe+C+FeCr2O4) were chosen as the precursor for direct chromium alloying. Thermogravimetric
Analysis (TGA) experiments were carried out to investigate the effect of iron content on the reduction kinetics, and the
results show that the presence of metallic iron in the precursor will increase the reduction rate of chromite.  Up-scaling
experiments (100 g and 500 g scale) have been carried out in the induction furnace to further test the effectiveness of using
industrial chromite ore for direct chromium alloying. The induction furnace tests confirmed the necessity of adjusting
composition of the slags to ensure high yield of chromium in the final products; and chromium yield can reach 90%. 
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1. Introduction

Chromium is an important and expensive alloying
element, which is intentionally added to steel to increase
its corrosion-resistance, hardness and strength. During
steelmaking process, chromium is added to the steel
bath mainly in the form of ferrochrome (FeCr). In 2010
the worldwide ferrochrome consumption is more than 8
million tons [1]. Production of FeCr requires a large
amount of electricity power, viz. 2.4-4.8 MWh/ton [2].
Further, during the producing process, nearly 20% of
chromium is lost to the slag phase [3]. Since FeCr
usually contains high amount of carbon, the excess of
carbon in the melt, obtained after FeCr is charged into
EAF, needs to be removed by oxygen blowing in the
melting units (for example, EAF or AOD converter),
during which more chromium would get oxidized and
enter the slag phase, even though a part of it could be
recovered by the addition of expensive ferrosilicon. The
dumping of Cr-containing slags can pose significant
environmental problems when considering the
carcinogenic property of Cr6+. Hence, both from
economic and environmental points of view, it is
necessary to retain as much as chromium in the steel
during any part of chromium cycle.

Direct alloying by using oxide-bearing ore,
concentrate or even alloying-element-containing slags
offers a promising technology in future steelmaking
process; the application of this technology has the

advantages of saving of raw materials, saving of electric
energy, high alloying elements yield, as well as
alleviating environmental problems. A direct alloying
operation can either be implemented in an arc furnace or
in a ladle/converter by smelting reduction. In a review
of the available literature, manganese, chromium,
vanadium, and molybdenum are among the elements
that raised more interest to researchers. Kologrivova et
al [4] showed that primary manganese ore can be
reduced by direct alloying steel; and up to 2%
manganese can be alloyed; the quality of steel
corresponded to that alloyed with manganese
ferroalloys. Nokhrina et al [5] pointed out that silicon
was the element that actually reduced manganese. These
authors concluded that direct manganese alloying in
electric arc furnace can reduce the consumption of
manganese and silicon; the manganese assimilation in
the steel can reach 90-95%. Further, these authors
observed that there was no quality difference between
traditional alloyed steel by manganese ferroalloys and
direct alloyed steel by manganese ore. While, Bobkova
et al [6] point out that, the main concerns of direct
manganese alloying were the low recovery degree, the
instability of operation parameters, and the presence of
nonmetallic inclusions, and they also pointed out that, to
ensure fast reduction, steel should be alloyed with
eutectic type mixtures of oxides, which has a liquidus
temperature lower than the finishing temperature of the
molten steel.  Dzhandieri et al [7] pointed out that
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stochastic nature (for example, temperature of tapped
melts) of the process and the density differences
between briquettes and liquid melts disturbed stable
implementation of the process; and they developed a
structure model to control the process of direct alloying
of alloys by manganese carbonate. Compared with
manganese alloying, direct chromium alloying is more
commonly implemented by smelting reduction in a
converter. Kawakami et al [8] investigated the kinetics
of the reduction process of bottom-injected chromite ore
powder, and concluded that oxygen transport in the melt
should be the rate-controlling step. Keizo et al [9]
investigated the smelting reduction of top-charged
chromite ore (pretreated and pelletized) into combined
oxygen blowing converter, the results showed the
improvement of productivity and energy cost for
stainless steel. The pilot plant experiments carried out
by Takeuchi et al [10]  showed that both bottom and top
oxygen blow injection of chromite ore can reach an
almost same recovery ratio of 70-93%.  Simbi et al [11]
investigated the smelting reduction of chromite ore fines
in the CaO–FeO–Cr

2
O

3
–SiO

2
–Al

2
O

3
slag system by

carbon dissolved in the melt. These authors found that
the reduction progressed preferentially by a zeroth order
reduction of FeO and then a first order reduction of
Cr

2
O

3. 
It was reported that increasing slag basicity can

enhance the reduction by minimizing the formation of
CrO, which is thermodynamically quite stable in the
slags. The early work with respect to direct vanadium
alloying was mostly carried out in the 1990s by Russia
researchers [12, 13]; their results showed that, by using
V-containing slags, the assimilation of vanadium in the
micro alloyed steel amounted to 70-80% in the
converter and 95-97.5% in electric-arc furnace, and the
steel products qualified various kinds of vanadium-
micro-alloyed steels. The most recent work done by
Chinese researchers showed that, direct thermosilicon
reduction of calcium vanadate and V

2
O

5
can result in a

recovery ratio of vanadium more than 90% [14, 15].
For direct molybdenum alloying, Song et al [16]
investigated the thermosilicon reduction of
molybdenum oxide with the addition of CaO in an
induction furnace, and they concluded that CaO can
inhibit the volatilization of MoO

3
, and the molybdenum

yield can reach 97%; Chychko et al [17] designed an
alloying mixture (FeO

x 
+ MoO

3
+ C), and Mo yield was

found to be up to 98%.  Direct alloying with respect to
other alloying elements, such as nickel [18], was also
reported in the literature, and the combination of the
direct alloying of two or more elements also raised a lot
of interests among researchers [19, 20].  

By changing the present chromium alloying
procedure, direct chromium alloying by chromite ore
in EAF operation can be a promising alternative route
to produce chromium containing steels. This method
offers a choice of cheaper raw materials, better control
of the carbon content and less number of unit

processes (avoiding the process step, viz. the
production of ferrochrome, at least partially). Thus,
there is likely to be a reduction in the consumption of
energy as well. This method may open up the
possibilities of less chromium loss to the slag phase. 

According to the materials and energy balance
calculation in the EAF, the in-situ formation of Fe-Cr
alloy by use of (Fe+FeCr

2
O

4
+C) mixture will reduce

the carbon content in the EAF charge mix, lower the
cost of raw materials significantly, and decrease the
energy consumption (-70 kWh/ton of liquid steel, by
taking account the energy consumption for FeCr
production) as compared to FeCr alloy additions. In
the present work, the reduction kinetics of synthetic
iron chromite with the presence of metallic iron was
investigated by thermogravimetric analyse (TGA);
up-scaling experiments (from 100 g to 500 g scale) by
using the mixture of iron (both the pure iron powder
and industrial iron scrap were tested), industrial
carbon, and chromite ore were carried out in an
induction furnace to investigate the reduction
effectiveness of the designed mixture and also to
simulate the real EAF operation of stainless
steelmaking. The results are expected to be confirmed
by a 3-ton-scale industrial trial in the near future.

2. Experimental
2.1 Synthesis of FeCr2O4

Pure iron fine powder (purity≥99%, from Riedel-
de Haen, Germany), iron oxide powder (purity≥99%,
size 5 micron, from Sigma-Aldrich, Germany), and
chromium oxide powder (purity≥99%, from KEBO
Lab, Sweden) were well-mixed in an agate mortar in
stoichiometric proportions, and sealed in a pure iron
crucible by welding. The crucible with the sample was
placed in a vertical furnace and heated up to a
temperature of 1573 K under a protecting stream of
argon gas and maintained at this temperature for 24
hours before quenching in water [21]. The product
was analyzed by X-ray Diffraction (XRD). As can be
seen from Fig. 1, the XRD spectrum confirmed the
presence of FeCr

2
O

4
, while no iron, iron oxides, or

chromium oxides were detected. 

2.2 Thermogravimetric Analysis (TGA)

Synthetic iron chromite, pure iron fine powder,
graphite (graphite was used as the reducing agent due
to its high purity) were well-mixed before conducting
the thermogravimetric analysis. Five different mixtures
with different ratios of iron chromite to iron were
prepared. Stoichiometric amount of graphite needed to
reduce all the iron chromite in the mixture with 20%
excess according to the formula (1) was added. 

FeCr
2
O

4
+ 4C = Fe + 2Cr + 4CO                      ...(1)
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The TGA experiments were carried out in the
SETARAM TG-24 double-furnace unit with 0.001 mg
detection limit. A schematic diagram of the unit is
presented in Figure 2. Approximately 100 mg mixture
was placed in a pure alumina crucible with inner
diameter 8 mm, and height 8 mm. The crucible with
the mixture was hung at one end of the balance beam,
while a pure alumina crucible with alumina pieces
was hung at the other end of the balance beam as
reference. Argon gas (purity ≥ 99.999%, supplied by
AGA gas, Stockholm) was used as the protecting gas
during the experiments. The argon gas was further
purified by passing through columns of silica gel,
ascarite, copper turnings (maintained at 873 K), and
magnesium chips (maintained at 773 K),  to decrease
the traces of moisture and CO

2
impurities present in

the argon gas, and also to lower the partial pressure of
oxygen. During the experiments, the furnace was

flushed with argon gas for 6 hours and then the sample
was heated according to the temperature program
which can be seen from the TGA curves discussed
below. After the heating process, the sample was
cooled down at a cooling rate of 40 K/min to room
temperature. The crucible with the mixture was
carefully weighed on an analytical balance before and
after each experiment. It was found that the mass loss
matched accurately with that monitored by the TGA
apparatus. Selected experiments were also repeated in
order to confirm the reproducibility of the
experiments.

2.3 Induction furnace experiments 

In the induction furnace experiments, industrial
chromite ore (particle size < 1 mm, with mean
diameter 50% = 0.13 mm, from Outokumpu, Finland)
was used as alloying precursor instead of the synthetic
iron chromite; industrial carbon (purity≥99.3%) was
crushed into small particles (particle size <0.25 mm)
and used as the reducing agent. Industrial iron scrap
(<30 mm in dimension, and <5 mm in thickness) or
pure iron fine powder (<20 mess, purity ≥99%) was
used as the base metal for chromium alloying. A
typical chemical analysis of the chromite ore is shown
in Table 1 and the chemical analysis of the scrap is
shown in Table 2. The experiments were carried out in
three steps. In the first step, only chromite ore, carbon,
and iron powder were mixed together; and in step two,
a slag phase was added, either by mixing well with
alloying mixture or positioning on the upper side of
the mixture. In step three, a slag phase was added,
after complete reduction was perceived. All the
samples were placed in an alumina crucible and the
sample in the crucible was protected from oxidation
by a graphite lid and also argon gas. The schematic
diagram of induction furnace setup is shown in Fig. 3.
The mixture compositions used in the induction
furnace experiments as well as temperature program
for each step are shown in Table 3. 
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Figure 1. XRD pattern for the synthetic iron chromite.

Figure 2. Schematic diagram of the TG-24 unit: 1-beam
balance; 2-platinum wire; 3- carrier gas inlet; 4-
graphite heating elements; 5-alumina crucible
with sample; 6- thermocouple; 7-carrier gas
outlet; 8-alumina crucible with alumina pieces;
9-doulbe furnace.

Table 1. Typical composition analysis of chromite ore used
in the induction furnace experiments (%)

Table 2. Typical composition analysis of the iron scrap used
in the induction furnace experiments (%)

Cr
2
O

3 Fe Fe2+ Fe2+/Fe SiO
2

Al
2
O

3 MgO

44 18 15 0.8 4 12 11

CaO V Na
2
O K

2
O C S Volatiles

0.6 0.1 < 0.1 < 0.1 0.6 < 0.05 3

C Si Mn Cr Mo Ni P

0.1 0.2 0.7 0.1 0.015 0.07 0.012



3. Results
3.1 Thermogravimetric analysis 

In the TGA experiments, the weight loss of the
sample was used to derive the reducibility of the ore.
The percentage of reduction degree of iron chromite
was defined as:

R = (mass loss of the sample / mass loss expected
if all the iron chromite in the sample was reduced by
graphite to form CO) × 100 

The percentage chromium yield (the reduced
chromium entrapped in the slag was not taken into
account) in the final droplets or ingots was defined as: 

Cr
yield

= (mass of chromium dissolved in the
droplets or ingots) / (calculated mass of chromium
element in the mixture) × 100 

The non-isothermal reduction curves and
isothermal reduction curves (at 1523 K) of five
samples derived from TGA are shown in Fig. 4. 

It can be seen from figure 4 that the presence of
metallic iron in the alloying mixture is favorable for
the reduction especially at high temperatures. The
reduction rate increased with increase of the iron
added. The reduction grade was higher as can be
noticed in the final stage of reduction. The results
were also confirmed by analyzing the droplets formed
after TGA. This can be explained in the following
way: as chromium was formed by reduction, it was
dissolved in the iron by diffusion; this would lower
the activity of chromium in the FeCr

2
O

4
-C interface

and promote further reduction reaction as shown in
equation (1). Since the diffusion between iron and
chromium was sensitive to temperature, higher
reduction rate can be reached at higher temperature.

The typical SEM micrographs of the droplets
formed at 1773 K (for sample S5 at 1823 K) in the
TGA experiments are shown in Fig. 5; while Table 4
shows the composition analysis of five droplets by
EDS. Generally, the droplets formed consisted of two
phases: one with lower chromium content (phase 1,
light grey phase), another one with higher (phase 2,
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Table 3. Composition of Cr alloying precursor used in each step of induction furnace experiments and temperature program
for each step (in gram)

Figure 3. Schematic diagram of induction furnace
experiments: 1-refractory; 2-graphite lid; 3-
thermocouple; 4-alumina crucible; 5-graphite
crucible; 6-mixture of industrial carbon and ore;
7-iron scrap; 8-gas tube for argon gas; 9-
induciton coil.

Number Scale
Chromite

ore

Industrial

carbon

Base metal Slag addition

Iron

powder
Iron scrap Al

2
O

3
SiO

2 CaO

Step 1

N1-1 100 85.1 14.9 - - - - -

N1-2 100 62.2 10.9 26.9 - - - -

N1-3 100 26.5 4.7 68.8 - - - -

10-15 K/min to 1873-1883 K, and held on for 45 minutes, then cooled down to room temperature. 

Step 2

N2-1 100 20.5 3.6 53.3 - 1.8 9.6 11.2

N2-2 100 20.5 3.6 53.3 - 1.8 9.6 11.2

N2-3 500 102.7 18 - 266.4 8.9 48.1 55.9

N2-4 500 102.7 18 - 266.4 8.9 48.1 55.9

10-15 K/min to 1773-1783 K, and held on for 30 minutes, then heated up to 1873-1883 K, and then cooled

down to room temperature. For N2-1 and N2-3, slags were placed on the upper layer of the alloying mixture;

while for N2-2 and N2-4, slags were well mixed with alloying mixture. 

Step 3

N3 500 102.7 18 - 266.4 8.9 41.1 55.9

10-15 K/min to 1773-1783 K, and held on for 30 minutes, then heat up to 1873-1883 K, and then cool down

to 1573 K, at this moment slags were introduced into the crucible; the sample with slags were reheated to

1873-1883 K and held on for 15 minutes, then cooled down to room temperature.



dark grey phase), and the chromium content of both
phases decreased with the increase of iron addition in
the mixture. It can be seen from Table 4 that, in all
cases, chromium yield could be as high as ca. 95%,
except S5. The irregularity of S5 was due to the
oxidation of chromium at the final stage of reduction
when almost all the graphite was consumed. This was
confirmed by the decreasing trend in the reduction
percentage of non-isothermal and isothermal
reduction curves of S5 shown in Fig. 4. This is
corroborated by the surface colour of reaction
product, which corresponded to that of Cr

2
O

3
. In fact,

a slight oxidation of the reaction product at final stage
was also observed in S2, S3, S4; so the actually
reduction curves should show a slightly higher
reduction degree than that indicated in Fig. 4. Thus,
the real chromium yield should be higher than that
indicated in Table 4. 
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Figure 4. Non-isothermal reduction curves (a) and isothermal reduction curves (b) derived from TGA: for the non-
isothermal curves, the heating program was 5K/min to 1773 K (for sample S5, to 1823 K); for the isothermal
curves, the heating program was 40K/min, and then held on 120 min at 1523 K.

Table 4. Composition analysis of the droplets obtained
after reduction of sample S1, S2, S3, S4, S5 on
TGA experiments by SEM-EDS

Figure 5. SEM micrographs of the droplets obtained after reduction of sample S1, S2, S3, S4, S5 on TGA experiments.

Element

/ %

Phase

1

Phase

2

Area

Scanning

Calculated

value

Cr

yield

S1
Cr 56.7 82.7 62.5 65

96.1
Fe 43.3 17.3 37.5 35

S2
Cr 31.4 68.1 45.4 48.2

94.3
Fe 68.7 31.9 54.6 51.9

S3
Cr 26.5 69.5 31.7 33.6

94.2
Fe 73.5 30.5 68.3 66.4

S4
Cr -- -- 19.9 21

95.1
Fe -- -- 79.8 79

S5
Cr -- -- 7.7 9.9

78.4
Fe -- -- 92.3 90.2



3.2 Induction furnace experiments

Fig. 6 shows the samples obtained after induction
furnace experiments. It can be seen that, for sample
N1-1 (chromite ore + carbon), no visible metallic
droplets were formed; for sample N1-2 (chromite ore
+ carbon + iron powder, the ratio of nominal FeCr

2
O

4

in the chromite ore to iron powder is 3:2), the droplets
formed had an average diameter of 1-2 mm; for
sample N1-3 (chromite ore + carbon + iron powder,
the ratio of nominal FeCr

2
O

4
in the chromite ore to

iron powder is 1:4), both ingot and droplets were
formed; N2-4 showed a typical image that can
represent all the experiments in step two and three that
the ingots were well separated from slags. The typical
SEM micrographs and composition analysis of the
droplets formed in N1-2, the ingot formed in N1-3,
the droplets embedded in the slags in N1-3s, and the
ingots formed in steps two and three are shown in Fig.
7 and Table 5, respectively. In step one, N1-2 in Fig.
7 corresponded to that of S3 in the Fig. 5 (they have
almost same ratio of iron to chromite), and in this
case, the chromium yield was 87.2%. For sample N1-
3, the average chromium content in the ingots was
1.6%, which is far lower than the theoretical value.
However, high content of chromium (54.5%) was
found to be alloyed in the droplets which were closely
embedded in and between the slags. A possible reason
for this could be that, during the heating process, the
iron in the mixture melted down before all the ore was
reduced. The small trace of iron left in the slags
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Figure 6. Samples (N1-1, N1-2, N1-3, N2-4) obtained after induction furnace experiments. 

Figure 7. SEM micrographs of the ingots/droplets obtained after induction furnace experiments.

Element
Phase 1 Phase 2

Area

scanning
Cr

yield

/%

N1-2
Cr 21.4 72.17 29.3

87.2
Fe 78.6 27.83 70.7

N1-3 Cr 1 4.14 1.6

--
Fe 99 95.9 98.4

N1-3s* Cr 84.7 -- 54.5

Fe 15.4 -- 45.5

N2-1
Cr 5.3 28.7 9.1

92.4
Fe 94.7 64.2 90.9

N2-2
Cr 4.7 28.7 8.5

86.3
Fe 95.3 71.3 91.5

N2-3
Cr 6.9 40.9 7.8

79.6
Fe 93.1 50.1 92.2

N2-4
Cr 5 35.8 5.8

58.9
Fe 95 64.2 94.2

N3
Cr 7.3 53.3 8.8

89.4
Fe 92.7 46.7 91.2

*For N1-3s, the metallic phase embedded in the slags was analyzed. 

Table 5. SEM-EDS composition analysis of the
droplets/ingots obtained from induction furnace
experiments 



assimilated the chromium, but failed to coalesce to
form a big droplets or ingots, probably because of the
high viscosity of slags in the mixture. After
experiments, samples N1-1, N1-2, and N1-3 were
sieved and separated by magnet in order to remove the
entrapped iron alloys and get the slags with relatively
higher purity. The XRD results of these slags showed
that the main phase in the slags was MgAl

2
O

4
spinel

phase, while no chromite ore or chromium oxide was
detected. This confirmed the reasoning that the
chromium oxide in the ore mixture was almost
completely reduced. In step two, some slags were
added in the alloying mixture and a higher Cr yield
was obtained both for using iron powder and iron
scrap; however, it seems that it is more advantageous
if slag phase was added on the upper layer rather than
being mixed with alloying mixtures. Iron powder was
found to be more effective than iron scrap. In step
three, the slag phase was added into the mixture at
around 1573 K after complete reduction of the
mixture, and then heated up to 1873 K for 15 minutes;
in this case, Cr yield, by using iron scrap, reached
almost 90%. 

The ingots and final slags obtained from sample
N2-3, N3 were also analysed at Uddeholms AB,
Sweden. The results are shown in Table 6. These
results show good consistency with the results from
SEM/EDS analysis, with respect to Cr and Fe; and the
mass balance of Cr and Fe in ingots and slags shows
good agreement with that from chromite ore and iron
scarp. The inconsistency of Al

2
O

3
was due to the

slight dissolution of alumina crucible in which the
samples were contained. 

4. Discussions

Generally, the present chromium alloying process
consisted of two sequential steps: (a) the reduction of
chromite ore; (b) the dissolving of the iron-chromium
in the steel melt. Step (a) can be reached by
appropriate thermal and kinetic conditions, viz.
temperature, particle size, the presence of iron, etc.
The TG experiments and induction furnace
experiments described in present paper confirmed the

kinetic possibility of using iron, ore, and carbon as
mixture for the chromium alloying. Step (b) can be
realized when temperature is high enough, time is
long enough, and the composition of the slag is
appropriate to get the final liquid slag which has lower
viscosity and good wettability to ensure the
coalescence of the slag droplets. Assuming that all the
chromite can be reduced in every case in step one, the
final composition of slags should be around 43.5% of
Al

2
O

3
, MgO of 39.9%, 14.5% SiO

2
, and 2.2% of CaO.

The melting point of this slag is around 2273 K (2000
degree Celsius), by referring to the MgO-Al

2
O

3
-SiO

2

phase diagram [22] in Fig. 8. So, it is quite necessary
to adjust the composition of the slags to ensure high
Cr yield in the final products. In step two, by adding
some CaO, Al

2
O

3
, SiO

2
in the mixture, the melting

point of slag could be lowered to around 1573 K
(1300 degree Celsius), and finally the Cr yield could
be increased to some extent, but still, a lot of chromite
was lost to the slag phase. This is attributed to the
following factors: 

- during the reduction process, the presence of the
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Table 6. Composition analysis of the slags and droplets for sample N2-3 and N3 by Uddeholms AB, Sweden

Composition analysis of slags (%)

CaO Al
2
O

3 MgO SiO
2 FeO Cr

2
O

3
CaF

2 MnO P
2
O

5
V

2
O

5
TiO

2 S

N2-3 24 33 6.16 30.5 1.4 5.18 <0.5 1.41 <0.02 0.12 0.34 0.004

N3 35 27.7 6.95 26.1 0.62 2.73 <0.5 0.98 <0.02 0.05 0.35 0.01

Composition analysis of the ingots (%)

C Si Mn P S Cr Ni Mo W Nb V

N2-3 1.68 0.1 0.18 0.02 0.0057 7.55 0.08 <0.01 <0.01 <0.01 0.02

N3 0.97 0.22 0.14 0.02 0.0058 8.89 0.06 <0.01 <0.01 <0.01 0.04

Figure 8. MgO-Al2O3-SiO2 phase diagram[22]: the
estimated slag composition (mainly MgO, Al2O3,
SiO2) after complete reduction of chromite ore
was circled in the figure. 



slag disseminated between the chromite ore and
carbon reduced the contact area of the two, thus
kinetically lowered down the reaction, though the
presence of CaO may work as a catalyst for the
reaction [23]; 

- some chromite may dissolve in the slags, and in
this case the reduction will be retarded because, on
one hand, the reduction was progressed slowly
between the interface of carbon and slags at low
temperature or at high temperature between the
interface of melts and slags by carbon dissolved in the
melts; and on the other hand, the dissolving of
chromite into slags can lower the activity of chromite,
then also slow down the reduction. This was
corroborated by the phenomena that Cr yield was
higher if the slag phase was placed on the upper layer
of the alloying mixture than mixed with the mixture. 

And it is also easy to understand that iron powder
seems to be more effective than iron scrap, since the
former has more active surface area than iron scrap
and can be homogenously disseminated between the
chromite ore; when chromite is reduced, chromium
can be instantly be dissolved in the iron. This
explanation is corroborated by the TGA curves
discussed earlier. In step three, there is still some
chromium left in the slag phase, though the Cr yield
in the ingots is already very high. The possible reason
for this can be that, during the addition of slag
builders, some oxygen (from the air) might have been
introduced to the reduced sample, and the chromium
was re-oxidized and entered the slags. So, in a better
controlled atmosphere during slag addition, a higher
chromium yield can be expected. 

With respect to direct Cr alloying by chromite ore,
the high MgO content in the ore seems to limit the
maximum value of chromite ore addition in the
alloying process, because it may need to consume a
lot of lime and silica to get a proper content of MgO
in the slag which is normally around 6-10%; however
the presence of MgO and lime in the ore can also be
an added advantage which can reduce the
consumption of these slag builder materials. The
negative effect of sulphur impurity getting introduced
in this process through the chromite ore has been
considered in the present work. However, sulphur
content can be lowered by the addition of lime in the
EAF and an additional desulphurization step can be
introduced in the down-stream refining process. 

5. Summary and results

In present investigation, a mixture of iron (both
fine powder and industrial scrap), carbon, chromite
ore was used as precursor for direct chromium
alloying. Thermogravimetric analysis experiments,
using different mixtures (mixtures with different ratio
of iron chromite to iron), were carried out in order to

investigate the kinetics of reduction. The induction
furnace experiments have been done to investigate the
effectiveness of the designed mixture for direct
chromium alloying. The conclusions can be
summarized as follows:

The presence of metallic iron in the mixture was
favourable for the chromite reduction; 

It is feasible to use iron scrap, chromite ore and
carbon mixture for direct chromium alloying, the Cr
yield can reach  90%;

Iron powder is kinetically more advantageous than
iron scrap with respect to chromium yield in the final
product; the composition of the slags needs to be
adjusted to ensure high Cr yield in the final product,
while the dissolving of chromite into the slags and the
oxidation of chromium during slags addition should
be avoided. 
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Abstract

In this paper, the reduction of chromite ore by coke was investigated by means of 

Thermogravimetric Analysis under non-isothermal conditions (from room temperature to 

1823 K). The fractional reduced samples were examined by SEM/EDS and X-ray diffraction 

analyses. The experimental results showed that the reduction of iron in the chromite ore 

started before that of chromium in the ore, and the reduction of chromium and iron in the ore 

overlapped to some degree. Chromium iron carbide, (Cr,Fe)7C3, was found to be the 

intermediate phase during the reduction, and a chromium gradient was found in the spinel 

phase of the fractional reduced sample at 16 3 K. A four-stage reduction process was 

proposed: one stage involving the reduction of iron in the chromite ore and three stages 

involving the reduction of chromium in the ore. The activity aspects of component 

FeCr2O4 and MgCr2O4 in the chromite ore were considered. The difficulty in the reduction 

of the chromite ore is attributed to the fact that, as the reduction proceeds, the activity 

of the component MgCr2O4 in the fractional reduced ore will decrease to a very low level, 

which makes further reduction very difficult. 

Keywords: Thermogravimetric analysis; Chromite ore; Carbothermic reduction; Direct 

alloying 



2

1 Introduction

Chromite ore is an important raw material which is the source of chromium in stainless steels 

and other Cr-bearing steels. The available and proposed applications of chromite ore for the 

production of Cr-bearing crude steel are summarized by Fig. 1, in which the production 

processes are divided into two different categories. Process I is more or less a routine 

procedure in which the chromite ore is pre-reduced in the rotary kiln, and then charged into 

the submerged arc furnace to produce ferrochrome; the ferrochrome is distributed to the steel 

plant and, for example, charged into the Electric Arc Furnace (EAF) to alloy steel with 

chromium. Process II, direct chromium alloying, is a promising technique that may be viable 

in the future. Since the production and usage of ferrochrome is avoided, or partially avoided 

at least, significant savings in electricity can be expected. In this direct alloying process, 

chromite ore can be either charged into the iron melt1-3 or into the induction furnace or EAF4 

to in situ alloy steel with chromium. The recovery of chromium from chromite ore mostly 

depends on the carbothermic reduction process, and the main concerns of different processes 

focus on the reduction of electricity consumption and the improvement of alloying element 

recovery.  

 

Fig. 1 Flow chart of the production of Cr-bearing crude steel from chromite ore based on the 

routine alloying process I and direct alloying process II 

Chromite ore, generally expressed as (Mg,Fe)(Al,Cr,Fe)2O4, is a mineral with spinel structure, 

in which the tetrahedral sites are occupied by divalent ions (such as Mg2+, Fe2+), while the 

octahedral sites are occupied by trivalent ions (such as Al3+, Cr3+, Fe3+). The partial 

replacement of divalent ions and trivalent ions can create a spinel with some inversion; 

however, it is believed that in the chromite ore Mg2+ dominantly occupies tetrahedral sites, 
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Cr3+ and Al3+ dominantly occupy octahedral sites5, 6. Perusal of available literature shows 

some consistencies as well as some discrepancies with respect to the carbothermic reduction 

of the chromite ore. The reduction sequence with respect to iron and chromium in the 

chromite ore has been investigated broadly7-10. Nafziger et al.7 found that reduction of iron 

and chromium in the ore proceeded simultaneously to varying degree, while some other 

investigators8, 10 found that iron in the chromite ore was completely reduced before the 

commencement of the reduction of chromium in the ore. Nafziger et al.7 and Soykan et al.11 

examined the fractional reduced chromite ore, respectively, and they described the profiles of 

phase evolution as the reduction proceeded to various degree; however, discrepancies were 

found with respect to the presence and amount of some phases, such as carbides and olivine. 

This may be due to the composition differences of the ores used by different investigators and 

the differences with cooling profiles of the samples, the latter of which could have significant 

influence on the precipitation or decomposition of the carbides. Rankin et al.12 found that 

Cr2O3 was produced as a separate phase when LG-6 chromite ore was reduced by carbon, but 

the same precipitation of Cr2O3 was not found by other researchers7, 11. Perry et al.13 attributed 

this discrepancy to the relative magnitudes of the diffusion coefficients of Cr2+ and Mg2+ ions: 

if the diffusion coefficient of Cr2+ from partially reduced Cr3+ is greater than that of the Mg2+ 

ions, the sesquioxide would not form. With respect to the kinetics of the reduction, Nafziger 

et al.7 investigated the reduction of two chromite ores with different Cr/Fe ratios, and they 

believed that the reduction of chromite was nucleation controlled. Chakraborty et al.8 

considered the reduction of iron and chromium in the chromite ore as two different rate 

controlling steps, concluding that the reduction of iron in the chromite ore was controlled by 

diffusion, while the reduction of chromium in the ore was controlled by either chemical 

reaction or nucleation. Soykan et al.9, 11 carried out a detailed study on the carbothermic 

reduction of LG-6 chromite at 1689 K. In their study, zoning was observed in partially 

reduced chromite, Fe2+ and Cr3+ were found to diffuse outward, whereas Cr2+, Al3+, and Mg2+ 

ions were found to diffuse inward, and an ionic reduction mechanism was proposed.  

The investigations on the carbothermic reduction of chromite ore conducted thus far have 

focused on depicting the pre-reduction process of the chromite ore for the further step of 

reduction in the submerged arc furnace and have mainly been carried out under isothermal 

conditions with abundant addition of carbon. To check the feasibility of direct chromium 

alloying by chromite ore in the induction furnace or EAF, in which the chromite ore can be 

subjected to a continuous temperature variation during heating, the reduction behavior of the 
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chromite ore by coke under non-isothermal conditions (from room temperature to 1823 K) 

was investigated in this paper. 

2 Experimental 

2.1 Raw materials and sample preparation

The raw materials (chromite ore and petroleum coke, as listed in Tab. 1) obtained from the 

suppliers were crushed and milled into powders, and then dried at 473 K in a desiccator for 24 

hours to remove the moisture. The coke has a carbon content of more than 99.3 wt-%. The 

composition of the chromite ore is shown in Tab. 2. The chromite ore was also analyzed by 

X-ray diffraction (XRD), and the spectrum of this chromite ore (shown in Fig. 2) has close 

relevance to that of the mineral spinel-type phase ‘Magnesiochromite’ with chemical formula 

(Fe,Mg)(Cr,Al)2O4 from ICDD PDF-2 database14. The small discrepancy regarding the 

positions and intensities of peaks between the measured spectrum and the reference pattern is 

due to the composition differences between the ore used in this test and the ore used as 

reference. 

The as-prepared chromite ore powder and coke powder were thoroughly mixed together in the 

designed proportion to form the testing sample. The amount of coke added in the sample was 

20 wt-% in excess of the stoichiometric requirement for the complete reduction of iron and 

chromium in the chromite ore, assuming CO gas, metallic iron, and metallic chromium are the 

reduction products.  

Tab. 1 Raw materials used in the experiments 
Raw materials Supplier 

*Particle size 
after milling 

Drying
condition Composition analyses 

Chromite ore Outokumpu, Finland 30 µm 473 K, >24 hours Refer to Tab. 2 
Petroleum coke Uddeholms AB, Sweden 20 µm 473 K, >24 hours Carbon, purity  99.3 wt-% 

*The particle size was determined by SEM. 
 
Tab. 2 Composition of the chromite ore used in the experiments (wt-%) 

MgO Al2O3 SiO2 CaO Cr2O3 FeO Fe2O3 Others
11.3 12.1 4.7 0.75 44.4 19.4 4.43 ca. 3 



5

 

Fig. 2 XRD spectrum of the chromite ore used in the experiments and comparison with the 

reference pattern14 (reference code: 00-009-0353; analysis (wt-%) of the reference: Al2O3 

14.03, Cr2O3 55.51, MgO 14.83, Fe2O3 3.79, FeO 11.35, minor Si, Ti, Ca, Mn.) 

2.2 Thermogravimetric Analysis (TGA) experiments and sample analyses 

The TGA experiments were carried out in the SETARAM TG-24 double furnace unit. In each 

case, carefully weighed 150 ± 1 mg samples were loosely packed in an alumina crucible. The 

crucible with the sample was placed on the thermobalance and heated in a deoxidized argon 

atmosphere (flow rate 20 ml min-1) with a heating rate of 15 K min-1 from room temperature 

to 1823 K, and then held for 30 minutes at 1823 K. The sample was then cooled down to 

room temperature at a cooling rate of 40 K min-1. In one specified case, the sample was also 

pressed into a pellet under a pressure of 2.6 GPa and tested under the same temperature 

conditions. The samples subjected to this heating and cooling procedure are called completely 

reduced samples. 

Another set of experiments was also done to heat the samples to 1173 K, 1373K, 1473 K, 

1573 K, 1623 K, or 1673 K at a heating rate of 15 K min-1, and then quench the samples to 

room temperature at a cooling rate of 70 K min-1. These samples are called fractional reduced 

samples. The completely reduced samples and the fractional reduced samples were crushed 

and subjected to XRD and SEM/EDS analyses. The XRD data was collected using Cu-K  

radiation from 15° 2   to 85° 2  using a 0.017° 2  step size and 36 second count time. The 

errors from the X-ray diffractometer were considered via several standard tests, and the coke 

in the sample could be used as the internal standard. 
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3 Results and discussion 

3.1 TGA results and discussion 

Fig. 3 shows the mass loss ‘m’ vs. time ‘t’ curve of the chromite ore reduction. It can be seen 

from Fig. 3 that the reduction of chromite ore started at around 1513 K. The mass loss below 

this temperature is due to the loss of volatiles in the chromite ore at low temperatures (below 

1073 K), and due to the reduction of traces of miscellaneous oxides (such as MnO and NiO) 

that may exist in the chromite ore at higher temperatures (between 1073 K and 1513 K). The 

mass loss observed experimentally, 44.5 mg, is close to the theoretically calculated value, 

43.9 mg, based on the composition of the chromite ore listed in Tab. 2. This confirms that, 

during the reduction, one mole of carbon only takes one mole of oxygen, and the gaseous by-

product of the reduction should be CO gas. It is noted that the experimental value is slightly 

higher than the theoretical value, and this is attributed to the reduction of SiO2 and MgO in 

the chromite ore by the reductant at high temperatures (confirmed by SEM/EDS observations). 

 

Fig. 3 Mass loss ‘m’ vs. time ‘t’ curve for the reduction of chromite ore by coke 

To conduct the analyses of TGA experimental data, the mass loss ‘m’ vs. ‘t’ curve was 

transformed as reduction rate ‘dm/dt’ vs. time ‘t’ curve, as shown in Fig. 4. The nature of the 

‘dm/dt’ vs. time ‘t’ curve indicates the complexity of the chromite ore reduction under 

prevailing non-isothermal conditions. According to the non-continuous change of the 

reduction rate function, the chromite ore reduction process was divided into four stages (I to 

IV, as shown in Fig. 4). The physical implications of the four stages will be discussed later.  
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Fig. 4 Reduction rate ‘dm/dt’ vs. time ‘t’ curve and division of reduction stage I, II, III, and IV 

A comparison of the reduction curves between the loosely packed sample and the pellet 

sample is shown in Fig. 5. From Fig. 5, it can be seen that the two samples tend to reach same 

degree of reduction at the end of the reduction process. However, the reduction of the pellet 

sample proceeded faster in the initial stage but slower in the later stage. This is due to the fact 

that there are different reduction mechanisms during the initial stage and later stage. In the 

initial stage, the reduction proceeded mainly by limited direct reduction (solid-solid 

reduction). A faster reduction rate for the pellet sample in the initial stage is mainly attributed 

to that direct reduction is promoted in the pellet sample. The promotion is due to that:  (1) the 

contact area between carbon and oxide particles is greatly increased in pellet sample, 

especially when considering the pressing pressure (2.6 Gpa) as well as the particle sizes of 

chromite ore fines ( 30 m) and coke fines ( 20 m) used in this study; (2) the heat 

conduction is significantly increased, when considering an endothermic process of direct 

reduction. In the later stage of the reduction, the gas-solid reduction started to prevail in the 

reduction, and diffusion of the reaction gas could be the controlling step of the reaction. Since 

the diffusion of CO and CO2 gas was more difficult in the pellet sample than that in the loose 

sample, the reduction rate and reduction extent of the pellet sample was lower than that of the 

loose sample in the later stage. 
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Fig. 5 Comparison of the reduction curves between the loosely packed sample and the pressed 

pellet sample (loose sample: sample packed loosely; pellet sample: sample pressed into pellet 

under 2.6 GPa.) 

3.2 SEM/EDS results and discussion 

The SEM micrographs of the fractional reduced samples quenched from 1473 K, 1573 K, 

1623 K, and 1673 K are shown in Fig. 6, and these micrographs characterize the state of the 

samples at their respective temperature. From Fig. 6, it can be seen that: (1) at 1473 K, the 

fractional reduced sample was still, roughly, a mixture of carbon and chromite ore, in which 

the chromite ore showed no significant changes compared to the way it was before the 

reduction; (2) at 1573 K, some metallic beads (~1µm in diameter) formed on the surfaces of 

chromite ore, and these beads were metallic iron with some chromium; when the composition 

of the fractional reduced ore at this temperature was compared with that at 1473 K, it was 

found that chromium was concentrated in the ore, whereas, iron was depleted in the ore; (3) at 

1623 K, the size of the metallic beads increased, and a greater fraction of chromium was 

found in these beads; at the same time more chromium was concentrated in the ore and more 

iron was depleted in the ore; (4) at 1673 K, the beads became bigger with a higher fraction of 

chromium than that at 1623 K, while the chromium concentration in the fractional reduced 

ore decreased and the iron concentration in the ore reached a very low value. The SEM/EDS 

results indicate that the iron in the chromite ore was preferentially reduced, and then 

chromium in the ore was reduced; the reduction of chromium and iron in the ore overlapped 

to some degree. This phenomenon is consistent with other investigators’ observations7.  
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Fig. 6 SEM micrographs of the fractional reduced samples quenched from (a) 1473 K, (b) 

1573 K, (c) 1623 K, and (d) 1673 K (The information in brackets shows the EDS results of 

the atom ratios of selected elements.) 

3.3 XRD results and discussion 

The XRD analyses of the fractional reduced samples quenched from 1373 K, 1473 K, 1573 K, 

1623 K, 1673 K, and the completely reduced sample are shown in Fig. 7. From Fig. 7, it can 

be seen that: (1) at 1373 K, the spectrum of chromite ore had no significant differences as 

compared to that of the raw materials shown in Fig. 2, since no new phase appeared and the 

Bragg position of the chromite ore was exactly the same as that of the raw materials; (2) at 

1473 K, the spectrum had no visible differences as compared to that at 1373 K, but a shift of 

the diffraction peaks to the high diffraction angle (2 ) direction was observed (shown later in 

Fig. 8); (3) at 1573 K, metallic phase was detected as the new phase; (4) at 1623 K, the 

metallic phase developed, and chromium iron carbide phase ((Cr,Fe)7C3) was detected; (5) at 

1673 K, the metallic phase and the carbide phase both developed as the reduction proceeded; 
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(6) after complete reduction, the chromium iron carbide phase became the minor phase, which 

indicated the carbide phase was an intermediate phase, since it was formed and then 

consumed at temperatures higher than 1673 K; the metallic phase was the dominant phase in 

the product, and unreduced spinel phase also remained.  

According to the Fe-Cr-C phase diagram at temperature around 1673 K, there exists phase 

equilibrium between liquid phase and (Cr,Fe)7C3. Therefore, the consumption (decrease in the 

amount) of (Cr,Fe)7C3 could be due to dissolution of (Cr,Fe)7C3 at temperatures higher than 

1673 K. Another possible reason that accounts for the decrease in the amount of (Cr,Fe)7C3 is 

that (Cr,Fe)7C3 can act as a reductant in the later stage of reduction. This could happen when 

free carbon becomes scarce in the system, due to that some carbon is converted to CO gas and 

some carbon either forms carbides or dissolves in the as-reduced products. The possibility of 

(Cr,Fe)7C3 acting as a reductant was confirmed by other researchers15.  

 

 

Fig. 7 XRD analyses of the fractional reduced samples quenched from (a) 1373 K, (b) 1473 K, 

(c) 1573 K, (d) 1623 K, (e) 1673 K, and (f) the completely reduced sample (sp: spinel phase; 

c:carbon; I: metallic phase; k: chromium iron carbide, (Cr,Fe)7C3) 
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Fig. 7 shows the evolution profile of the phases as the reduction proceeded from low 

temperature to high temperature. Besides this, gradual shifts of the diffraction peaks were 

observed for the metallic phase and the spinel phase, respectively. This is demonstrated in Fig. 

8. For the metallic phase, it is believed that the metallic phase contains more iron than 

chromium at the initial stage of reduction, since iron tends to be reduced first from the 

chromite ore, as shown by the SEM/EDS results in Fig. 6. As the reduction proceeded, more 

and more chromium from the ore was reduced and dissolved in the iron; this would increase 

the crystal parameter of the metallic phase and lead to the shift of diffraction peaks to a low 

diffraction angle (2 ) direction, because the atom radius of Cr is bigger than that of Fe (1.26 

Å vs. 1.28 Å for Cr). In the spinel phase (chromite ore), the radius of Fe2+ ions is bigger than 

that of Mg2+ ions (0.59 Å vs. 0.62 Å for Fe2+), and the radius of Cr3+ ions is bigger than that of 

Al3+ ions (0.53 Å vs. 0.62 Å for Cr3+)16. The depletion of Fe2+ ions would leave a higher 

fraction of Mg2+ in the tetrahedral sites of the spinel, and the depletion of Cr3+ ions would 

leave a higher fraction of Al3+ ions in the octahedral sites of the spinel. As the reduction 

proceeded to a higher and higher degree, as well as the sequential depletion of Fe2+ ions and 

Cr3+ ions in the spinel structure, the crystal parameters of the spinel decreased, finally leading 

to the shift of diffraction peaks to the high diffraction angle (2 ) direction. The Bragg 

positions of two different kinds of metallic phases, and several different kinds of spinel 

phases were also marked in Fig. 8. It is believed that: (1) the metallic phase is 

stoichiometrically close to pure iron below 1573 K, and close to iron chromium (CrFe4) above 

1673 K; (2) the spinel phase is stoichiometrically close to (Mg,Fe)(Cr,Al)2O4 below 1573 K, 

close to Mg(AlCr)O4 at around 1623 K, and the spinel phase turns to be MgAl2O4 after 

complete reduction.  

The broadening of the XRD spectrum for the fractional reduced sample with respect to the 

spinel phase was also observed in Fig. 8 for the sample quenched from 1673 K. This 

broadening indicates that there is a composition gradient in the spinel phase, or more 

specifically, there is a chromium gradient in this fractional reduced sample, since most part of 

iron in the chromite ore has been reduced at temperatures lower than 1623 K. However, the 

broadening of the XRD spectrum was not observed for the samples that were quenched from 

lower temperatures. Taking the sample quenched from 1623 K as an example, the reduction 

degree was around 50% and no significant broadening of the spectrum was observed. This 

broadening of XRD spectrum is in accord with the zoning effect that Soykan et al.11 observed 
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for the fractional reduced samples. However, Soykan et al.11 showed that zoning could even 

be observed at a reduction degree as low as 27.5%. The discrepancy may be due to the 

differences with respect to the size of the chromite ores and experimental conditions used by 

different investigators.  

 

Fig. 8 Demonstration of the shift of the diffraction peaks at lattice plane (311) and lattice 

plane (400) of the spinel phase, and at lattice plane (110) of the metallic phase for the 

fractional reduced samples quenched from different temperatures (*Bragg positions are 

derived from ICDD PDF-2 database14) 

4 Further discussion

4.1 Reduction stages 

In an inert atmosphere, the reduction of metal oxide by carbon initiates via solid-solid 

(carbon-metal oxide) reaction. As long as the carbon and metal oxide are separated due to the 

formation of product layer, the reaction proceeds via gas-solid (CO-metal oxide) reaction, and 

a coupling phenomenon of carbon gasification and metal oxide reduction occurs17. By 

combining the TGA results, SEM and XRD results, the reduction of the chromite ore under 

present non-isothermal conditions can be divided into four stages, as shown in Fig. 4.  
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Stage I involves the reduction of iron in the chromite ore. The reduction of iron in the ore 

includes two different processes, i.e., limited solid-solid reduction by carbon and dominant 

gas-solid reduction by CO, which is formed via Boudouard reaction. From the SEM/EDS 

results, it is also apparent that a little chromium is reduced in the later period of Stage I due to 

the overlapping reduction of iron and chromium in the chromite ore. The reduction product 

for this stage is assumed to be a high-Fe low-Cr alloy with some carbon.   

Stage II involves the reduction of chromium in the ore. As reduction of iron in the ore 

proceeds, chromium accumulates in the ore. And when the activity of component MgCr2O4 in 

the chromite ore (this will be discussed later) exceeds a certain value that is determined by the 

reduction temperature, the reduction of chromium in the ore starts. In this stage, the reduction 

proceeds mainly by gas-solid reduction, and the reducing gas CO is generated via the 

gasification of carbon. The new reduction product in this stage is (Cr,Fe)7C3 carbide; and as 

the reduction proceeds, the proportion of Cr in (Cr,Fe)7C3 increases.  

Stage III involves the further reduction of chromium in the ore in the presence of liquid 

metallic phase. The change in the reduction rate at temperatures higher than 1673 K, as shown 

in Fig. 4, can be attributed to the formation of a liquid metallic phase with high iron content. 

The liquid metallic phase will have a solubility for carbon and hence some of the as-formed 

(Cr,Fe)7C3 will be dissolved in the liquid. As the free carbon becomes scarce, the reduction 

proceeded between the interfaces of liquid metal and fractional reduced ore. As discussed 

before, it is believed that some (Cr,Fe)7C3 may also be acting as the reductant. The reduction 

of chromium in the ore in this stage relies on: (1) the presence of solid state (Cr,Fe)7C3 in the 

vicinity of the chromite ore and/or on the gasification of carbon in the (Cr,Fe)7C3 to provide 

the reductant, and (2) on the wettability between the liquid metal phase and the fractional 

reduced chromite ore as well as the concentration of carbon in the liquid phase. The new 

reduction product in this stage is a high-Cr low-Fe alloy with some carbon. 

Stage IV involves final reduction of chromium in the ore in the presence of liquid phase. In 

this stage, the reduction is very slow. This is probably due to that: (1) the carbon content in 

the sample became scarcer, and (2) the activity of reducible component, MgCr2O4, becomes 

very low (to be discussed later).  
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It is noted that the four stages of reduction overlap to some degree. To have a better 

understanding of the reduction mechanism of chromite ore, each stage should be considered 

separately. Besides the reduction stages mentioned above, the reduction of SiO2 and MgO at 

high temperatures was also observed in the present investigation, and this can be an obstacle 

for the accurate analysis of each reduction stage independently. 

4.2 Activity aspects of chromite ore during reduction 

To thermodynamically evaluate the reduction process, the reduction of chromite ore under 

present non-isothermal conditions can be sequentially expressed by the chemical reactions 

and their Gibbs free energy terms shown in Equation (1) and Equation (2).  

[FeCr2O4]in the ore + CO = [Fe]metallic/carbide + [Cr2O3]in the ore + CO2,    

                                                                               (1) 

[MgCr2O4]in the ore + 3CO = 2[Cr]metallic/carbide + [MgO]in the ore + 3CO2,  

                                                                          (2) 

From Equation (1) and Equation (2), it can be seen that the reduction of chromite ore is 

closely related to the temperature, the ratio of PCO2/PCO, as well as the activities of the 

reactants and products. Of these factors, the activities of the reactants that listed in Equation 

(1) and Equation (2) are discussed as follows. 

Generally, the chromite ore can be treated as FeCr2O4-MgCr2O4-MgAl2O4 pseudo-ternary 

spinel-structure solid solution coexisting with (Cr,Al)2O3
18; in this sense, the activity of each 

reducible component (component FeCr2O4 and component MgCr2O4 in the ore) cannot be 

considered to be unity. Taking the chromite ore used in present study as an example, the 

activities of component FeCr2O4 and component MgCr2O4 can be calculated according to 

Equation (3) and Equation (4)18, respectively.  

RT ln FeCr2O4 = – 12,800 N2
MgCr2O4 – 92,000 N2

MgAl2O4 – 74,800 NMgCr2O4 NMgAl2O4 (J)             (3) 

RT ln MgCr2O4 = – 12,800 N2
FeCr2O4 – 30,000 N2

MgAl2O4 + 49,200 NMgCr2O4 NMgAl2O4 (J)             (4) 

Where i and Ni denote the activity coefficient of the component i, and the mole fraction of 

component i, respectively. By assuming that (i) the reduction of chromium in the chromite ore 

starts after the completion of reduction of iron in the ore, and (ii) the chromite ore always 

keeps a perfect spinel structure during the reduction, the activity change of component 
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FeCr2O4 and component MgCr2O4 as a function of the reduction degree can be estimated, as 

shown in Fig. 9. It can be seen from Fig. 9 that, before the start of reduction, the activity of 

component FeCr2O4 in the chromite ore is 0.330, while the activity of component MgCr2O4 is 

0.039, both of which are far less than unity. As the reduction proceeds, iron in the chromite 

ore will be reduced first, then less and less component FeCr2O4 will be present in the ore and 

the activity of FeCr2O4 will decrease; in the opposite way, the component MgCr2O4 will 

accumulate in the ore and the activity of MgCr2O4 will increase accordingly. As the reduction 

of chromium in the chromite ore starts, the activity of component MgCr2O4 starts decreasing. 

By taking consideration of the Gibbs free energy of reaction shown in Equation (2), it is 

believed that the reduction of chromium in the ore will be extremely difficult when the 

activity of component MgCr2O4 reaches a very low value. This can hinder the direct 

chromium alloying by chromite ore in the induction furnace or EAF with respect to a high 

chromium yield.  

 

Fig. 9 A mathematic description of the activity changes of the components, FeCr2O4 and 

MgCr2O4, in the chromite ore as a function of reduction degree under different isothermal 

conditions (The discontinuity of the activity lines is due to the assumed precipitation of Al2O3 

or MgO from the system FeCr2O4-MgCr2O4-MgAl2O4; the degree of reduction is defined as: 

(Amount of oxygen removed from the system FeCr2O4-MgCr2O4-MgAl2O4) / (Amount of 

removable oxygen in the system FeCr2O4-MgCr2O4-MgAl2O4)) 

Carbothermic reduction of chromite ore is a complex process. Besides the activity of each 

reducible component in the ore, the reduction is also closely related to the reduction 

temperature, the state of the reduction products (metallic phase or carbide), as well as 
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PCO/PCO2 ratio. The difficulty in the reduction of the chromite ore lies in the fact that, as the 

reduction proceeds to a high degree, the activity of the component MgCr2O4 in the fractional 

reduced ore will reach a very lower level. To change the thermodynamic and kinetic condition, 

a designed direct chromium alloying precursor, (chromite ore + carbon + mill scale), was 

checked by the same authors, and the results will be presented in the future. 

5 Conclusions 

The carbothermic reduction behavior of the chromite ore under non-isothermal conditions has 

been investigated. By considering the experimental results and the thermodynamic analyses, 

the following conclusions are drawn: 

(1) The reduction of iron in the chromite ore started before that of chromium in the ore, and 

the reduction of chromium and iron in the ore overlapped to some degree. Chromium iron 

carbide, (Cr,Fe)7C3, was found to be the intermediate phase during the reduction and a 

chromium gradient was found in the spinel phase of the fractional reduced sample at 

16 3 K.  

(2) A four-stage reduction process was proposed for the reduction of the chromite ore under 

non-isothermal conditions. Stage I involves the reduction of iron in the chromite ore by 

direct and indirect reactions; Stage II involves the reduction of chromium in the chromite 

ore by indirect reactions; Stage III involves the reduction of chromium in the chromite ore 

in the presence of liquid metallic phase; Stage IV involves the final reduction with a slow 

reduction rate.  

(3) As the reduction proceeds, the activity of component FeCr2O4 in the ore decreases, while 

the activity of component MgCr2O4 in the ore first increases and then decreases. The 

difficulty in the reduction of the chromite ore lies in the fact that, as the reduction 

proceeds to a high degree, the activity of the component MgCr2O4 in the fractional 

reduced ore reaches a very low value. 
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Abstract

This paper presents a fundamental study on the carbothermic reduction of chromite ore with 

the addition of mill scale, which forms the basis for designing an alloying precursor, 

‘chromite ore + mill scale + carbon’, for direct chromium alloying. Thermogravimetric 

Analysis (TGA) experiments were carried out under non-isothermal conditions to investigate 

the effect of mill scale addition on the reduction of chromite ore, and the fractional reduced 

samples were analyzed by SEM/EDS and XRD analyses. It was found that the mill scale in 

the alloying mixture was reduced to high active iron first and disseminated around the 

chromite ore particles; the reduction of chromite ore was enhanced with the addition of mill 

scale at temperatures higher than 1623 K and the enhancing effect increased with increasing 

mill scale addition. The enhancing effect is attributed to the presence molten Fe-Cr-C phase in 

the vicinity of chromite ore, which can decrease the activity of chromium by having 

chromium in situ dissolved into the melt. 

Keywords: thermogravimetric analysis; chromite ore; carbothermic reduction; direct alloying 
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1 Introduction 

Ferrochrome is an important ferroalloy used to alloy steel with chromium during the 

production of stainless steels and other Cr-bearing steels. In general, ferrochrome is produced 

in the sub-merged arc furnace, which is an electricity-intensive process (around 4 MWh/ton of 

ferrochrome[1]). To cut the electricity consumption, pre-reduction of the chromite ore before 

charging it into the arc furnace is needed. It is reported that the decrease in electricity 

consumption depends on the pre-reduction degree of the chromite ore[2]. To enhance the pre-

reduction process of the chromite ore, numerous lab-scale trials have been conducted. A 

literature survey shows that the methods used by the researchers lie in two categories: (1) 

microstructure modification of the chromite ore and (2) flux or metallic materials addition. 

Within the scope of the first category, Ding et al.[3] found that heat treatment can improve the 

reducibility of the chromite ore, which was attributed to the fact that heat treatment altered the 

microstructure of the chromite ore grains. Apaydin et al.[4] investigated the effect of 

mechanical activation on the carbothermic reduction of chromite ore and it was found that the 

activation procedure led to amorphorization and structural disordering in chromite ore, which 

accelerated the reduction degree of the chromite ore. Compared with the methods in the first 

category, more attempts have been made in the second one. Katayama et al.[5] investigated the 

effect of addition of chlorides, carbonates, fluorides and borates on the reduction of chromite 

ore, and it was found borates had the strongest promoting effect on the reduction, which was 

attributed to the fact that borates facilitated the diffusion of ionic species and the grain growth 

of metal produced. Van Deventer[6] investigated the effect of various additives on the 

reduction of chromite ore by graphite. They found that K2CO3, Na2O2 and CaO enhanced the 

carbothermic reduction of chromite significantly, SiO2 and Fe had a moderate influence on 

the reduction process, Cr exerted very little influence on the reduction process, Al2O3 and 

MgO had negative effect on the reduction process. Neuschütz et al.[7] investigated the addition 

of different fluxes (composed of 3 or 4 of the components SiO2, CaO, A12O3, MgO and CaF2) 

on the reduction of chromite ore. They found that the reduction was always accelerated by the 

addition of fluxes, and two acceleration effects were observed: the first one was attributed to 

the formation of solid-state ternary oxides and the second one is attributed to the formation of 

liquid slags. Weber et al.[8, 9] investigated the effect of silica addition on the reduction of 

chromite ore. They found that silica enhanced the reduction at and above 1400 , and they 

proposed a two-stage reduction mechanism: in the first stage silica did not interfere with the 

reduction and in the second stage silica enhanced the reduction via the formation of silicate 



3 

slag, which changed the reduction mechanism. Ding et al.[3] investigated the effect of lime 

addition on the reduction of chromite. They found that the lime can enhance the reduction of 

chromite ore and they attributed this enhancement effect to the fact that: (1) lime went into the 

spinel lattice of the chromite ore and released FeO and (2) lime enhanced the nucleation 

and/or interfacial reaction in the early stage and facilitated the solid-diffusion process in the 

late stage. Neizel et al.[10] investigated the addition of CaCO3 on the pre-reduction of chromite 

ore and found that CaCO3 significantly enhanced the reduction of chromite ore. 

Different from the traditional chromium alloying strategy, direct chromium alloying by 

chromite ore is a promising alternative technology in the future Cr-bearing steelmaking 

process, since the use of ferrochrome could be replaced, or at least partially replaced, by raw 

material chromite ore, and thus an electric energy saving can be expected. An effective 

alloying precursor is very crucial for direct chromium alloying, and the preliminary work[11] 

done by the present authors showed that the presence of iron favored the carbothermic 

reduction process of chromite ore and in the induction furnace experiments it was found that 

iron powder was kinetically more advantageous than iron scrap with respect to chromium 

yield in the final product. In light of this, the addition of mill scale (mainly FeOx) in the 

carbon-chromite ore mixture is proposed for direct chromium alloying. Unlike the addition of 

non-reducible flux materials or the metallic materials as reviewed above, the mill scale added 

in the mixture can be reduced first, in situ providing high activated and high disseminated iron 

particles.  

The direct chromium alloying by chromite ore will improve the cost-effectiveness and the 

recovery of chromium from chromite ore, and the use of mill scale in this way provides 

another means to use this by-product produced in the continuous casting and hot rolling 

processes. This paper describes the thermal analysis study on the reduction of chromite ore 

with the addition of mill scale, which form the basis for designing the alloying precursor, 

‘chromite ore + mill scale + carbon’, for direct chromium alloying in Electric Arc Furnace 

(EAF) operation.  

2 Experimental procedures 

2.1 Raw materials and sample preparation  

The raw materials (mill scale, chromite ore and petroleum coke as listed in Tab. 1) obtained 

from the suppliers were milled into powders, and then dried in a desiccator at 473 K for at 
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least 24 hours to remove the moisture and other volatiles. The composition of the mill scale 

analyzed by SEM/EDS shows an average element composition of 71.2 wt.%  iron, 4.2 wt.% 

chromium and stoichiometric amount of oxygen, if other minority elements (such as 

molybdenum, silicon, calcium, etc.) in the mill scale are also counted. The average amount of 

removable oxygen in this mill scale under reducing atmosphere was determined to be 24.7 wt.% 

by several Thermogravimetric Analysis (TGA) tests, and that was the scheme for the follow-

up addition of reducing agent. The composition of the chromite ore is shown in Tab. 2. The 

main composition of the coke is carbon (purity  99.3 wt.%). X-ray Diffraction (XRD) 

analyses show that the chromite ore is close to the spinel phase ‘magnetite (Fe3O4)’, and the 

XRD test of the chromite ore shows that the chromite ore is close to the mineral spinel-type 

phase ‘Magnesiochromite’ with the chemical formula (Fe,Mg)(Cr, Al)2O4 and the mill scale is 

close to the spinel phase ‘magnetite’ with the chemical formula Fe3O4. 

Tab. 1-Raw materials used in the experiments 
Raw materials Supplier 

*Particle size 
after milling 

Drying
condition Composition analyses 

Mill scale Uddeholms AB, Sweden 50 µm 473 K,  24 hours 
**71.2 wt.% iron, 4.2 wt.% 

chromium and others. 
Chromite ore Outokumpu, Finland 30 µm 473 K,  24 hours Refer to Table 2 

Petroleum coke Uddeholms AB, Sweden 20 µm 473 K,  24 hours Carbon  99.3 wt.% 
*The particle size was determined by SEM; **the composition (in average) is determined by SEM/EDS. 

Tab. 2-Composition of the chromite ore used in the experiments (wt.%) 
MgO Al2O3 SiO2 CaO Cr2O3 FeO Fe2O3 Others
11.3 12.1 4.7 0.75 44.4 19.4 4.43 ca. 3 

Several different samples with different ratios of mill scale to chromite ore were prepared by 

well mixing the as-prepared powders of mill scale and chromite ore. The carbon is 

stoichiometrically added according to the reaction in equation (1), but with different excess 

percentage (10 wt.%, 20 wt.% or 30 wt.% excess). Besides the powder samples some pellet 

samples were also prepared by pressing the powder samples into pellets under a pressure of 

2.6 GPa. A list of the samples prepared for the experiments is shown in Tab. 3.  

MOx + xC = M + xCO (M=Fe/Cr)                                                                                           (1) 

 
 
 
 
 
 
 



5 

Tab. 3-Samples prepared for the TGA experiments 
Sample

ID
Mass ratios 
M : O : C 

Mass ratios
M : (M + O) C excess Including

pellet sample 
# 1a 3.65: 1.00 : 0.90  

78%  
10 wt.% No 

# 1b 3.65: 1.00 : 0.99 20 wt.% Yes 
# 1c 3.65: 1.00 : 1.06 30 wt.% No 
# 2a 0.61: 1.00: 0.28  

38%  
10 wt.% No 

# 2b 0.61: 1.00: 0.31 20 wt.% Yes 
# 2c 0.61: 1.00: 0.34 30 wt.% No 
# 3b 0: 1.00: 0.18              0 20 wt.% Yes 

M: mill scale; O: chromite ore; C: petcoke. 

2.2 Thermogravimetric Analysis (TGA) experiments and sample analyses 

The TGA experiments were carried out in the SETARAM TG-24 double-furnace. Each time a 

150 ± 1 mg sample was loaded in an alumina crucible. The crucible was then placed at the 

end of the thermo-balance and heated in the deoxidized argon atmosphere (flow rate 20 

ml/min) with a heating rate of 15 K/min to 1823 K, and then held for 30 minutes at 1823 K. 

After that the sample was cooled down to room temperature at a cooling rate of 40 K/min. 

The samples that experienced this heating and cooling procedure are called completely 

reduced samples. Another set of experiments was also done to heat the sample to 1173 K, 

1373K, 1473 K, 1573 K, 1623 K or 1673 K at a heating rate of 15 K/min, and then quench the 

sample to room temperature at a cooling rate of 70 K/min. These samples are called fractional 

reduced samples.  

The obtained samples were crushed and subjected to SEM/EDS and XRD analyses. The XRD 

data were collected using Cu-K  radiation from 15°-85° 2  using a 0.017° 2  step size and 36 

second count time. The errors from the X-ray diffractometer were considered by taking 

several standard tests, and the carbon in the sample was used as the internal standard.  

3 Results and discussion 

3.1 Thermogravimetric Analysis (TGA) analyses 

In the TGA experiments the mass loss of the sample was recorded as a function of time. The 

reduction degree can be defined as:  

 = (m0-mt)/mc                                                                                                                            (2) 

where  denotes the reduction degree, m0 the initial mass of the sample, mt the mass of the 

sample at time t, and mc the theoretically calculated mass loss according to the overall 

chemical reaction in equation (1).  
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It is well noted that in the TGA experiments there is some mass loss at low temperatures 

(below 1273 K). This is due to the loss of volatiles in the sample and due to the reduction of 

miscellaneous oxides (such as MnO and NiO) in the sample. Therefore, this part of mass loss 

will not be counted in the reduction degree.  

3.1.1 Effect of mill scale addition 

The effect of mill scale addition on the kinetics of the reduction was tested with two different 

amounts of mill scale addition, i.e., 78 wt.% (sample #1b) and 38 wt.% (sample #2b) with 

respect to the sum of mill scale and chromite ore in the sample. The sample without mill scale 

addition (sample #3b) was intended to be the reference sample. Fig. 1 shows the experimental 

results. It can be seen that the reduction of sample #1b and sample #2b proceeded earlier than 

that of sample #3b, and a two-stage reduction process can be seen for samples #1b and #2b. 

The first stage of the reduction, almost completes before 1573 K, is attributed to the reduction 

of iron ions from the mill scale and chromite ore, and the second stage, which starts at around 

1573 K, is attributed to the reduction of chromium ions from mill scale and chromite ore. This  

 

Fig. 1-Reduction degrees of mixture ‘chromite ore + mill scale + carbon’ as a function of time: 

a comparison among samples with different mill scale addition. (#1b: 78 wt.% addition; #2b: 

38 wt.% addition; #3b: no addition.) 

is confirmed by the XRD results to be discussed later. It can also be seen that the reduction 

rate and extent with respect to the chromite ore increase with increasing mill scale addition. 

This means that the presence of mill scale, or the as-reduced iron from mill scale, kinetically 

enhanced the reduction of chromite ore. It is noted that the reduction degree shown in Fig. 1 is 
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greater than 1 even though the mass loss at lower temperatures has been deducted. This is due 

to the reduction of SiO2 and MgO (confirmed by SEM/EDS observations) in the later stage of 

reduction when almost all the iron oxides and chromium oxides in the sample were reduced.  

3.1.2 Effect of carbon amount 

The reduction degree curves for the samples with 10 wt.% (#1a, #2a), 20 wt.% (#1b, #2b) and 

30 wt.% (#1c, #2c) excess amount of carbon are shown in Fig. 2. It can be seen that, generally, 

the reduction rate and extent increase with increasing carbon addition. The effect of carbon 

amount on the reduction rate for the first-stage reduction is mild. This is because reduction of 

iron ions is believed to be dominating in this step and there is already a surplus of carbon for 

this reduction. However, a high carbon amount significantly improved the chromite ore 

reduction taking place in the second-stage reduction. This is attributed to the fact that an 

excess amount of carbon can decrease the activity of the as-reduced chromium via the 

formation of chromium carbide and this enhances the reduction process. 

 

Fig. 2-Reduction degree of mixture ‘chromite ore + mill scale + carbon’ as a function of time: 

a comparison among samples with different excess amount of carbon (#1a, #2a: 10 wt.% 

excess; #1b, #2b: 20 wt.% excess; #1c, #2c: 30 wt.% excess). 

3.1.3 Comparison between freely packed samples and pressed pellet samples 

Fig. 3 presents a comparison between the loosely packed samples and pressed pellet samples. 

It is seen that the pellet samples have a higher reduction rate for the first stage of reduction 

than the freely packed samples. This can be explained by the closer contacts of particles for 
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the pellet samples, which will enhance the solid/solid reduction in the initial first-stage 

reduction. However, the differences in the reduction rate between pellet samples and loosely 

packed samples in the second stage of the reduction are not so significant. This is due to the 

fact that that the gas/solid reduction prevailed in the later stage of reduction as more and more 

carbon was consumed. 

Fig. 3-Reduction degree of mixture ‘chromite ore + mill scale + carbon’ as a function of time: 

a comparison among the freely packed samples and the pressed pellet samples.  

3.2 SEM/EDS and XRD analyses 

The SEM images of the fractional reduced samples quenched from 1373 K, 1573 K, 1623 K 

and 1673 K are shown in Fig. 4. By combining the EDS analysis results, it is found that: (a) at 

1373 K mill scale was reduced to porous sponge-type metallic iron and some carbon was 

picked up in the iron; no significant changes were found with the chromite ore particles, since 

at this temperature the reduction of chromite ore would not have started yet; (b) at 1573 K the 

as-formed sponge iron grew and coalesced together to form a network structure, in which the 

chromite ore particles were surrounded; some chromium were also found in the metallic phase, 

and the chromium can be either from the reduction of mill scale or from chromite ore; (c) at 

1623 K the metallic iron grew and were less porous than that at 1573 K, and the chromite ore 

was found to be covered by the metallic iron shells; (d) at 1673 K globular metallic beads 

were observed, and some slag formed, either entrapped in the metallic phase or present at the 

surface of the metallic beads. 
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Fig. 4-SEM micrographs of the fractional reduced samples #1b quenched from (a) 1373 K, (b) 

1573 K, (c) 1623 K and (d) 1673 K. 

The XRD analyses of the fractional reduced samples for sample #1b and sample #2b 

quenched from 1173 K, 1373 K, 1473 K, 1573 K, 1623 K and 1673 K are shown in Fig. 5. 

Two sequential reduction steps were observed:  

(1) Reduction of iron ions from mill scale and chromite ore. This first reduction step started at 

around 1273 K, as can be seen from Fig. 1. From Fig. 5 it is seen that wüstite occurred as 

a new phase at 1373 K and disappeared in later stage of the reduction. This indicates that 

the reduction of trivalent iron ions in the mill scale experiences the sequence of 

‘Fe3+ Fe2+ Fe’. The reduction of iron from chromite ore started at temperatures higher 

than 1473 K, since the Bragg positions of spinel phase (fractional reduced chromite ore) 

started to change afterwards. At 1473 K the sample was a mixture of reduced iron, 

chromite ore, carbon and unreduced residue from the mill scale (estimated to be FeCr2O4). 

(2) Reduction of chromium ions from mill scale and chromite ore. This second reduction step 

started at around 1573 K, as can be seen from Fig. 1. Due to the activities of the reducible 

components in chromite ore being less than unity, it is believed that the reduction of 

chromium from mill scale proceeded before that of chromium from chromite ore. At 1623 
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K two kinds of carbide, (Cr,Fe)7C3 and Cr2Fe14C, occurred; at 1673 K Cr2Fe14C decreased, 

while (Cr,Fe)7C3 developed.  

 

Fig. 5-XRD analyses of the fractional reduced samples (#1b and #2b) quenched from (a) 1173 

K, (b) 1373 K, (c) 1473 K, (d) 1573 K, (e) 1623 K and (f) 1673 K.   

As the reduction of chromite ore proceeds, the diffraction peaks of the spinel phase (chromite 

ore) will shift from low angle (2 ) direction to high angle (2 ) direction due to the depletion 

of Fe and Cr from the chromite ore, and the extent of this shift corresponds to the extent of the 

reduction. A close examination of the diffraction peaks of the spinel phase for different 

samples quenched from 1623 K and 1673 K is shown in Fig. 6. It can be seen that: (a) at 1623 

K no significant difference with respect to the Bragg position of the spinel phase was 

observed among different samples, which means that the extents of the reduction of chromite 

ore among different samples at 1623 K were almost the same, i.e., the presence of mill scale 

and its products have no effect on the reduction of chromite ore; (b) at 1673 K dramatic 

changes with respect to the Bragg position of the spinel phase were observed among samples 

with different mill scale addition. It is seen that at 1673 K the diffraction angles (2 ) with 

respect to the spinel phase of sample #1b, #2b, and #3b have the following relationship:  
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(2 ) sample #1b at 1673 K > (2 ) sample #2b at 1673 K > (2 ) sample #3b at 1673 K   (3)

This indicates that at 1673 K a higher reduction extent was obtained for the sample with more 

mill scale addition. The Bragg positions of the spinel phase for sample #1b at 1673 K are 

quite close to that of MgAl2O4. This means that the reduction of chromite ore for this sample 

was close to complete at around 1673 K. These observations are consistent with the TGA 

results (shown in Fig. 1) that the presence of mill scale or its products kinetically enhances the 

reduction of chromite ore. However, it seems that the enhancing effect only occurs at 

temperatures higher than 1623 K.  

 

Fig. 6-Comparison of the Bragg positions of spinel phase (chromite ore) for sample #1b, #2b 

and #3b quenched from (a) 1623 K and (b) 1673 K. 

4 Reaction mechanism 

From the experimental results shown above, it is concluded that the presence of iron (reduced 

from mill scale) can enhance the reduction of chromite ore. Actually, the iron reduced from 

the chromite ore has the same effect. This is confirmed by Nafziger et al., who investigation 

the reduction of two chromite ores that had different Fe/Cr ratios and found that the chromite 

ore having higher total iron content would be reduced more rapidly[12]. Obviously, the 

deliberate addition of extra mill scale in this investigation amplified this effect. The 

possibility of the enhancing effect of iron addition on the reduction of chromite ore can be 

attributed to the catalytic effect of iron on Boudouard reaction[13]. However, this may have to 

be ruled out, because the enhancing effect is only found at temperatures higher than 1623 K, 
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while the Boudouard reaction is not likely to be the rate controlling step at this temperature 

range[3]. In the present investigation, the enhancing effect of the iron on the reduction of 

chromite ore can be explained as follows: (a) iron in the vicinity of chromite ore provides 

nucleation sites for the newly reduced chromium from the chromite ore; (b) the presence of 

iron decrease the activity of the newly reduced chromium from the chromite ore, and this is 

further accentuated due to the negative interaction coefficient between chromium and carbon. 

It is noted that the enhancing effect took place at temperatures higher than 1623 K. This is 

probably the temperature around which the reduction of chromium ions from chromite ore 

started to prevail. It is evident from the Fe-Cr-C phase diagrams that liquid Fe-Cr-C phase 

forms at temperatures higher than 1623 K. Therefore, the enhancing effect of mill scale 

addition on the reduction of chromite ore is attributed to the presence of molten Fe-Cr-C 

phase, which can dramatically decrease the activity of chromium by enabling chromium in 

situ to dissolve into the melt.  

In summary, the reduction mechanism of chromite ore in the presence of mill scale is 

considered to consist of a number of consecutive steps: 

(1) Reduction of mill scale by carbon occurs at relatively low temperatures. Since the mill 

scale used is in micron scale and homogeneously mixed with chromite ore, the mill scale 

is reduced to small iron particles in the same scale and highly disseminated around 

chromite ore particles. The as-reduced iron has very high active surfaces and carbon will 

dissolve in the iron. The dissolution of carbon in the iron is validated by SEM/EDS 

analysis results, and this is also consistent to Bagatini et al.’s observation that carbon was 

picked up by iron during the reduction of mill scale[14]. 

(2) As temperature increases, more and more carbon diffuses into the as-reduced iron, and the 

iron started to soften and coalesce to form a network structure, in which chromite ore is 

surrounded. Later on, Fe-C liquid phase forms in the vicinity of chromite ore.  

(3) Chromite ore is reduced directly or indirectly by carbon in the mixture as well as the 

carbon in the molten Fe-C phase, and the as-reduced chromium is in situ dissolved into 

the Fe-C melt. The reduction of chromium ions in the chromite ore is enhanced due to the 

presence of this molten phase, which dramatically decreases the activity of the as-reduced 

chromium.  

(4) Fe-Cr-C alloy is formed with inter-diffusion of iron and chromium. 
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5 Industrial implications 

The application of the alloying precursor, mill scale + chromite ore + coke’, for the direct 

chromium alloying could be a very promising way to produce Cr-bearing steel by using raw 

material chromite ore and the industrial waste mill scale. This application will lower down the 

production costs of Cr-bearing steels, since the production of ferrochrome can be avoided, or 

at least partially avoided. The enhancing effect of mill scale on the reduction process of 

chromite ore is a plus, which makes it possible to charge this alloying precursor into the 

Electric Arc Furnace (EAF) to alloy steel with chromium. The preliminary lab-scale induction 

furnace experiments have shown some very optimistic results by using this alloying precursor, 

and semi-pilot scale induction furnace experiments are planned, the results will be presented 

in the future.  

4 Conclusions 

Thermogravimetric experiments were carried out on the reduction of chromite ore with the 

addition of mill scale under non-isothermal conditions. Following conclusions are drawn: 

(1) Mill scale in the mixture ‘chromite ore + mill scale +carbon’ was reduced to highly active 

iron particles before 1573 K and disseminated around chromite ore particles; at the same 

time, some carbon dissolved in the iron via diffusion and iron chromium carbides were 

formed at temperatures higher than 1573 K; 

(2) Reduction of chromite ore was enhanced with the addition of mill scale at temperatures 

higher than 1623 K, and the enhancing effect increased with increasing mill scale addition. 

The enhancing effect is attributed to the presence molten Fe-Cr-C phase in the vicinity of 

chromite ore, which can decrease the activity of chromium by having chromium in situ 

dissolved into the melt. 
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