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Abstract 

Direct chromium alloying by chromite ore is a promising technology for producing Cr-

containing steels, as the ferrochrome production process and the chromium alloying process 

are integrated into a single step, which has the potential of saving energy and raw materials. 

In this work Thermogravimetric Analysis experiments and induction furnace experiments (up 

to 80-kg scale) have been carried out to investigate the carbothermic reduction process of 

chromite in the presence of FeOx (iron, mill scale or magnetite). The aims are to investigate 

the effect of FeOx on the carbothermic reduction of chromite and to explore the potential of 

directly alloying steel with chromium by the designed alloying precursor ‘chromite ore + 

FeOx + carbonaceous material’. 

The results from the Thermogravimetric Analysis experiments show that FeOx can enhance 

the carbothermic reduction of chromite and the enhancing effect increases when increased 

amounts of FeOx are added to the chromite. The enhancing effect is attributed to the presence 

of added metallic iron or the metallic iron reduced from mill scale or magnetite, which can 

decrease the activity of chromium by having chromium dissolve in the iron in situ. The results 

from the induction furnace experiments show that the steel can be directly alloyed with 

chromium by using the designed alloying precursor ‘chromite ore + mill scale + petroleum 

coke’ and the chromium yield from chromite ore increases when increased amounts of mill 

scale are added to the alloying precursor. 

The designed alloying precursor, on one hand, can be potentially used to directly alloy steel 

with chromium in the Electric Arc Furnace steelmaking process and, on the other hand, can be 

potentially used to produce Cr pre-alloyed iron powder or Cr pre-alloyed Direct Reduced Iron 

by the solid-state reduction process. The proposed applications have the potential to improve 

the raw materials efficiency and energy efficiency. 
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1 Introduction 

1.1 Chromium alloying in the steels: the state-of-the-art 

Chromium is an important alloying element in many types of steels, especially stainless steels 

and tool steels.
[1]

 Due to the presence of chromium, the steels can have high hardness and 

strength. When the chromium content in the steels exceeds 12 wt.% (at this point the steels 

are called stainless steels), the steels can also have high resistance to corrosion and staining. 

Traditionally, introducing chromium into the steels comprises two separate processes: the 

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

production process, ferrochrome, especially high carbon ferrochrome, is produced largely by 

the smelting reduction of chromite ore in the SAF. The specific electric energy consumption 

by this route is 3.5-4.0 MWh per tonne of ferrochrome;
[2]

 the yield of chromium from the 

chromite ore is approximately 80-85 wt.%
[3]

 or 84-88 wt.%.
[4]

 To produce 1 tonne 

ferrochrome around 500 kg coke and 300 kg quartz are required; consequently, 1.2 tonne slag 

will be generated.
[5] 

The produced ferrochrome is cooled down, crushed and normally 

transported to remote mini-mills. Over 80% ferrochrome is utilized to produce stainless steels 

and the remainder are mostly utilized to produce a great variety of alloy steels with chromium 

ranging from 0.1 wt.% to 10 wt.%. The production of Cr-containing steels, such as stainless 

steels and tool steels, is normally carried out by melting steel scrap and ferrochrome in the 

EAF. Due to the high carbon content in the ferrochrome, the crude steels obtained from the 

EAF are decarburized, for example, in the AOD converter during which a part of chromium is 

oxidized and enters the slag phase. This part of chromium must be recovered later by the 

addition of ferrosilicon into the AOD converter. The molten steel after tuning of chemical 

composition and temperature in the ladle furnace can be used to produce, for example, slabs 

by casting. The flow chart of this traditional Cr-containing steels’ production process is 

shown in Figure 1 (a).  

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

ferrochrome. Therefore, there is 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.
[6], 
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[7]
 A considerable amount of electric energy is saved by this practice of process integration,

[8]
 

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).  

 

Figure 1 From chromite ore to Cr-containing steels: flow chart of the production chains for (a) 

traditional practice, (b) Outokumpu’s practice and (c) direct alloying by smelting reduction of 

chromite ore.  

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 potential to reduce the energy 

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

raw material. To reduce the dependence on electric energy in the production of ferrochrome 

and improve the overall energy/cost-efficiency of Cr-containing steel production, a coke/coal-

oxygen based steelmaking process, direct chromium alloying by smelting reduction of 

chromite ore in the converter, was proposed.
[9]–[12]

 In this proposed process chromite ore fines 

or briquettes were injected or charged together with coal/coke into the high-carbon high-

temperature iron melt combined with oxygen blow; the chromite ore can be instantly reduced 

by the carbon in the high-temperature melt and the reduced chromium would be in situ 
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dissolved in the melt bath, i.e., the steel could be directly alloyed with chromium by the 

reduced chromite ore. Direct chromium alloying is a highly integrated process, as the 

ferrochrome production process in the SAF plant and chromium alloying process in a remote 

steel plant are tailored into a single process. The application of this new process is expected to 

reduce the electric energy consumption and the production costs for the production of Cr-

containing steels, since at least the re-melting of ferrochrome can be avoided. Moreover, 

direct chromium alloying by chromite ore provides another process route 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). This direct alloying process is preferable to be connected with the pig iron melt 

production process, as high carbon in the melt is a prerequisite for the reduction.
[9], [12]

 

Secondly, a reasonable Cr yield can be reached at a process temperature higher than 1873 K 

and with carbon content in the melt bath higher than 5%,
[12]

 the latter of which will increase 

the burden for the downstream decarburization process. Thirdly, in this direct alloying process 

the density of the charged ore-containing briquettes or powder are comparably lower than that 

of the steel melt, thus the chromite ore tends to float on the surface of the melt and dissolve in 

the slag; if this happens before the complete reduction of chromite ore, the yield of chromium 

could be very low.
[13]

 

1.2 Chromite ore 

Chromite ore is so far the only ore mineral for the industrial production of metallic chromium. 

In crystallography chromite ore belongs to the spinel group. Generally, it can be expressed as 

[Mg
2+

,Fe
2+

](Cr
3+

,Al
3+

,Fe
3+

)2O4, where [] and () refer respectively to the tetrahedral interstices 

and octahedral interstices of the oxygen ions. The partial replacement of divalent ions and 

trivalent ions respectively in the octahedral interstices and tetrahedral interstices can form a 

spinel with some inversion. However, it is believed that in the chromite ore Mg
2+

 and Fe
2+

 

dominantly occupy tetrahedral sites, while Cr
3+

 and Al
3+

 dominantly occupy octahedral sites 

due to the differences in site preferences of these ions.
[14], [15]

 

1.3 Carbothermic reduction of chromite ore and Cr-containing compounds 

Chromium is extracted from chromite ore mainly by the carbothermic reduction process of 

chromite ore. The ferrochrome production process and the direct chromium alloying process 

(reviewed in Chapter 1.1) are the two processes mainly based on carbothermic reduction of 
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chromite ore. In the ferrochrome production process the chromite ore sometimes is pre-

reduced in a reactor (such as rotary kiln), where the chromite ore is partially reduced via the 

solid-state reduction; thereafter incompletely reduced chromite ore is hot charged into the 

sub-merged arc furnace, where the chromite ore will be reduced essentially via smelting 

reduction.
[16], [17]

 As is mentioned earlier, the high carbon ferrochrome is the final product for 

this process. For the direct chromium alloying process, the chromite ore (pre-reduced or green 

materials) charged into the hot melt is reduced essentially via the smelting reduction.
[9]-

[12],[18],[19]
 The chromium-containing crude steel is the final product of this process. 

1.3.1 The solid-state reduction 

Reduction of chromite ore 

A lot of studies have been carried out to investigate the carbothermic reduction process of 

chromite ore in the solid state, aiming to well understand mechanisms and kinetics of the 

reduction. In solid-state reduction the chromite ore is reduced directly by carbonaceous 

materials or by CO gas, which is generated by the Boudouard reaction. The available 

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

carbothermic reduction of the chromite ore in solid state. Nafziger et al. found that reduction 

of iron and chromium in the ore proceeded simultaneously to varying degrees,
[20]

 while some 

other investigators found that iron in the chromite ore was almost completely reduced before 

the commencement of the reduction of chromium in the ore.
[21], [22]

 Nafziger et al.
[20]

 and 

Soykan et al.
[23]

 both checked the fractional reduced chromite ore and they described the 

phase evolution as the reduction proceeded to varying 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 

the differences in the cooling profiles of the samples, the latter of which could have 

significant influence on the precipitation or decomposition of the carbides. Rankin et al. found 

that Cr2O3 was produced as a separate phase when chromite ore was reduced by graphite;
[24]

 

however, the same precipitation of Cr2O3 was not found by other researchers.
[20], [23]

 Perry et 

al. attributed this discrepancy to the relative magnitudes of the diffusion coefficients of Cr
2+

 

and Mg
2+

 ions: if the diffusion coefficient of Cr
2+

 is greater than that of the Mg
2+

 ions, the 

sesquioxide would not form.
[25]

 With respect to the kinetics of the reduction, Nafziger et al. 

believed that the reduction of two kinds of chromite ore with different Cr/Fe ratios was 

nucleation controlled.
[20]

 Kekkonen et al. investigated the reduction of chromite pellets by 
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coke and found that CO2 diffusion in the product layer was the rate-controlling step.
[26]

 

Chakraborty et al. 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 either by 

chemical reaction or by nucleation.
[21]

 Soykan et al. carried out a detailed study on the 

carbothermic reduction of chromite at 1689 K.
[23], [27]

 In their studies zoning was observed in 

partially reduced chromite, Fe
2+

 and Cr
3+

 were found to diffuse outward, whereas Cr
2+

, Al
3+

, 

and Mg
2+

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

The factors influencing the solid-state reduction of chromite ore include the type of reducing 

agent,
[20], [28]

 the type of chromite ore,
[20], [29], [30]

 the ratio of carbon to chromite ore,
[26], [28] 

the 

particle size of the chromite ore,
[31], [32]

 the addition of flux materials and other additives (to be 

shown in Chapter 1.4), etc.  

Reduction of Cr2O3 and synthetic chromite 

To have a better understanding of the reduction behavior of chromite ore, numerous 

investigations have been carried out on the reduction of synthetic iron chromite (FeCr2O4) 

with carbonaceous material as the reductant.
[33]–[39]

 The advantage of studying the reduction 

reaction using synthetic FeCr2O4 is to gain an understanding of the mechanism underlying the 

reaction in the absence of gangue materials. Besides FeCr2O4, carbothermic reduction of other 

synthetic spinel compounds of Cr and Cr2O3 has also been investigated by various 

researchers.
[33]–[35],[40],[41]

 The essential features of these investigations are summarized in 

Table 1, and an analysis of the results obtained so far is given below:  

(i) Reduction sequence. Without exception, Cr2O3 was observed as an intermediate 

during the reduction process of FeCr2O4. This indicates that the reduction of FeO 

component precedes that of Cr2O3 component in FeCr2O4. The co-existence of 

unreduced FeCr2O4, Cr2O3 and chromium-containing products (such as Cr7C3) 

indicates that the reduction of FeO component and that of Cr2O3 component overlap.  

(ii) Reduction products. For the reduction of iron-containing chromium spinel compounds, 

carbide phase (Cr7C3 or (Cr,Fe)7C3) and metallic phase (Fe, Fe-Cr alloy or Fe-Cr-C 

alloy) were commonly found to be the reduction products; for the reduction of iron-

free chromium spinel compounds, a carbide phase, Cr3C2, was found to be the 

reduction product; for the reduction of Cr2O3, three different kinds of carbides (Cr3C2, 

Cr7C3 and Cr23C6) and metallic chromium were found to be the reduction products.  
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(iii) Reduction mechanisms. The diversity of the reduction mechanisms reported by 

different investigators indicates that the carbothermic reduction of FeCr2O4 and Cr2O3 

is a complex process. Besides the differences in the experimental conditions, the 

complexity of the reduction is attributed to: (a) the reduction of component FeO and 

that of Cr2O3 overlap, which could be governed by different mechanisms;
[35], [36], [38], [42]

 

(b) a molten metallic phase is likely to form in the case of high experimental 

temperature and high amount of carbonaceous material addition, and the presence of 

this molten phase could make the reduction shift towards a smelting reduction 

mechanism;
[43]

 (c) the formation of carbides could change the reduction mechanism.
[40]

 

1.3.2 The smelting reduction  

Similar to the solid-state reduction, a lot of studies have been carried out to understand the 

smelting reduction behavior of chromite ore. Unlike the solid-state reduction, the smelting 

reduction of chromite ore takes place in the presence of molten phase(s), represented by the 

following three cases:
[19], [44], [45]

 

(i) Smelting reduction of chromite ore by dissolved carbon in the molten iron at the 

interfaces of chromite ore and molten iron; 

(ii) Smelting reduction of chromium oxides in the molten slag by dissolved carbon in the 

molten iron at the interfaces of molten iron and molten slag; 

(iii) Smelting reduction of chromium oxides in the molten slag by solid carbon or CO gas 

that has been dispersed in the slag at the interfaces of molten slag and solid carbon or 

CO gas.   

The factors that influence the smelting reduction of chromite ore include: (i) the properties of 

the slag, which determine the dissolution of the chromite ore in the slag;
[19], [44], [46]–[48]

 (ii) the 

carbon content in the molten iron: higher carbon content leads to higher reducibility of the 

charged chromite ore;
[9], [12]

 (iii) the reduction temperature;
[9], [11], [12] 

(iv) the chromium 

content in the molten iron;
[9]

 etc. 

1.4 Methods to enhance the carbothermic reduction of chromite 

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: (i) microstructure modification of the chromite ore and (ii) flux or metallic 
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materials addition. Within the scope of the first category, Ding et al. found that heat treatment 

can improve the reducibility of the chromite ore, and this effect could be possibly attributed to 

the fact that heat treatment altered the microstructure of the chromite ore grains.
[49]

 Apaydin et 

al. 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 process.
[50]

 Some researchers 

investigated the carbothermic reduction of pre-oxidized chromite ore; they found that the pre-

oxidation of the chromite ore incurred the changes in the microstructure of the chromite ore 

and consequently enhanced the reduction of chromite ore.
[51]–[53]

 Compared with the methods 

in the first category, more attempts have been made in the second one. Katayama et al. 

investigated the effect of adding chlorides, carbonates, fluorides and borates on the reduction 

of chromite ore, and it was found that 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.
[54]

 Van Deventer 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 the chromite significantly, SiO2 and Fe had a 

moderate influence, Cr exerted very little influence, while Al2O3 and MgO had a negative 

effect.
[55]

 Neuschütz et al. investigated the addition of different fluxes (composed of 3 or 4 of 

the components among SiO2, CaO, A12O3, MgO and CaF2) on the reduction of chromite 

ore.
[56]

 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 slag. Weber et 

al. investigated the effect of silica addition on the reduction of chromite ore.
[22], [57], [58]

 They 

found that silica enhanced the reduction at and above 1673 K, 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 by altering the reduction mechanism due to the 

formation of silicate slag. Ding et al. investigated the effect of lime addition on the reduction 

of chromite.
[49]

 They found that the lime can enhance the reduction of chromite ore and they 

attributed this enhancing effect to the fact that: (i) lime went into the spinel lattice of the 

chromite ore and released FeO and (ii) lime catalyzed the chromite ore reduction. Neizel et al. 

investigated the addition of CaCO3 on the reduction of chromite ore and found that CaCO3 

significantly enhanced the reduction of chromite ore.
[59]

 Wang et al. investigated the effect of 

various additives on the carbothermic reduction of FeCr2O4.
[60]

 They found that CaO and 

Al2O3 enhanced the reduction, while MgO and SiO2 hindered the reduction. Similarly, various 
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investigations were carried out on the reduction of Cr2O3 in the presence of iron oxide or iron 

powder. The results showed that both iron oxide and iron powder had pronounced positive 

effects on the carbothermic reduction of Cr2O3.
[37], [43], [61]–[64]

   

1.5 Aim and scope 

The aim of this thesis is to investigate the carbothermic reduction behaviors of synthetic 

chromite (FeCr2O4) and chromite ore with and without the addition of FeOx (iron, mill scale 

or magnetite) under non-isothermal conditions. These studies will aid understanding of the 

differences in Fe/Cr ratios on the reduction behaviors of the chromite ore. The aim of this 

thesis is also to explore the potential of directly alloying steel by chromite ore with improved 

Cr yield via designed alloying precursor ‘chromite ore + FeOx + carbonaceous material’. The 

application of this direct-alloying strategy has the potential to cut the overall electric energy 

consumption and improve the recovery of chromium from chromite ore. Further, the 

application of this direct-alloying precursor provides another route to use chromite ore fines 

and to recycle/reuse the mill scale, which is a by-product from casting and hot metal working, 

containing mainly iron oxides.  

The main content of this thesis is based on six papers, appended at end of this thesis as Papers 

I-VI. In Paper I thermogravimetric experiments were carried out to investigate the 

carbothermic reduction of FeCr2O4 with and without the addition of iron powder under non-

isothermal conditions. In Paper II and Paper III thermogravimetric experiments were carried 

out to investigate the carbothermic reduction of chromite ore with and without the addition of 

mill scale under non-isothermal conditions. In Paper IV and Paper V induction furnace 

experiments (up to 0.5-kg scale and 80-kg scale in Paper IV and Paper V, respectively) were 

carried out to investigate the effectiveness of the designed alloying mixtures (with different 

Cr/(Fe+Cr) mass ratios) for direct chromium alloying. In Paper VI thermogravimetric 

experiments were carried out to investigate the carbothermic solid-state reduction of chromite 

ore with the addition of magnetite under low temperatures (≤1473 K). Moreover, a summary 

of the Papers I-V is also made in Paper VI. Besides the experimental work, some theoretical 

calculations were carried out and presented in Paper I and Paper VI. The overview of the 

work presented in this thesis is illustrated in Figure 2.   
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Figure 2 Overview of the work presented in this thesis. 
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2 Theoretical consideration 

2.1 Carbothermic reduction of synthetic chromite (FeCr2O4) 

The reactions in the FeCr2O4-carbon system can be classified as direct reactions and indirect 

reactions. The direct reactions proceed at contact points of chromite and carbon particles 

(possibly also carbides
[43]

) and these reactions are shown as Equations (1-3). For the metallic 

oxide-carbon (or carbides) reduction system, it is generally believed that indirect reactions 

prevail during the whole course of the reduction
[41], [65]–[70]

 and a coupling phenomenon of 

carbon gasification and metal oxide reduction takes place.
[71]

 The indirect reduction of 

FeCr2O4 can be expressed by Equations (4-6) and these reactions are accompanied by the 

carbon gasification reactions shown as Equations (7-8). 

FeCr2O4(s) + [C](s) = Fe(s) + Cr2O3(s) + CO(g)                                                                      (1) 

7Cr2O3(s) + 27[C](s) = 2Cr7C3(s) + 21CO(g)                                                                           (2) 

Cr7C3(s) + Cr2O3(s) = 9[Cr](s) + 3CO(g)                                                                                  (3) 

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

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

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

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

[C](s) + CO2(g) = 2CO(g)                                                                                                          (8) 

To thermodynamically evaluate the carbothermic reduction of FeCr2O4, a general form of the 

Gibbs energy term for the indirect reactions shown in Equations (4-6) can be expressed as 

Equation (9). 

∆𝐺 ≈ ∆𝑟𝐺° +  𝑅𝑇ln(
(𝑎𝐵)𝑥

(𝑎𝐴)𝑦
∙

(𝑃𝐶𝑂2)𝑚

(𝑃𝐶𝑂)𝑛
)                                                                                          (9) 

Where ∆rG
ο
 represents the standard Gibbs energy of the reaction; aA and aB represent the 

activities of the reactant and the product, respectively; PCO2 and PCO represent the partial 

pressures of CO2 and CO, respectively; x, y, m and n are different stoichiometric coefficients 

of the reactants and products shown in Equations (4-6). 

From Equation (9) it can be seen that the indirect reactions are influenced by the activities of 

the reactants and the products as well as the ratio of the partial pressures of CO2 to CO. 

During the reduction FeCr2O4 and its intermediate Cr2O3 are present in the system at unit 
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activity (pure solid substances of FeCr2O4 and Cr2O3 are taken as the reference states). 

However, the products (iron/chromium and carbide) are likely to be in solution, either as Fe-

Cr-C solid or liquid solution or mixed carbide, their activities consequently being less than 

unity (bcc-Fe and bcc-Cr are taken as the reference states). From Equation (9) it is noted that 

the indirect reactions corresponding to Equation (4-6) would be thermodynamically enhanced 

if the activities of the products, especially the formed chromium in the metallic phase, can be 

decreased. By taking temperature as the abscissa and log (PCO2/PCO) as the ordinate, an 

equilibrium diagram for the reactions in Equations (4-8) at a total pressure of 1 atm (10
5
 Pa) is 

plotted in Figure 3. It is seen that the reaction corresponding to Equation (4) takes place more 

easily than that of Equation (5), thereby explaining the initial reduction of iron in the FeCr2O4 

followed by chromium in the Cr2O3. It is noted from Figure 3 that the reactions 

corresponding to Equations (6-7) are also thermodynamically feasible at the temperature 

range 1273-1723 K if the activity of chromium can be lowered below a critical value. 

 

Figure 3 Equilibrium diagram (log (PCO2/PCO) vs. temperature) for the reactions 

corresponding to Equations (4-8) (the data used to plot this diagram are derived from the 

FactPS database of software package Factsage,
[72]

 PCO+PCO2 ≈ 1.0 atm; the reference states for 

C, Cr and Fe are graphite, bcc-Cr and bcc-Fe, respectively). 
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2.2 Carbothermic reduction of chromite ore 

Similarly, the reactions in the chromite ore-carbon system can also be classified as direct 

reactions and indirect reactions. If the direct reactions between chromite ore and carbon can 

be neglected, the carbothermic reduction of chromite ore can be sequentially expressed by 

Equation (10) and Equation (11), assuming that the reduction of Cr
3+

 species doesn’t start 

before the complete reduction of Fe
2+/3+

 species in the chromite ore. 

[Mg
2+

,Fe
2+

](Cr
3+

,Al
3+

,Fe
3+

)2O4 + CO →[Mg
2+

](Cr
3+

,Al
3+

)2O4 + Fe-C alloy + CO2               (10) 

[Mg
2+

](Cr
3+

,Al
3+

)2O4 + CO →[Mg
2+

](Al
3+

)2O4 + Fe-Cr-C alloy + CO2
         

                          (11) 

For the reaction in Equation (10) the metallic reduction product should be Fe-C alloy due to 

the instant dissolution of carbon into the iron; for the reaction in Equation (11) the metallic 

reduction product should be Fe-Cr-C alloy due to the inter-diffusion of iron, chromium and 

carbon. Therefore, the activity of reduced chromium is less than unity. Thermodynamically, 

any efforts that can facilitate lowering the activity of chromium in the Fe-Cr-C alloy will 

enhance the reduction of Cr
3+

 species in the chromite ore. 

It is evident that the activity of Cr is lower when the Cr concentration in the Fe-Cr-C alloy is 

lower; in another study it is proved that the activity of Cr decreases with the increase of 

carbon content in the Fe-Cr-C alloy.
[73]

 In this sense the effect of nascent Fe-C alloy on the 

reduction of chromium species in the chromite ore should be considered.  

In order to achieve the lowering of the activity of chromium, FeOx (iron, mill scale or 

magnetite) is added into the chromite-carbon system. The reduction reactions are expected to 

be enhanced by the in situ dissolution of nascent chromium formed in the added iron or 

reduced iron from FeOx due to lowering the activity of chromium. 
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3 Experimental: materials and methods 

3.1 TGA experiments of the reaction system ‘FeCr2O4 + iron powder + 

graphite’ (Paper I) 

3.1.1 Materials and sample preparation 

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

iron powder (≤10 μm, purity ≥99%), iron oxide (Fe2O3) powder (＜5 μm, purity ≥99%) and 

chromium oxide (Cr2O3) powder (＜5 μm, purity ≥99%) were well-mixed in an agate mortar 

in stoichiometric proportion and sealed in a pure iron crucible by welding. The crucible with 

the sample was placed in a vertical furnace and heated up to 1573 K under a protecting stream 

of argon gas and maintained at this temperature for 24 hours before quenching in water.
[74]

 

The prepared product was crushed and milled into powder with particle size less than 30 μm 

(determined by SEM). The obtained powder was analyzed by XRD as shown in Figure 4. The 

XRD spectrum confirmed the formation of FeCr2O4, while no iron, iron oxide or chromium 

oxide is detected.  

 

Figure 4 XRD pattern of the prepared FeCr2O4. 

Five different test samples, as shown in Table 2, were prepared by thoroughly mixing 

FeCr2O4 powder with different proportions of analytically pure iron powder (≤10 µm, purity 

≥99.5%) and graphite powder (≤50 µm, purity ≥99%) in an agate mortar to ensure the 

homogeneity of the samples. The mass of graphite added to the mixtures was 20 wt.% in 
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excess of that was needed to stoichiometrically reduce all FeCr2O4 in the sample to metallic 

iron and chromium according to the overall reaction described in Equation (12). 

FeCr2O4(s) + 4C(s) = Fe(s) + 2Cr(s) + 4CO(g)                                                                      (12) 

Table 2 Samples prepared by mixing FeCr2O4, graphite and iron powder. 

Sample number S1 S2 S3 S4 S5 

Fe/(Fe +FeCr2O4) 0 20 wt.% 40 wt.% 60 wt.% 80 wt. % 

3.1.2 TGA experiments and sample characterization 

The TGA experiments were carried out in the Netzsch 449C apparatus, which has the capacity 

for simultaneous TGA and DSC. In the experiment a carefully weighed sample of 20±0.5 mg 

was used. The experiments were performed under non-isothermal conditions with constant 

heating rates (8, 15, 25 or 35 K/min) in the temperature range from the ambient to 1723 K. 

During the experiments the sample was protected from oxidation by argon gas with a flow 

rate of 20 ml/min. Bearing in mind that chromium has very high affinity to oxygen at high 

temperatures, the argon gas (purity ≥99.999%) has been further purified by passing through 

silica gel, ascarite, copper turnings (maintained at 873 K) and magnesium chips (maintained 

at 773 K) to remove the traces of moisture, CO2 and O2 in the argon gas.  

In order to characterize the state of reduction at different stages of the reduction process, 

another set of experiments was carried out in the SETARAM TGA-24 double-furnace unit, as 

shown in Figure 5. Samples with a mass of 150±1 mg of the testing sample described above 

were heated at a heating rate of 15 K/min to the temperature at which around 25 %, 50%, 75% 

or 95% of the reduction progress was perceived. The samples were then cooled down to room 

temperature at a cooling rate of 70 K/min. During heating and cooling the samples were 

protected by purified argon gas as described earlier. The final reaction degree α was 

determined by measuring the mass change of the sample before and after the experiment. 

These samples are referred to as fractional reduced samples. The temperature profiles of the 

experiments are shown in Figure 6. 

After the experiments the sections of the fractional reduced samples were analyzed by 

SEM/EDS. The samples were then crushed and subjected to XRD analysis. The XRD data 

were collected using Cu-Kα radiation in the 2θ range of 15°-85° using a 0.017° (2θ) step size 

and 36 seconds count time. Graphite in the sample was used as the internal reference. Several 

standard tests were carried out to check the accuracy of the XRD measurements.  
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Some selected TGA experiments were repeated to confirm reproducibility; it is also 

confirmed that the TGA data recorded by Netzsch 449C and SETARAM TGA-24 double-

furnace showed good agreement. 

 

Figure 5 Schematic diagram of the TGA-24 unit. 

 

Figure 6 Temperature profiles of TGA experiments for the reaction system ‘FeCr2O4 + iron 

powder + graphite’.  

3.2 TGA experiments of the reaction system ‘chromite ore + mill scale + 

petroleum coke’ (Paper II and Paper III) 

3.2.1 Materials and sample preparation 

The raw materials used in the experiments are shown in Table 3. Chromite ore, mill scale and 

petroleum coke were crushed and milled into powders, and the powders were then dried in an 
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oven at 473 K for at least 24 hours to remove the moisture and other volatiles. The mill scale 

analyzed by SEM shows an average composition of 71.2 wt.% iron, 4.2 wt.% chromium and 

stoichiometric amount of oxygen, if other elements, such as molybdenum, silicon, calcium, 

etc., in the mill scale are also counted. The amount of removable oxygen in this mill scale was 

determined to be on average 24.7 wt.% by 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 4. The carbon content in the coke is ≥99.3 wt.%. The 

chromite ore was analyzed by XRD, and the spectrum of this chromite ore, as shown in 

Figure 7, has close relevance to that of the mineral spinel-type phase ‘Magnesiochromite’ 

with chemical formula (Fe,Mg)(Cr,Al)2O4 from ICDD PDF-2 database.
[75]

 The small 

discrepancy regarding the positions and intensities of peaks between the measured spectrum 

and the reference pattern can be attributed to the composition differences between the ore 

used in this test and the ore used as reference.  

The mixtures ‘chromite ore + petroleum coke’ were prepared by thoroughly mixing the 

prepared chromite ore together with petroleum coke in the designed proportion. The amount 

of petroleum 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 according to 

the reactions shown in Equations (13-14). The mixtures ‘chromite ore + mill scale + 

petroleum coke’ were prepared by mixing the prepared powders of mill scale, chromite ore 

and petroleum coke. The petroleum coke is stoichiometrically added but with different excess 

percentages (10 wt.%, 20 wt.% or 30 wt.% excess), assuming that all the reducible oxides in 

the mixture are to be reduced to metallic products and carbon can only be oxidized to CO gas, 

according to the reactions shown in Equations (13-14). A list of the prepared samples is 

shown in Table 5. The samples marked with ‘Yes’ were also pressed to pellets under a 

pressure of 2.6 GPa for 3 minutes. 

ROx + xCO = R +xCO2 (R= Fe and/or Cr)                                                                              (13) 

CO2 + C = 2CO                                                                                                                       (14) 

Table 3 Raw materials used in reaction system ‘chromite ore + mill scale + petroleum coke’. 

Raw materials Particle size Drying condition Composition 

Mill scale ≤50 µm 473 K, ≥ 24 hours 
71.2 wt.% iron, 4.2 wt.% chromium, 

oxygen, and others. 

Chromite ore ≤30 µm 473 K, ≥ 24 hours Refer to Table 4 

Petroleum coke ≤20 µm 473 K, ≥ 24 hours Carbon ≥ 99.3 wt.% 
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Table 4 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 

 

 
Figure 7 XRD spectrum of the chromite ore used in the experiments and its comparison with 

the reference pattern
[75]

 (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 and Mn.) 

Table 5 Samples prepared for the experiments by mixing chromite ore, mill scale and 

petroleum coke. 

Sample 

ID 

Mass ratios 

M : O : C 

Mass ratio  

M : (M+O) 

Carbon 

excess 

Including 

pelletized 

# 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 : 1.07 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: petroleum coke. 

3.2.2 TGA experiments and sample characterization 

The TGA experiments were performed in the SETARAM TGA-24 double-furnace unit 

according to the following procedure. A 150±1 mg sample was loaded in an alumina crucible 

and the sample was heated in the furnace 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 
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cool the sample to room temperature at a cooling rate of 70 K/min. The samples subjected to 

the full heating and cooling procedures are referred to as completely reduced samples, while 

the interrupted samples are referred to as fractional reduced samples. Temperature profiles for 

the preparation of fractional reduced samples and completely reduced samples are shown in 

Figure 8.  

 

Figure 8 Temperature profiles of TGA experiments for the reaction system ‘chromite ore + 

mill scale + petroleum coke’.  

3.3 Induction furnace experiments with the alloying mixture ‘chromite ore 

+ iron powder/steel scrap + petroleum coke’ (Paper IV) 

3.3.1 Materials and their preparation 

In the induction furnace experiments chromite ore concentrate (<1 mm and D50 = 0.13 mm) 

was used as Cr-containing raw material. Petroleum coke (purity ≥99.3%) was crushed into 

powder (<0.25 mm) and used as the reducing agent. Steel scrap (in the form of pieces: <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 4; the composition of the steel scrap is shown in Table 

6. Pure Al2O3, CaO and SiO2 powder (<500 µm, purity >98%) were used as slag-forming 

materials.  

Table 6 Composition of the steel scrap used in the induction furnace experiments (wt.%). 

C Si Mn Cr Mo Ni P Fe 

0.1 0.2 0.7 0.1 0.015 0.07 0.012 Balance 
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3.3.2 Induction furnace trials and sample characterization 

The trials were carried out in two scales (100-g scale and 500-g scale) and within 3 groups. In 

Group 1 chromite ore, petroleum coke and iron powder were mixed together and used as the 

alloying mixture. In Group 2 chromite ore, petroleum coke and iron powder/steel scrap were 

used as the alloying mixture and a slag-forming mixture was added, either by mixing well 

with the alloying mixture or positioning above the alloying mixture. In Group 3 a slag-

forming mixture was added after complete reduction of the alloying mixture ‘chromite ore + 

steel scrap + petroleum coke’ was assumed. The added petroleum coke in each of the alloying 

mixture was 1.2 times the stoichiometric amount, according to the reactions shown in 

Equations (13-14). During the experiment the sample was placed in an alumina crucible and 

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

induction furnace setup is shown in Figure 9. The composition of the alloying mixture and 

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

experimental procedures are shown in Table 7. After the experiments selected metal samples 

were used for SEM/EDS analysis and chemical analysis; selected slag samples were used for 

XRD analysis.  

 

Figure 9 Schematic diagram of the induction furnace setup. 
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Table 7 The materials (in grams) used in the induction furnace experiments and experimental 

procedures.  

 

No. 

  Alloying mixture  
Slag-forming 

materials 

 Scale 
Chromite 

ore 

Petroleum 

coke 

Iron  

powder 

Steel  

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. 

3.4 Induction furnace experiments with the alloying mixture ‘chromite ore 

+ mill scale + petroleum coke’ (Paper V) 

3.4.1 Materials and their preparation 

Chromite ore concentrate was used as the Cr-containing raw material for direct chromium 

alloying. The mill scale used here contains small amounts of carbon and alloying elements, 

but relatively large amounts of fluxing materials. The chemical compositions of chromite ore 

and mill scale are shown in Table 8. Petroleum coke was used as the reducing agent; its 

chemical-physical properties are shown in Table 9. Steel scrap slug from the punching 

process was used as the steel to be alloyed. It contains some carbon, silicon and other alloying 

elements, and it is cylindrical in shape with a diameter of 1-2 cm and a thickness of 1-1.5 cm. 
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The chemical composition of the steel scrap is shown in Table 10. Commercially available 

materials, calcium aluminate (<3 mm), lime (<2 cm) and silversand (<1 mm) were used as the 

slag-forming materials. Their chemical compositions are shown in Table 11. 

Table 8 Chemical compositions of chromite ore and mill scale (dry basis, wt.%). 

 Fetotal Cr2O3 MgO Al2O3 SiO2 CaO MnO Others 

Chromite ore 18.5 45.9 11.6 13.7 3.1 0.4 0.3 <1.0 

Mill scale 63.6 0.04 0.3 1.3 6.2 7.0 1.8 <0.7 

 

Table 9 Chemical-physical properties of petroleum coke (dry basis, wt.%)). 

Fixed carbon Volatile Sulfur Ash 

91.26 8.55 3.29 0.19 

 

Table 10 Chemical composition of steel scrap (wt.%). 

Fe C Cr Si Mn Ni P S Others 

98.25 0.054 0.06 0.03 1.28 0.05 0.009 0.003 balance 

 

Table 11 Chemical compositions of the slag-forming materials (dry basis, wt.%). 

 Al2O3 SiO2 CaO MgO FeOx TiO2 Others 

Calcium aluminate 41.5 3.4 50.5 0.6 1.7 2.3 Balance 

Lime 1.1 2.2 93.2 1.7 0.5 0.06 Balance 

Silversand 0.2 >99.5 0.01 - 0.03 0.02 Balance 

 

 

Figure 10 Particle size distributions of chromite ore, mill scale and petroleum coke after 

grinding. 
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The chromite ore, mill scale and petroleum coke were dried in an oven at around 473 K for 24 

hours. The materials were then ground into various particle sizes by a ball mill. The particle 

size distributions of the materials after grinding are shown in Figure 10. 

Three different mixtures with various mass ratios of chromite ore to mill scale, i.e., different 

Cr/(Cr+Fe) mass ratios, were obtained by thoroughly mixing the ground chromite ore, mill 

scale and petroleum coke. The petroleum coke added to the mixture was approximately 1.1 

times the stoichiometric amount that was needed according to reactions shown in Equations 

(13-14). To ease the handling of the mixtures, the three mixtures were made into briquettes by 

adding 1.5 wt.% bentonite as the binder. The briquettes were set at room temperature for two 

weeks and then dried in an oven at around 473 K for 24 hours. The components of the three 

designed mixtures are shown in Table 12. The prepared briquette resembles a hexagonal-

prism with a side length of 3.5 cm and a height of 6-9 cm. The density of the briquette is 

around 2.7 g/cm
3
.  

Table 12 Components of the prepared three different briquettes. 

Briquettes 

ID 

Cr/(Cr + Fe) 

in the mixture 

Mixture 
Bentonite 

chromite ore + mill scale + petroleum coke 

C1 0.05 8 wt.% + 75 wt.% + 17 wt.%  

1.5 wt.% C2 0.10 16 wt.% + 67 wt.% + 17 wt.% 

C3 0.20 31 wt.% + 52 wt.% + 17 wt. % 

3.4.2 Induction furnace trials and sample characterization 

The trials were carried out using induction furnaces with two different capacities: one 

laboratory induction furnace with maximum power 60 kW and frequency 3000 Hz and one 

pilot induction furnace with maximum power 90 kW and frequency 2220 Hz. The trials were 

gradually up-scaled and were divided into three groups according to their scales, namely, 

single-piece-briquette (around 200 grams) trials, 7-kg-scale trials and 80-kg-scale trials. 

The single-piece-briquette trials were carried out in the laboratory induction furnace with the 

purpose of investigating the self-reducing behavior of the briquettes. In the trial one single 

piece of briquette was put into a magnesia crucible fitted with a graphite lid and no slag-

forming materials were added (the briquette was cut to fit the geometry of the crucible, after 

which the mass of the briquette was around 200 grams). The magnesia crucible was then put 

in a graphite crucible which was placed in the induction furnace. The briquette in the 

magnesia crucible was heated at a heating rate of 10-15 K/min to 1823-1873 K. After the 

temperature was maintained at 1823-1873 K for 15 minutes, the power was cut off and the 
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sample in the furnace was allowed to cool down. During the entire experiment the furnace and 

the materials were protected by Ar gas with a flow rate of 5 l/min. After the trial the sample in 

the magnesia crucible was taken out, and then the metal formed was separated from slag. The 

separated metal and slag samples were weighed separately. The metal sample and the slag 

sample were divided into two portions: one for the chemical analysis (C and S by LECO 

analyzer and other elements by XRF spectrometer) and the other for SEM/EDS analysis. The 

experimental setup is shown in Figure 11 (a). 

The 7-kg-scale trials were also carried out in the laboratory induction furnace. In these trials 

the prepared briquettes were cut into eight small pieces and used as charging briquettes. In the 

trial 2.3 kg of the cut briquettes and 4.6 kg steel scrap were charged together with a certain 

amount of slag-forming materials (as shown in Table 13) into a magnesia crucible, which was 

placed in the induction furnace. By following the same experimental procedure as that for the 

single-piece-briquette trials, the metal sample and slag sample were obtained. The metal and 

slag were separated, weighed and then analyzed: chemical analysis for the metal and slag 

samples and XRD analysis for the slag samples. The experimental setup is shown in Figure 

11 (b).  

 

Figure 11 Experimental setups for (a) single-piece-briquette trials and (b) 7-kg-scale trials 

carried out in the laboratory induction furnace. 

To validate the experimental results from the 7-kg-scale trials, up-scaled (80-kg-scale) trials 

were carried out in the pilot induction furnace. C2 and C3 briquettes, as shown in Table 13, 

were tested in these trials. In the trial 20 kg briquettes and 60 kg steel scrap were charged 
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together with a certain amount of slag-forming materials into the furnace with magnesia as the 

lining material. The temperature of the melt was measured by non-splash thermocouple and 

the first sampling of the metal and slag was carried out when the temperature of the melt had 

reached 1823-1873 K. Two more samplings were carried out at an interval of 15 minutes with 

the temperature of the melt maintained at 1823-1873 K. After finishing the last sampling, the 

slag and metal melt were tapped into a sand box. During the entire experiment the furnace and 

the materials were protected by Ar gas with a flow rate of 5 l/min. After the tapped melt was 

cooled down, the metal and slag were separated and weighed for mass balance calculation. 

Also, the weights of metal and slag in the collected samples were accounted for in the mass 

balance. Both metal and slag samples were sent for chemical analysis. In addition, selected 

slag samples were analyzed by XRD analysis. The experimental setup for this group of trials 

is similar to that shown in Figure 11 (b), except for the technique used for temperature 

measurement.  

Table 13 The materials charged in various types of induction furnace trials. 

Trial type 

Briquettes 
Steel scrap  

/kg 

Slag-forming materials /kg 

ID Mass /kg 
Calcium 

aluminate 
Lime  Silversand 

Single-piece-

briquette trials 

C1 0.17 - - - - 

C2 0.22 - - - - 

C3 0.18 - - - - 

7-kg-scale trials 

C1 2.30 4.60 0.06 0.03 - 

C2 2.31 4.60 0.12 0.36 0.24 

C3 2.30 4.60 0.04 0.15 0.08 

80-kg-scale 

trials 

C2 20.2 60.0 0.39 1.27 0.72 

C3 20.2 60.0 1.00 3.14 2.11 

 

3.5 TGA experiments of the reaction system ‘chromite ore + magnetite + 

anthracite’ (Paper VI) 

3.5.1 Materials and sample preparation 

The raw materials, chromite ore, magnetite and anthracite, as shown in Table 14, were 

ground into fines (<100 µm) and thoroughly mixed together to ensure homogeneity. Three 

different powder mixtures, as shown in Table 15, with different ratios of magnetite and 

chromite ore were prepared; the anthracite content in the mixture was 1.1 times the 

stoichiometric amount that was needed to fully reduce the magnetite and chromite ore in the 
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mixture according to the reactions shown in Equations (13-14). The mixture without chromite 

ore addition was taken as the reference.  

Table 14 Chemical compositions of magnetite, chromite ore and anthracite used in the TGA 

experiments. 

Magnetite 
97.6 wt.% Fe3O4, 0.8 wt.% SiO2, 0.28 wt.% Al2O3, 0.20 wt.% CaO and 

balance amount of others. 

Chromite ore 
26.4 wt.% FeOx, 45.9 wt.% Cr2O3, 11.6 wt.% MgO, 13.7 wt.% Al2O3, 3.1 

wt.% SiO2 and balance amount of others. 

Anthracite 90-91 wt.% fixed C, 0.35 wt.% S and balance amount of others. 

 

Table 15 The mixtures prepared for the TGA experiments. 

 Chromite: magnetite: anthracite Cr/(Cr+Fe) in the mix 

Mixture 1 0 : 16.6 : 4.1 0 

Mixture 2 1 : 16.6 : 4.3 2.5 wt.% 

Mixture 3 1 : 6.3 : 1.7 6.2 wt.% 

 

3.5.2 Experimental procedure and sample characterization 

In the TGA experiments 2.004±0.003 g of the mixture was charged into an alumina crucible 

and placed in the furnace. The sample was heated up to 1473 K at a heating rate of 20 K/min, 

and then kept at 1473 K for 150 minutes. Subsequently the sample was cooled in the furnace 

at a cooling rate of 30 K/min. During the entire experiment the sample was protected by argon 

gas with a flow rate of 100 ml/min. Selected experiments were carried out to prove the 

reproducibility of the experimental results. After the experiments the samples were examined 

by SEM/EDS analysis and XRD analysis. 
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4 Results and discussion 

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

reduction degree ‘α’ can be defined as Equation (15). 

𝛼 ≈
𝑚0−𝑚𝑡

𝑚𝑐
                                                                                                                         (15) 

Where α 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 chemical 

reactions shown in Equation (13-14). 

4.1 Carbothermic reduction of FeCr2O4 with/without the addition of iron 

powder (Paper I) 

4.1.1 Experimental results 

Non-isothermal reduction of FeCr2O4 

The TGA, DSC and DTG curves for the reduction of FeCr2O4 in sample S1 (no iron addition) 

and sample S5 (80 wt.% iron addition) under non-isothermal conditions are shown in Figure 

12 (a) and Figure 12 (b), respectively. For sample S1 it is seen that the mass loss of the 

sample starts at around 1300 K and ends at around 1673 K. The observed mass loss 

percentage, 40.03%, closely approximates the theoretical value, 39.77%, based on the overall 

reaction shown in Equation (12), and the difference is probably due to experimental error. The 

shapes of DSC curves indicate that the reduction process is endothermic. The sharp 

endothermic peak at 1592 K indicates the formation of a liquid phase, and this is further 

verified by the Fe-Cr-C phase diagram. The multi-peak characteristic of the DTG curve 

suggests that the reduction of FeCr2O4 without iron powder addition might go through several 

steps.  

In the case of sample S5 it is seen that mass loss of the sample starts at around 1150 K and 

ends at around 1550 K. The observed mass loss percentage, 9.90%, is close to the theoretical 

value, 9.51%, based on the overall reaction shown in Equation (12). Besides the experimental 

error, the fact that the observed mass loss value being higher than the theoretical value and the 

starting temperature of the reduction being lower than that of sample S1 is probably due to the 

presence of traces of iron oxide, which could be from the added iron powder. Further, for this 

sample there is no evidence of the formation of any liquid phase in the temperature range 
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investigated. The single-peak characteristic of the DTG curve suggests that the reduction of 

FeCr2O4 with up to 80 wt.% iron addition (sample S5) might go through a single step.  

 

Figure 12 TGA/DSC/DTG curves for (a) sample S1 (no iron addition) and (b) sample S5 (80 

wt.% iron addition) under non-isothermal conditions with heating rate 15 K/min (arbitrary 

units for the DSC signals). 

Effect of iron powder addition on the carbothermic reduction of FeCr2O4 

To evaluate the effect of iron addition on the reduction of FeCr2O4, the reduction curves for 

the samples with various amounts of iron addition were drawn as reduction degree α versus 

time t curves and plotted in Figure 13. Iron addition is seen to have a pronounced impact on 

the reduction of FeCr2O4: (i) iron addition increases the reduction rate, especially at higher 

temperatures and in the samples with higher amount of iron addition; (ii) iron addition 
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reduces the temperature that is needed to complete the reduction, i.e., iron addition shortens 

the time needed for the reduction. These results clearly indicate that the presence of iron in the 

FeCr2O4-graphite mixture enhances the reduction of FeCr2O4 and the enhancing effect 

increases when increased amounts of iron powder are added. 

 

Figure 13 Effect of iron addition on the carbothermic reduction of FeCr2O4 under non-

isothermal conditions (heating rate 8 K/min; the mass loss, probably, due to the presence of 

iron oxide was not counted in the reduction degree α).  

XRD results 

The XRD analysis results for the fractional reduced samples of S1, S3 and S5 are shown in 

Figure 14. For sample S1 it is found that Cr2O3 appears as an intermediate phase during the 

reduction, as it is formed in the initial stage of reduction and consumed in the later stage of 

reduction. It is also found that a mixed carbide, (Cr,Fe)7C3, is formed during the reduction. At 

the end of the reduction the products in the case of sample S1 are mainly Fe-Cr-C alloy and 

(Cr,Fe)7C3. For sample S3 the phases formed at different stages of reduction are almost the 

same as those of sample S1. However, the intensities of Cr2O3 and (Cr,Fe)7C3 peaks are 

weaker than those observed in the case of sample S1. For sample S5, neither Cr2O3 nor 

(Cr,Fe)7C3 can be detected during the whole course of reduction, the product being Fe-Cr-C 

alloy.  
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Figure 14 XRD patterns for (a) sample S1 (no iron addition), (b) sample S3 (40 wt.% iron 

addition) and (c) sample S5 (80 wt.% iron addition) at different reduction degree α [♣-

FeCr2O4; ♦-graphite; ♥-Cr2O3; ◊-Fe; ●-Fe-Cr-C alloy; 𝛁-(Cr,Fe)7C3]. 

Figure 15 shows the diffraction peaks for graphite, Fe-Cr-C alloy phase and mixed carbide 

(Cr,Fe)7C3. For graphite the diffraction peaks in different samples and at different stages of 

the reduction are unaltered, confirming that graphite can be regarded as the internal reference. 

For Fe-Cr-C alloy the diffraction peaks shift slightly towards a low (2θ) diffraction angle as 

the reduction proceeds. This is due to the interstitial dissolution of carbon in the iron and 

substitutional dissolution of chromium (the atom radius of Cr is larger than that of Fe atom, 

1.28 Å for Cr as compared to 1.26 Å for Fe
[76]

) in the iron, both of which increase the lattice 

parameter of the alloy phase. For the mixed carbide, (Cr,Fe)7C3, the diffraction peaks also 

shift towards a low (2θ) diffraction angle as the reduction proceeds. This is due to the 

substitutional dissolution of chromium into (Cr,Fe)7C3.    
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Figure 15 Selected diffraction peaks of graphite, (Cr,Fe)7C3 and Fe-Cr-C alloy for sample S1 

(no iron addition), sample S3 (40 wt.% iron addition) and sample S5 (80 wt.% iron addition) 

at different reduction degree α. (Bragg positions for the references are derived from the ICDD 

PDF-2 database
[75]

) 

In Figure 15 the Bragg positions of several reference materials (Fe, Cr, Fe7C3 and Cr7C3) are 

also given. It is seen that the Bragg positions of the diffraction peaks of the mixed carbide 

formed in sample S3 are closer to the Bragg position of Fe7C3 than that of sample S1, and the 

Bragg positions of the diffraction peaks of Fe-Cr-C alloy formed in sample S3 and sample S5 

are closer to pure Fe than that in sample S1, indicating that the formed mixed carbide in 

sample S3 and the Fe-Cr-C alloy formed in sample S3 and S5 are more dilute with respect to 

chromium due to the addition of 40 wt.% and 80 wt.% iron powder in sample S3 and sample 

S5, respectively. It is also seen that the diffraction peaks of Fe-Cr-C alloy phase generally 

become broader and broader as the reduction proceeds to an increasingly higher degree, and 

this may be due to the inhomogeneous distribution or dissolution of chromium and carbon in 

the alloy phase. 
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SEM/EDS results 

Figure 16 shows the SEM micrographs of the sections of some fractional reduced samples. 

For sample S1 the unreduced particles are surrounded by dense layers of Fe-Cr-C alloy and 

(Cr,Fe)7C3 , as indicated by EDS analysis and confirmed by XRD analysis. For sample S3 and 

sample S5 the unreduced particles are mainly surrounded by porous and dendritic Fe-Cr-C 

alloy particles. According to the EDS analysis results, the chromium concentration in Fe-Cr-C 

alloy for these three different samples has the following order: sample S1 > sample S3 > 

sample S5.  

 

Figure 16 Exemplified SEM (back scattered electron) micrographs and EDS analysis of the 

selected areas for the fractional reduced samples of (a) sample S1 (no iron addition), (b) 

sample S3 (40 wt.% iron addition) and (c) sample S5 (80 wt.% iron addition). 

4.1.2 Discussion 

The enhancing effect of iron addition on the reduction of FeCr2O4 
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The iron addition into the FeCr2O4-graphite mixture would lead to a decrease in the contact 

area between FeCr2O4 particles and graphite particles. The reduction, however, is found to be 

enhanced with iron powder addition in the FeCr2O4-graphite mixture. The enhancing effect of 

iron addition on the reduction of component Cr2O3, on one hand, can be attributed to the 

presence of iron particles which become carbon carriers, enhancing the direct reactions and, 

on the other hand, to the catalytic effect of iron on the Boudouard reaction,
[34], [77]

 enhancing 

the indirect reactions. However, these explanations may have to be ruled out, as: (i) the 

metallic oxide-carbon reaction is believed to proceed overwhelmingly via indirect 

reactions;
[41], [65]–[70]

 (ii) the Boudouard reaction is likely to be very fast in the present 

experimental temperature range 1300-1600 K,
[78]

 during which most of the reduction takes 

place. Okumura et al.
[43]

 and Shimoo et al.
[61]

 investigated the reduction of Cr2O3 in the 

presence of Fe2O3 (mole Cr/Fe = 1:1). It was found that the presence of Fe2O3 accelerated the 

reduction of Cr2O3 and this phenomenon was attributed to the formation of carbon-containing 

molten iron. In the present investigation it was found that the enhancement of the reaction rate 

started at the temperature of around 1300 K, as shown in Figure 13. According to Fe-Cr-C 

phase diagram, a molten metallic phase is not likely to form in this temperature region. 

Further, the DSC curve for sample S5, as shown in Figure 12 (b), shows no evidence of the 

formation of a liquid phase during the reduction of FeCr2O4. Ma et al. investigated the solid-

state reduction in the Fe2O3–NiO–Cr2O3–C system.
[79]

 It was found that Fe2O3 enhanced the 

complete reduction of Cr2O3 at the temperature lower than that required for reducing pure 

Cr2O3 and this enhancing effect was attributed to the formation of transitional compound 

‘FeCr2O4’. This explanation may also have to be ruled out, since the metallic iron addition 

would not lead to the formation of FeCr2O4. 

In this study the enhancing effect of iron addition on the carbothermic reduction of FeCr2O4 is 

attributed to the decrease in the activity of chromium formed due to the in situ dissolution of 

chromium into iron and mixed carbide (Cr,Fe)7C3. The Cr dissolution is supported by the 

XRD observation shown in Figure 15. Iron is likely to enhance Cr dissolution due to the 

presence of active centers on the surface of the iron particles enabling a faster dissolution of 

chromium. Figure 16 shows the presence of iron in the vicinity of unreduced particles. In this 

case iron will act as a sink for the chromium formed by reduction. Higher amounts of added 

iron powder will enhance this due to a significant lowering of the activity of chromium in the 

alloy, contributing thereby to the driving force for the reaction. It is noted that some carbon 

will also dissolve into the iron, and the dissolved carbon in the Fe-Cr solid solution will cause 
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a further decrease in the activity of chromium.
[73]

 The present reasoning is supported by the 

theoretical analysis shown in Chapter 2, and it is also supported by other, earlier 

investigations.
[80]–[82] 

Phase evolution during the reduction and reduction mechanism 

According to the XRD results shown in Figure 14, the phase evolution for different samples 

can be evaluated. For sample S1 Cr2O3 and FeCr2O4 were found to coexist. This indicates that 

the reaction corresponding to 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 corresponding 

to Equation (5) takes place, since (Cr,Fe)7C3 is found to be the reduction product. The formed 

(Cr,Fe)7C3 is likely to be consumed in the later stage of the reduction. This consumption of 

(Cr,Fe)7C3 can either be attributed to the dissolution of (Cr,Fe)7C3 into Fe-Cr-C alloy at higher 

temperatures or be a consequence of the reaction corresponding to Equation (7) taking place 

in the later stage of the reduction, when free carbon in the sample becomes scarce. The 

sequential reactions corresponding to Equation (4), Equation (5) and Equation (7) may 

explain well the multi-peak characteristic of the DTG curve for sample S1, as shown in 

Figure 12 (a). For sample S5 neither Cr2O3 nor (Cr,Fe)7C3 is found during the whole course 

of the reduction. This may indicate that the reactions corresponding to Equation (4) and 

Equation (6) dominate the reduction and take place simultaneously. The simultaneous 

reactions corresponding to Equation (4) and Equation (6) may explain well the single-peak 

characteristic of the DTG curve for sample S5, as shown in Figure 12 (b). For sample S3 the 

phase evolution during the reduction is generally the same as that of sample S1. However, 

reactions (4) and (6) are likely to proceed at an increased rate due to the addition of iron.  

The Fe-Cr-C equilibrium phase diagrams at two temperatures are shown in Figure 17. The 

equilibrium compositions of sample S1, sample S3 and sample S5 after complete reduction 

are depicted as points CS1, CS3 and CS5, respectively. It is seen that final phases observed by 

XRD analyses correlate very well with the phase diagrams. The absence of Cr2O3 during the 

reduction of FeCr2O4 in sample S5 suggests that the reduction might go through a single step, 

and the absence of (Cr,Fe)7C3 may suggest a fast dissolution of the product (FeCr2, reduced 

from FeCr2O4) into the added iron, since the accumulation of the product could otherwise lead 

to the formation of (Cr,Fe)7C3.  
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Figure 17 Fe-Cr-C phase diagrams at (a) 1473 K and (b) 1573 K. (The figures are derived 

from the TCFE database of software package Thermo-calc;
[83]

 CS1, CS3 and CS5 are the 

equilibrium composition points of sample S1(no iron addition), S3 (40 wt.% iron addition) 

and S5 (80 wt.% iron addition), respectively, after complete reduction.) 

Kinetic analysis 

In the present experimental conditions the reduction of FeCr2O4 without iron addition is likely 

to consist of three different steps, namely, reduction of FeCr2O4 to Cr2O3, reduction of Cr2O3 

to (Cr,Fe)7C3 and the reduction step in the presence of liquid phase. It is quite likely that these 

reduction steps overlap to some extent and are governed by different kinetic mechanisms.
[35], 
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[36], [38], [42] 
The iron addition changes the reduction mechanism and, as discussed earlier, the 

reduction of FeCr2O4 with 80 wt.% iron addition is quite likely to be a single-step reaction. 

Here sample S5 is selected for kinetic analysis. 

To propose a possible kinetic mechanism, the following assumptions are made according to 

the aforementioned: (i) an indirect reaction mechanism prevails during the reduction; (ii) the 

Boudouard reaction is much faster than the reduction of FeCr2O4 by CO and the Boudouard 

reaction is non-rate-controlling. Thereby, the reduction of FeCr2O4 in sample S5 can be 

treated as pseudo a gas/solid reaction, which can be represented as follows:  

FeCr2O4(s) + 4CO(g) → alloy(s) + 4CO2(g)                                                                           (16) 

It is noted that the ‘alloy’ in Equation (16) stands for Fe-Cr-C solid solution with different 

compositions at different stages of reduction and the as generated CO2 gas is converted to CO 

gas immediately via the Boudouard reaction. The rate-controlling step for reaction (16) can be 

one or more of the following steps: 

(i) Gas-solid chemical reaction at the FeCr2O4/iron interface; 

(ii) Dissolution of FeCr2 into the iron particles or the alloy particles; 

(iii) Inward diffusion of CO and outward diffusion of CO2 through the product layer; 

(iv) Nucleation at the surface of FeCr2O4 particle. 

From the SEM micrograph shown in Figure 16 (c) it is seen that the product formed is quite 

porous. Therefore, step (iii) is assumed to be non-rate-controlling, since the diffusion of gas 

species through such a porous product should be quite fast. In sample S5 as high as 80 wt.% 

of iron powder is added and mixed with FeCr2O4. The presence of iron powder in the vicinity 

of FeCr2O4 should provide direct nucleation sites for the nascent reduction product (FeCr2). 

Therefore, step (iv) is also assumed to be non-rate-controlling. It has been noted by some 

other investigators
[80], [81]

 that the reduction of chromium oxide in the presence of VI group 

metallic powder could be controlled by chemical reaction in the initial stage and by 

diffusional dissolution of chromium in the metallic particles in the later stage, which are 

comparable to the present case. Hence, in the present analysis it is considered that the rate-

controlling step could be either step (i) or step (ii). However, it is also reasonable to assume 

that the reaction corresponding to Equation (16) has a mixed control mechanism combining 

the chemical reaction at the surface of FeCr2O4 particles and diffusional dissolution of FeCr2 

into the iron/alloy particles. The mixed control reaction mechanism in the present case can be 
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understood as follows: a fast chemical reaction rate will increase the concentration of FeCr2 at 

the surface of iron particle and thus thermodynamically retard the reduction; a slow chemical 

reaction rate will decrease the concentration of FeCr2 at the surface of the iron/alloy particle 

by allowing a longer dwelling time for diffusional dissolution of FeCr2 and thus 

thermodynamically enhance the reduction.  

4.2 Carbothermic reduction of chromite ore with/without addition of mill 

scale (Paper II and Paper III) 

4.2.1 Carbothermic reduction of chromite ore 

To understand the carbothermic reduction process of chromite ore under non-isothermal 

conditions, sample #3b ‘chromite ore + petroleum coke’, as shown in Table 5, was tested by 

TGA experiments.   

TGA results and discussion 

Figure 18 shows the mass loss ‘m’ vs. time ‘t’ curve of the chromite ore reduction by 

petroleum coke. 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 4 and the reactions shown in 

Equations (13-14). 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 other 

investigators
[21]

 and also by SEM/EDS observations in this study). 

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 19. The nature of 

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

present non-isothermal conditions. According to the characteristic of the reduction rate 

function, the process of chromite ore reduction is divided into four steps (Steps I to IV, as 

shown in Figure 19).  
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Figure 18 Mass loss ‘m’ vs. time ‘t’ curve for the reduction of chromite ore by petroleum 

coke (heating rate: 15 K/min). 

 

Figure 19 Reduction rate ‘dm/dt’ vs. time ‘t’ curve and division of reduction steps (Steps I- 

IV). 

A comparison of the reduction curves between the powder sample and the pellet sample is 

shown in Figure 20. 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. In the initial stage the 

reduction proceeds mainly by limited direct reactions, i.e., solid-solid reactions. A faster 

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

direct reactions are promoted in the pellet sample. The promotion is due to the fact that: (i) the 
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contact between carbon and oxide particles is 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 μm) and petroleum coke fines (≤20 μm) used in this study; (ii) 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 powder sample, the reduction rate 

and reduction extent of the pellet sample are lower than those of the powder sample in the 

later stage. 

 

Figure 20 Comparison of the reduction curves between the powder sample and the pellet 

sample.  

SEM/EDS results and discussion 

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

1623 K and 1673 K are shown in Figure 21; these micrographs characterize the states of the 

samples at their respective temperatures. It can be seen that: (i) 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; 

(ii) at 1573 K some metallic beads (around 1µm) 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; (iii) at 1623 K the size of 

the metallic beads increased and a greater fraction of chromium was found in these beads; at 
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the same time more chromium was concentrated in the ore and more iron was depleted in the 

ore; (iv) 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: (i) 

the iron ions in the chromite ore are preferentially reduced, and then chromium ions in the ore 

are reduced; (ii) the reduction of iron ions and chromium ions in the ore overlaps to some 

degree. This phenomenon is consistent with other investigators’ observations.
[20]

 

 

Figure 21 SEM micrographs of the fractional reduced samples cooled down from (a) 1473 K, 

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

results of the atom ratios of selected elements.) 

XRD results and discussion 

The XRD analyses of the fractional reduced samples as well as the completely reduced 

sample are shown in Figure 22. It can be seen that: (i) at 1373 K the spectrum of chromite ore 

had no significant differences as compared to the chromite ore in its original state, since no 
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new phase appeared and the Bragg positions of the chromite ore were exactly the same as 

those of the raw materials; (ii) 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 angle (2θ) was 

observed, as shown later in Figure 23; (iii) at 1573 K metallic phase was detected as the new 

phase; (iv) at 1623 K the metallic phase increased and chromium iron carbide, (Cr,Fe)7C3 

occurred; (v) at 1673 K the metallic phase and the carbide phase both increased as the 

reduction proceeded; (vi) after complete reduction (Cr,Fe)7C3 became the minor phase, which 

indicated that this carbide phase was an intermediate phase, since it was formed and then 

being consumed at temperatures higher than 1673 K; the metallic phase was the dominant 

phase in the product and unreduced spinel phase also remained.  

 

Figure 22 XRD spectrums of the fractional reduced samples cooled down 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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Figure 23 Shift in angle (2θ) 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 cooled down from different temperatures. (*Bragg positions are derived 

from ICDD PDF-2 database
[75]

) 

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

metallic phase and the spinel phase, respectively. This is demonstrated in Figure 23. 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 tend to be reduced from the chromite ore first, as 

shown from the SEM/EDS results in Figure 21. As the reduction proceeds, more and more 

chromium ions from the chromite ore are reduced and the 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 (2θ), because the atom radius of 

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

Fe
2+

 ions is bigger than that of Mg
2+

 ions (0.59 Å for Mg
2+

 vs. 0.62 Å for Fe
2+

) and the radius 

of Cr
3+

 ions is bigger than that of Al
3+

 ions (0.53 Å for Al
3+

 vs. 0.62 Å for Cr
3+

).
[84] 

The 

depletion of Fe
2+

 ions would leave a higher fraction of Mg
2+

 in the tetrahedral sites of the 

spinel and the depletion of Cr
3+

 ions would leave a higher fraction of Al
3+

 ions in the 

octahedral sites of the spinel. As the reduction proceeds to a higher degree, as well as the 
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sequential depletion of Fe
2+

 ions and Cr
3+

 ions in the spinel structure, the crystal parameters of 

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

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

several different kinds of spinel phases are also marked in Figure 23. It is believed that: (i) 

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

chromium (CrFe4) above 1673 K; (ii) 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 23 for the sample cooled down 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, 

since most 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 cooled 

down from the temperatures at and below 1623 K. Taking the sample cooled down 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 accordance with the 

zoning effect that Soykan et al.
[23]

 observed for the fractional reduced samples. However, 

Soykan et al. 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. 

Reduction steps 

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 steps, as shown in Figure 19. 

Step 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 shown in Figure 21, it is also apparent that a small amount of chromium 

ions is reduced in the later period of Step I due to the overlapping reduction of iron ions and 

chromium ions in the chromite ore. The reduction product for this step is assumed to be a 

high-Fe low-Cr alloy with some carbon. 
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Step II involves the reduction of chromium ions in the ore. As the 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 step 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 step is (Cr,Fe)7C3. And as the reduction proceeds, the proportion 

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

Step 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 19, 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 

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 step depends on: (i) the presence of solid 

(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 (ii) 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 step is a high-Cr low-Fe alloy with some 

carbon. 

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

In this step the reduction is quite slow. This is probably due to the fact that: (i) the carbon in 

the sample is almost or totally consumed; (ii) the activity of reducible component, MgCr2O4, 

becomes quite low. 

Thermodynamic 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.
[85]

 In this sense the activity of each 

reducible component cannot be considered to be unity (taken pure FeCr2O4 and MgCr2O4 as 

the reference state). Taking the chromite ore used in present study as an example, the 

activities of component FeCr2O4 and component MgCr2O4 can be calculated by Factsage,
[72] 

as shown in Figure 24.  
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Figure 24 Activity changes of the components, FeCr2O4 and MgCr2O4, in the chromite ore as 

a function of reduction degree under different isothermal conditions by assuming iron ions in 

the chromite ore being reduced first and then chromium ions being reduced (the diagram is 

derived from the FToxide database of software package Factsage;
[72]

 the degree of reduction 

is defined as: amount of oxygen removed from FeCr2O4 and MgCr2O4 in the chromite ore / 

amount of oxygen bonded to Fe and Cr). 

It is seen that, before the start of reduction (at around 1373 K), the activity of component 

FeCr2O4 in the chromite ore is around 0.32, while the activity of component MgCr2O4 is 0.28, 

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 FeCr2O4 component 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.  

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

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 an increasingly high degree, the activity of the component MgCr2O4 in 

the fractional reduced ore will reach a very low level.  
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4.2.2 Carbothermic reduction of chromite ore with the addition of mill scale 

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

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

petroleum coke’, 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 5.   

TGA results and discussion 

The effect of mill scale addition on the kinetics of the reduction was tested on the samples 

with two different amounts of mill scale addition, i.e., 78 wt.% and 38 wt.% with respect to 

the sum of mill scale and chromite ore in the sample. The sample without mill scale addition 

was intended to be the reference sample. Figure 25 shows the experimental results. It can be 

seen that the reduction of sample #1b and sample #2b commenced 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 completed before 1573 K, is attributed to the reduction of iron ions from 

the mill scale and chromite ore; the second stage, which started at around 1573, is attributed 

to the reduction of chromium ions from mill scale and chromite ore. This is confirmed by the 

XRD results to be discussed later. It can also be seen that the reduction of chromite ore with 

higher amount of mill scale addition leads to larger reduction degree at lower temperatures 

and in shorter time. These results indicate that the presence of mill scale, or the reduced iron 

from mill scale, enhanced the reduction of chromite ore. It is noted that the reduction degree 

shown in Figure 25 is greater than 1, and this is due to the reduction of SiO2 and MgO from 

the chromite ore, as discussed earlier.  

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 26. It can be seen that the 

reduction rate and extent generally increased with increasing carbon addition. The effect of 

carbon amount on the reduction degree for the first-stage reduction is mild. This is because 

reduction of iron ions is believed to be dominating in this stage 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 reduced chromium via the 

formation of chromium carbide and thus enhance the reduction process. 
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Figure 25 Reduction degrees of mixture ‘chromite ore + mill scale + petroleum coke’ as a 

function of time: a comparison among completely reduced samples with different amounts of 

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

 

Figure 26 Reduction degrees of mixture ‘chromite ore + mill scale + petroleum coke’ as a 

function of time: a comparison among completely reduced samples with different excess 

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

excess). 

SEM/EDS and XRD analyses 

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

K and 1673 K are shown in Figure 27. By combining the EDS analysis results, it is found that: 

(i) at 1373 K mill scale was reduced to porous sponge-type metallic iron and some carbon was 
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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; (ii) at 1573 K the 

formed sponge iron grew and coalesced together to form a network structure in which the 

chromite ore particles were surrounded; some chromium was also found in the metallic phase 

and this chromium can be either from mill scale or chromite ore; (iii) at 1623 K the metallic 

iron grew and was less porous than that at 1573 K and the chromite ore was found to be 

covered by the metallic iron shells; (iv) at 1673 K metallic beads were observed and some 

slag formed, either entrapped in the metallic phase or occurred at the surface of the metallic 

beads. 

 

Figure 27 SEM micrographs of the fractional reduced samples #1b cooled down 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 cooled 

down from 1173 K, 1373 K, 1473 K, 1573 K, 1623 K and 1673 K are shown in Figure 28. 

Two sequential reduction stages were observed:  

(i) Reduction of iron ions from mill scale and chromite ore. This first reduction stage 

started at around 1273 K, as can be seen from Figure 25. From Figure 28 it is seen 

that wüstite occurred as a new phase at 1373 K and disappeared at a later stage of the 
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reduction. This indicates that the reduction of trivalent iron ions in the mill scale 

experiences the sequence of ‘Fe
3+

→Fe
2+

→Fe’. The reduction of iron from chromite 

ore probably started at temperatures higher than 1473 K, since the Bragg positions of 

spinel phase (fractional reduced chromite ore) started to shift 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). 

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

stage started at around 1573 K, as can be seen from Figure 25 and this reduction stage 

may consist of several reduction steps of chromium ions from chromite ore, as 

described earlier. 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 K two kinds of carbide, 

(Cr,Fe)7C3 and Cr2Fe14C, occurred; at 1673 K Cr2Fe14C decreased, while (Cr,Fe)7C3 

increased. 

 

Figure 28 XRD analyses of the fractional reduced samples (#1b and #2b) cooled down 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 a low angle (2θ) direction to a high angle (2θ) direction due to the 
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sequential depletion of Fe and Cr from the chromite ore, and the extent of this shift, to some 

extent, corresponds to the reduction degree. A close examination of the diffraction peaks of 

the spinel phase for different samples cooled down from 1623 K and 1673 K is shown in 

Figure 29. It can be seen that: (i) at 1623 K no significant difference with respect to the Bragg 

position of the spinel phase was observed among different samples, which indicates 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 visible effect on the reduction of 

chromite ore; (ii) at 1673 K dramatic changes with respect to the Bragg position 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 (2θ), for example, at (311) reflection with respect to the 

spinel phase in sample #1b, #2b and #3b have the following relationship:  

(2θ) sample #1b at 1673 K > (2θ) sample #2b at 1673 K > (2θ) sample #3b at 1673 K                                      (17) 

 

Figure 29 Comparison of the Bragg positions of spinel phase (chromite ore) for sample #1b, 

#2b and #3b cooled down from (a) 1623 K and (b) 1673 K. (Bragg positions of MgAl2O4 are 

derived from ICDD PDF-2 database
[75]

) 

This indicates that at 1673 K a higher reduction extent was obtained for the sample 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 (reference material from ICDD PDF-2 

database
[75]

). This indicates 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 
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Figure 25) that the presence of mill scale or its product enhanced the reduction of chromite 

ore. However, it seems that the enhancing effect is more significant at temperatures higher 

than 1623 K. 

Reaction mechanism 

From the experimental results shown above it is concluded that the mill scale, or the reduced 

iron from mill scale, can enhance the reduction of chromite ore. In fact, the iron reduced from 

the chromite ore has the same effect. This is confirmed by other investigators, who studied the 

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

having higher total iron content would be reduced more rapidly.
[20], [29], [30]

 Obviously, the 

deliberate addition of extra mill scale in this investigation amplified this effect. 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 phase is quite likely to form 

at temperatures higher than 1623 K. Further, the SEM micrograph shown in Figure 27 (c) 

also indicates the formation of liquid phase at 1623 K. In this case the enhancing effect of mill 

scale addition on the reduction of chromite ore is mainly attributed to the presence of liquid 

phase (mainly molten iron), which can decrease the activity of the newly reduced chromium 

from the chromite ore by having chromium dissolve into the melt in situ, and this is further 

accentuated due to the dissolution of carbon into the melt, since the Wagner interaction 

parameter for C, viz. ε
C

Cr in molten iron is highly negative. The present reasoning can also be 

supported by the theoretical analysis shown in Chapter 2.  

In summary, the reaction mechanism of chromite ore reduction with the presence of mill scale 

is considered to consist of a number of consecutive steps: 

(i) 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 iron particles in the same scale and highly disseminated around 

chromite ore particles. The 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  and this is also consistent with Bagatini et al.’s observation that carbon was 

picked up by iron during the reduction of mill scale.
[86]

 

(ii) As the temperature increases, more and more carbon diffuses into the reduced iron and 

iron starts to soften and coalesce to form a network structure in which chromite ore is 
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surrounded. As the temperature further increases and as more and more carbon 

dissolves in the iron, Fe-C liquid phase forms in the vicinity of chromite ore. 

(iii) Chromite ore is reduced directly or indirectly by the solid carbon and the carbon in the 

molten Fe-C phase and the reduced chromium in situ dissolves into the Fe-C melt.
[63], 

[64] 
The reduction of chromium ions in the chromite ore is enhanced due to the 

presence of liquid phase, which dramatically decreases the activity of the reduced 

chromium.  

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

4.3 Induction furnace experiments with the alloying mixture ‘chromite ore 

+ iron powder/steel scrap + petroleum coke’ (Paper IV) 

Figure 30 shows some of the obtained samples after the induction furnace experiments. It can 

be seen that, for sample N1-1 (chromite ore + petroleum coke), no visible metallic beads 

formed; for sample N1-2 (chromite ore + petroleum coke + iron powder, the mass ratio of 

nominal FeCr2O4 in the chromite ore to iron powder is 3:2), the beads formed had an average 

diameter of 1-2 mm; for sample N1-3 (chromite ore + petroleum coke + iron powder, the 

mass ratio of nominal FeCr2O4 in the chromite ore to iron powder is 1:4), both bulk metal 

sample and metallic beads formed. Sample N2-4 can represent all the samples in Group 2 and 

Group 3, in which the metal samples are well separated from slag. The typical SEM 

micrographs and EDS analysis of the metallic beads formed in N1-2, the bulk metal sample 

formed in N1-3, the metallic beads embedded in the slag in N1-3s and the bulk metal sample 

formed in Group 2 and Group 3 are shown in Figure 31 and Table 16. In Group 1 the 

chromium yield for sample N1-2 is 87.2%. For sample N1-3, the average chromium content 

in the metal sample is 1.6%, which is far lower than the theoretical value. However, a high 

content of chromium (54.5%) is found in the metallic beads which were closely embedded in 

and between the slag. 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 slag assimilated the chromium, but failed to coalesce to form big metallic beads or bulk 

metal samples, probably because of the high viscosity of slag 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 metallic particles and get slag samples with 

relatively higher purity. The XRD results of the slag samples show that the spinel phase 

MgAl2O4 is the main phase in the slag, while neither chromite ore nor chromium oxide is 
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detected. This confirms that the chromium ions in the mixtures 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 steel 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 steel 

scrap. In Group 3 the slag-forming mixture was added into the mixture after complete 

reduction of the alloying mixture. In this case, by using steel scrap, Cr yield is almost 90%.  

 

Figure 30 Samples (N1-1, N1-2, N1-3 and N2-4) obtained after induction furnace 

experiments.  

Figure 31 SEM micrographs of the bulk metal samples/metallic beads obtained after 

induction furnace experiments. 
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Table 16 SEM/EDS analyses of the bulk metal samples/metallic beads 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 
Cr 1.0 4.14 1.6 

-- 
Fe 99.0 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 5.0 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 particle embedded in the slag was analyzed.  

Selected metal and slag samples were also analyzed by XRF. The results are shown in Table 

17. 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 the metal samples and slag shows good 

agreement with that from chromite ore and steel scrap. The inconsistency of Al2O3 is due to 

the slight dissolution of alumina crucible in which the samples were contained.  

Table 17 Chemical composition analyses of the slag and metal samples for N2-3 and N3. 

 CaO Al2O3 MgO SiO2 FeO Cr2O3 CaF2 MnO P2O5 V2O5 others 

N2-3 24.0 33.0 6.16 30.5 1.4 5.18 <0.5 1.41 <0.02 0.12 Balance 

N3 35.0 27.7 6.95 26.1 0.62 2.73 <0.5 0.98 <0.02 0.05 Balance 

            

 C Si Mn P S Cr Ni Mo W Fe and others 

N2-3 1.68 0.1 0.18 0.02 0.0057 7.55 0.08 <0.01 <0.01 Balance 

N3 0.97 0.22 0.14 0.02 0.0058 8.89 0.06 <0.01 <0.01 Balance 

Generally, the present chromium alloying process consists of two steps: (i) the reduction of 

chromite ore; (ii) the separation of metallic phase and slag phase. Step (i) can be reached by 

appropriate thermodynamic and kinetic conditions, viz., temperature, particle size, the 

addition of iron, etc. The results from TGA experiments and induction furnace experiments 

confirm the thermodynamic and kinetic benefits of using iron, chromite ore and carbon as a 

mixture for chromium alloying. Step (ii) can be realized when the temperature is high enough 
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and the composition of the slag is appropriate to get the final liquid slag with low enough 

viscosity to ensure the coalescence of the metallic beads. Assuming that all the chromite can 

be reduced in every case in Group 1, the final composition of slag 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 according to the MgO-Al2O3-SiO2 phase diagram shown in Figure 

32.
 [87]

 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 materials (mixture of CaO, Al2O3 

and SiO2) in the alloying mixture, the melting point of slag could be lowered to around 1573 

K (estimated by Factsage
[72]

 calculation) and finally the Cr yield could be increased to some 

extent; however, a lot of chromite is still lost to the slag phase. This is attributed to the 

following factors:  

 

Figure 32 MgO-Al2O3-SiO2 phase diagram:
[87]

 the estimated slag composition (mainly MgO, 

Al2O3 and SiO2) after complete reduction of chromite ore is shown with a circle.  
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(i) During the reduction process 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;  

(ii) Some chromite may dissolve in the slag, and in this case the reduction will be retarded 

because, on one hand, the reduction progressed slowly between the interface of carbon 

and slag at low temperatures, or at high temperatures between the interface of melt and 

slag by carbon dissolved in the melt, i.e., smelting reduction. On the other hand, the 

dissolution of chromite into slag would decrease the activity of chromite, and then also 

slow down the reduction. This is confirmed by the fact that Cr yield is higher if the 

slag phase is placed above the alloying mixture than mixed with the alloying mixture.  

It is also apparent that iron powder seems to be more effective than steel scrap pieces with 

respect to the Cr yields, since the former has larger active surface area than steel 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 metal samples is already very high. The possible reason for this 

may be that, during the addition of slag-forming materials, some air might have been 

introduced into the reduced sample and the chromium was re-oxidized and entered the slag. 

Therefore, in a better-controlled atmosphere during slag addition, a higher chromium yield 

can be expected.  

4.4 Induction furnace experiments with the alloying mixture ‘chromite ore 

+ mill scale + petroleum coke’ (Paper V) 

As it is not economical to use expensive iron powder in the industrial process, the use of mill 

scale to replace iron powder is proposed. The results with respect to the use of this mill scale-

containing alloying mixture are shown as follows.  

4.4.1 Experimental results 

Results from the experimental observations 

In all the trials shown in Table 13 the charged materials can melt completely and the formed 

slag and metal can be physically separated from each other. In the 7-kg-scale trials and 80-kg-

scale trials it was observed that some metallic beads were embedded in the slag. The 

formation of the metallic beads could be attributed to the high viscosity of the slag at the 
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present experimental temperatures as well as the insufficient electromagnetic stirring of the 

slag and metallic melt under the influence of the induction current. It was also observed that 

slag had some interaction with the magnesia crucible or magnesia lining, as degradation of the 

magnesia crucible/lining by the slag was observed.  

Chemical analysis results of the metal and slag samples 

The chemical analysis results of the metal samples and slag samples from the trials are shown 

in Table 18 and Table 19, respectively. By comparing the metal samples in one type of the 

trials, it is seen that the metal samples were alloyed with more chromium in the case of using 

the briquette(s) with a higher mass ratio of Cr to (Cr+Fe). By comparing the metal samples 

among different types of trials, it is seen that metal samples were alloyed with more 

chromium when the materials with a higher mass ratio of briquette(s) to steel scrap were 

charged. The high carbon contents found in the metal samples that were produced in single-

piece-briquette trials are due to the addition of excess carbon in the alloying briquettes; the 

comparably low carbon contents found in the metal samples produced in the other trials are 

due to the use of low-carbon steel scrap, which diluted the introduced carbon. The variations 

in chromium and carbon in the metal sample as a function of the relative sampling time are 

shown in Figure 33. It is seen that the chromium content increases slightly with time, while 

that of carbon decreases slightly. This may indicate a slow chemical reaction between the 

carbon in the melt and the Cr2O3/fractional reduced chromite ore in the slag. The chemical 

analysis results of the slag samples show that some chromium was lost to the slag in the form 

of chromium oxide.  

Table 18 Chemical composition of the metal samples produced in the trials (wt.%). 

Trial type Briquette Sampling C Fe Cr Mn Ni Mo Others 

Single-piece-

briquette trials 

C1 After the trial 5.50 88.20 4.70 1.30 0.04 0.01 

Balance 

C2 After the trial 4.40 86.77 7.84 0.60 0.04 0.01 

C3 After the trial  4.00 83.83 11.30 0.40 0.05 0.01 

7-kg-scale trials 

C1 After the trial 1.38 95.92 1.15 1.11 0.10 0.01 

C2 After the trial 1.17 95.67 1.80 0.96 0.11 0.01 

C3 After the trial  0.62 95.35 2.62 0.83 0.22 0.01 

80-kg-scale trials 

C2 

1
st
 sampling

a)
 0.79 96.81 1.33 0.79 0.03 0.01 

2
ed

 sampling
a)

 0.75 96.81 1.35 0.76 0.05 0.01 

3
ed

 sampling
a)

 0.70 96.5 1.35 0.76 0.05 0.01 

C3 

1
st
 sampling

a)
 0.97 96.06 1.72 0.63 0.05 0.01 

2
ed

 sampling
a)

 0.97 96.01 1.79 0.60 0.04 0.01 

3
ed

 sampling
a)

 0.95 96.02 1.84 0.58 0.05 0.01 
a) 

Sampling was carried out during the trial. 
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Table 19 Chemical composition of the slag samples produced in the trials (wt.%). 

Trial type Briquette Sampling  CaO Al2O3 SiO2 MgO Cr2O3 FeO MnO Others 

Single-piece- 

briquette trials 

C1 After the trial 20.8 12.5 26.4 28.6 0.20 0.9 1.2 

Balance 

C2 After the trial 15.8 15.1 21.9 22.3 9.7 3.9 3.4 

C3 After the trial  9.2 15.8 14.2 20.1 22.6 11.0 2.2 

7-kg-scale trials 

C1 After the trial 19.3 15.6 19.1 32.0 1.2 3.7 3.4 

C2 After the trial 26.7 12.8 22.6 21.7 3.9 3.9 3.9 

C3 After the trial  29.1 14.5 21.7 20.9 2.4 5.6 3.0 

80-kg-scale 

trials 

C2 

1
st
 sampling

a)
 31.5 10.5 23.5 10.0 2.5 2.6 9.7 

2
ed

 sampling
a)

 30.1 10.0 22.5 11.3 2.9 3.1 10.5 

3
ed

 sampling
a)

 28.8 9.5 21.7 12.6 3.1 3.5 11.0 

C3 

1
st
 sampling

a)
 33.3 8.7 21.0 9.7 11.5 5.6 5.0 

2
ed

 sampling
a)

 33.1 8.5 20.6 10.9 11.3 5.4 5.3 

3
ed

 sampling
a)

 31.6 7.8 20.2 12.7 11.4 5.5 5.6 
a) 

Sampling was carried out during the trial.  

 

Figure 33 Variations of Cr and C in the metal samples as a function of relative sampling time 

(the metal samples are obtained from the 80-kg-scale trials using C2 and C3 briquettes). 

In the single-piece-briquette trials the slag formed was mainly from the mill scale, chromite 

ore and the ash components of the added petroleum coke. According the composition of the 

designed briquettes, the mass ratio of MgO/Al2O3 in the final slag should be 0.56, 0.67 and 

0.76 for C1, C2 and C3 briquettes, respectively. In the 7-kg-scale trials and 80-kg-scale trials 

slag-forming materials were added and the final slag composition was designed to be 45 wt.% 

CaO, 32 wt.% SiO2, 15 wt.% Al2O3 and 8 wt.% MgO by assuming all the reducible oxides 

would be reduced. However, from Table 19 it is seen that the MgO/Al2O3 ratios are higher 
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than the targeted composition in all the trials. This further confirms the degradation of the 

magnesia crucible by the slag, due to which some MgO was transferred into the slag. 

Cr yield from the direct alloying process 

Cr yield from the briquette(s) shows the effectiveness of the briquettes used for the direct 

alloying process. Here, the Cr yield is given by the following equation.  

Cr yield ≈
Mass of the obtained metal sample×Cr wt.% in the metal sample

Cr that existed in the charged materials (mill scale,chromite ore and steel scrap) 
                  (18) 

The obtained experimental data for calculating the Cr yield and the calculated results are 

shown in Table 20. The dependence of Cr yield as a function of Cr/(Cr+Fe) in different 

briquettes is shown in Figure 34, in which the derived data from the literature are also plotted. 

It is seen that the Cr yield from the briquettes increases with the decrease in Cr/(Cr+Fe) in the 

briquettes. In other words, the more mill scale added to the briquettes, the higher the Cr yield. 

According to the experimental results, the maximum Cr yield was 99.9% when C1 briquettes 

(Cr/(Cr+Fe) = 0.05) were used, being 93.0% when C2 briquettes (Cr/(Cr+Fe)=0.10) were 

used and being 67.1% when C3 briquettes (Cr/(Cr+Fe)=0.20) were used. From Figure 34 it is 

also seen that higher Cr yields were obtained from the 7-kg-scale trials and 80-kg-scale trials, 

in which slag-forming materials were added. Comparable experimental results with respect to 

Cr yield obtained in the 7-kg-scale trials and 80-kg-scale trials indicate the reproducibility of 

experiments under present experimental conditions. 

Table 20 Experimental data as well as the calculated Cr yield from the chromite ore. 

Trial type 
Briquettes 

ID 

Obtained metal 

sample /kg 

Cr content in the 

metal sample /wt. % 

Cr yield from the 

briquette(s) 

 / wt.% 

Single-piece 

briquette trials 

C1 0.093 4.70 95.9 

C2 0.113 7.84 78.7 

C3 0.082 11.30 51.1 

7-kg-scale trials 

C1 5.47 1.15 99.9 

C2 5.81 1.80 89.0 

C3 5.75 2.62 67.1 

80-kg-scale 

trials 

C2 70.38 1.35 93.0 

C3 69.33 1.79 63.5 
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Figure 34 The dependence of Cr yield as a function of Cr/(Cr + Fe) mass ratio in the 

briquettes. (The derived literature data are based on smelting reduction of a mixture of mill 

scale, low-grade chromite ore and 1.1 times stoichiometric amount of carbon (point [a] for 

coke and point [b] for graphite) in a 5-kg-scale SAF
[28]

) . 

SEM/EDS analysis results of selected metal and slag samples 

Figure 35 shows the SEM/EDS analysis results of the obtained metal samples from the 

single-piece briquette trials. Two or three different phases have been observed in the samples: 

the light gray phase with lower Cr content and the gray phase with higher Cr content. It is also 

observed that the Cr content in different phases increases with the increase in the ratio of 

Cr/(Cr+Fe) in the added briquettes. These results as well as the chemical analysis results of 

the metal and slag sample shown in Table 18 and Table 19 further indicate that the chromite 

ore was reduced into chromium, which directly dissolved in the formed iron from mill scale. 

In other words, the reduced iron from mill scale was directly alloyed with chromium from the 

chromite ore.  
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Figure 35 SEM/EDS analysis of the obtained metal samples from the single-piece-briquette 

trials using (a) C1 briquette, (b) C2 briquette and (c) C3 briquette. (The ratios given here 

indicate mass ratios.) 

Figure 36 shows the SEM/EDS analysis results of the obtained slag samples from the single-

piece-briquette trials. In all the samples it is observed that some fractional reduced chromite 

ore particles dispersed in the monticellite (CaSiMgO4) phase; the presence of this phase is 

confirmed by the XRD analysis of the slag shown in Figure 37. As reviewed in Chapter 1, the 

chromite ore has a spinel structure, in which Cr
3+

 and Al
3+

 occupy the octahedral sites; the 

gradual reduction of Cr
3+

 will leave higher and higher fractions of Al
3+

 in the spinel, since 

Al
3+

 can hardly be reduced in the present experimental conditions. Therefore, the ratio of 

Cr/Al can be used as an indicator of the reduction degree of the chromite ore. When using C1 

briquette, the mass ratio of Cr/Al in the fractional reduced chromite particle is 1:137, which is 

much smaller than the mass ratio of Cr/Al (equal to 2.2:1) in the original chromite ore. The 

low mass ratio of Cr/Al in this case indicates a high reduction degree of the chromite ore, 

which corresponds to the high Cr yield in the metallic product, as shown in Figure 34. When 

using C2 briquette, Cr/Al ≈ 1:7, this represents a moderate reduction degree of the chromite 
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ore and a moderate Cr yield. When using C3 briquette, the zoning effect
[23], [25]

 was observed 

in the chromite ore particles. In the outer zone the mass ratio of Cr/Al is 9:1; in the inner zone 

even Fe can be found and the mass ratio of Cr/Al/Fe is 2: 4: 1. In this case the Cr yield in the 

metallic product is merely 51.1 wt.%.  

 

Figure 36 SEM/EDS analysis of the obtained slag samples from the single-piece-briquette 

trials using (a) C1 briquette, (b) C2 briquette and (c) C3 briquette. 

The SEM/EDS analysis indicates that the fractional reduced chromite ore particles were 

suspended in the slag (as indicated by Figure 36), other than being completely dissolved in 

the slag matrix. This, on one hand, can be due to the high refractory character of the spinel-

type chromite ore and, on the other hand, it can be due to that the fact that the composition of 

the slag around the chromite ore does not favor the dissolution of the chromite ore.[48]
   

XRD analysis of selected slag samples 

Figure 37 (a) shows the XRD analysis of the collected slag samples after the single-piece 

briquette trials. Fractional reduced chromite ore is found in the slag. The relative intensities of 

the diffraction peaks for this phase decrease in turn when using C3 briquette, C2 briquette and 

C1 briquette, accordingly representing the decrease in the amount of fractional reduced 

chromite ore in different slag samples. Besides this, the shift and broadening of the diffraction 
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peak for chromite ore are also observed, as shown in Figure 37 (b). The shift and broadening 

are attributed to the fractional reduction of chromite ore as well as the zoning effect shown in 

Figure 36 (c). For the obtained slag when using C1 briquette the diffraction peak is closer to 

that of MgAl2O4, explaining a high reduction degree of chromite ore and a high Cr yield. For 

the obtained slag when using C3 briquette the diffraction peak has a wide broadening and is 

closer to that of the raw material chromite ore, explaining a low reduction degree of the 

chromite ore and a low Cr yield. For the slag obtained when using C2 briquette, the Bragg 

position of the diffraction peak indicates a moderate reduction degree of the chromite ore and 

a moderate Cr yield.  

 

Figure 37 (a) XRD analyses of the slag samples obtained from the single-piece-briquette 

trials and (b) the magnified spectrum of the marked zone (the diffraction spectrum for 

chromite ore is given as the reference). [(i), (ii) and (iii) refer to the slag from using C1, C2 

and C3 briquettes, respectively.] 

Figure 38 shows the XRD analysis of the slag samples from the 7-kg-scale trials. MgO is 

found to be a separate phase, indicating the saturation of MgO (partially from the magnesia 

crucible) in the slag. The fractional reduced chromite ore is not found in these slag samples. 

By referring to the chemical analysis of the slag samples shown in Table 19, the absence of 

the fractional reduced chromite ore is attributed to its relatively small amount in the slag, 

which could be beyond the detection limit of the present XRD analysis. Figure 39 shows the 

XRD analysis of the slag samples from the 80-kg-scale trials. The same un-reduced chromite 

ore phase is found in slag when using C3 briquettes, but only marginally when using C2 

briquettes. This can, to some extent, explain a higher Cr yield obtained by using C2 briquettes 

than by using C3 briquettes. Figure 37, Figure 38 and Figure 39 also show that Fe-Cr-C 

alloy phase is present in the slag samples from all types of the trials, indicating loss of the 
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metallic particles into the slag. This is consistent with the SEM observation shown in Figure 

36 (b). The XRD analyses of the slag explain well the Cr yield from different trials, as shown 

in Figure 34, and they also further confirm that the chromium in the slag largely exists in the 

fractional reduced chromite ore.  

 

Figure 38 XRD analyses of the slag samples after the 7-kg-scale trials. [(i), (ii) and (iii) refer 

to the slag from using C1, C2 and C3 briquettes, respectively.] 

 

Figure 39 XRD analyses of the slag samples after the 80-kg-scale trials. [((ii) and (iii) refer to 

the slag from using C2 and C3 briquettes, respectively.]  

4.4.2 Discussion 

Factors affecting the Cr yield from the direct alloying briquettes 
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The experimental results indicate that once the chromium ions in the chromite ore are reduced 

into metallic chromium, they will enter the final metal product; the unreduced chromium ions 

will stay in the fractional reduced chromite ore, suspending in the formed slag. Therefore, it is 

concluded that the Cr yield from direct alloying briquettes is closely related to the reducibility 

of the chromite ore. In this work it has been seen that the Cr yields increase with the increase 

in mass ratio of mill scale to chromite ore. As shown earlier, this is due to the fact that the 

mill scale or the reduced iron from the mill scale could enhance the reduction of the chromite 

ore and the enhancing effect increases with increased amounts of mill scale addition. In 

Figure 34 it can be seen that higher Cr yield is achieved with the addition of steel scrap and 

flux materials (7-kg-scale and 80-kg-scale trials). On one hand, this could be due to the 

presence of steel scrap, which can further enhance the reduction of chromite ore; on the other 

hand, it could be due to the addition of flux materials, the addition of bentonite binder, the 

presence of flux materials, such as SiO2, CaO and Al2O3, etc. in the mill scale, which could 

also improve the reduction of the chromite ore.
[22], [49], [56]-[58]

 However, the influence of the 

flux materials on the reduction of the chromite ore may not always be positive. In the later 

stage of the reduction a slag phase would form, and the fractional reduced chromite ore would 

suspend in the slag phase. The entrapped fractional reduced chromite ore particles in the slag 

may have less opportunity to contact carbon,
[13]

 resulting in a slow reduction rate, as indicated 

in Figure 33.  

Mechanism of carbothermic reduction of chromite during the direct alloying process 

As reviewed in Chapter 1, the mechanism of carbothermic reduction of chromite can be 

classified into two categories: smelting reduction and solid-state reduction. Carbothermic 

reduction of chromite ore during the direct alloying process in this study is likely dominated 

by the solid-state reduction mechanism. This is due to the fact that the prevailing reduction 

temperatures are lower than 1873 K and the carbon content in the molten iron is mostly lower 

than 5 wt.% (as shown Table 18), which cannot kinetically promote the smelting reduction.
[12]

 

Further, as shown in Figure 33, it is validated that the reduction reaction in the molten state 

has been very slow. 

In this study the reduction behavior of mill scale and chromite ore in the alloying briquettes as 

well as the direct alloying process can be considered to consist of the following steps:  

(i) At around 1273 K, mill scale is reduced into highly active iron, finely distributed 

around chromite ore particles; some carbon is picked up in the formed iron;  
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(ii) At relatively higher temperature, chromium is reduced from chromite ore and 

dissolved into the formed iron through diffusion; the reduction of chromite ore is 

enhanced due to the decrease in activity of the chromium; 

(iii) At even higher temperature, the formed metallic phase will melt into a Fe-Cr-C molten 

phase, which further works as the absorber for chromium as well as a carbon carrier;  

(iv) When a critical temperature is reached and as more molten metallic phase forms, the 

molten metallic phase will coalesce and be separated from the slag phase. The effect 

of molten metallic phase on the reduction of chromite ore is reduced due to the 

decrease in the contact areas between the molten metallic phase and the chromite 

particles;  

(v) The chromium alloyed Fe-Cr-C phase dissolves into the melted steel scrap and the 

steel is finally alloyed with chromium.  

During the reduction process and the alloying process the formation of slag can be considered 

to consist of the following steps:  

(i) At relatively low temperature the flux materials are still in their solid state, they may 

have a slight or moderate effect on the reduction of chromite ore, as discussed earlier;  

(ii) At 1473-1573 K (estimated by the Factsage
[72]

) an initial molten slag phase, which is 

from the flux materials in the mill scale, starts to form and is disseminated finely in the 

briquettes, the formation and movement of which may provide fresh sites for the 

chromite reduction;  

(iii) At higher temperature the molten slag phase starts to coalesce and the chromite 

particles may suspend in the formed slag phase; the reduction reaction will therefore 

be interrupted due to the segregation of chromite ore particles from the CO gas and 

molten metallic phase. If at this stage the chromite ore has reached a high reduction 

degree, the fractional reduced chromite may disintegrate in the slag;
[13] 

 

(iv) At even higher temperature the slag phase thoroughly separates from the molten 

metallic phase and finally ends up in the externally added slag phase;  

(v) The solid-state reduction terminates and a slow smelting reduction starts to prevail.  

4.5 Combined reduction of chromite ore and magnetite (Paper VI) 

Results and discussion 
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Figure 40 (b) and (c) show the TGA curves of two mixtures (Mixture 2 and Mixture 3) with 

different Cr/(Fe+Cr) ratios, while the one without chromite ore addition (Mixture 1) is shown 

in Figure 40 (a) as the reference. As can be seen, the calculated mass losses due to the 

reduction of magnetite and chromite ore are very close to the values observed by the TGA 

analysis, indicating an almost complete reduction of the oxides in the mixture. Further, it is 

observed that the time required for the reduction to reach 99 wt.% of the observed mass loss 

from using Mixture 1, using Mixture 2 to using Mixture 3 are slightly increasing, indicating 

the mixture with lower Cr/(Fe+Cr) ratio can be reduced faster.   

 

Figure 40 TGA curves for the combined reduction of magnetite and chromite ore with 

different ratios Cr/(Fe+Cr) in the mixture: (a) Mixture 1 without chromite ore addition; (b) 

Mixture 2 with Cr/(Fe+Cr)=2.5 wt.%; (c) Mixture 3 with Cr/(Fe+Cr)=6.2 wt.% and (d) a 

comparison of the calculated mass losses (according to the chemical compositions of the 

magnetite and chromite ore) and observed mass losses.  

Figure 41 shows the XRD analysis of the reduction products for the three different mixtures. 

It can be seen that dominant phase of the reduction product is Fe-Cr-C alloy, which can be 

attributed to the reduction of magnetite and chromite ore. For the XRD analysis of reduction 
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products from Mixture 2 and Mixture 3, diffraction peaks for MgAl2O4 are found while no 

peaks for chromite ore can be detected. This is due to the depletion of iron and chromium 

from the spinel-type chromite ore, further confirming that the chromite ore in the mixtures has 

been largely reduced.  

 

Figure 41 XRD analysis of the reduction products from Mixture 1, Mixture 2 and Mixture 3 

(the diffraction spectrum of chromite ore is given as the reference).  

Figure 42 shows the SEM/EDS analysis of the reduction product from Mixture 2 and Mixture 

3. It is seen that the reduction products are in powder form and the chromium reduced from 

chromite ore is dissolved in the iron (i.e., the iron is directly alloyed with chromium during 

the reduction course) and the amount of dissolved chromium increases when an increased 

amount of chromite ore is added to the magnetite. However, it seems that the chromium is not 

evenly distributed. 

In this study it is seen that the combined reduction of magnetite and chromite ore has 

enhanced the solid-state reduction of chromite ore, as the chromite ore itself can hardly be 

completely reduced by solid carbon at temperatures ≤1473 K. This phenomenon can be 

explained from the thermodynamic point of view as stated earlier. It is thus potential to use 

the mixture of ‘magnetite + chromite ore + carbonaceous materials’ to produce chromium 

alloyed DRI or iron powder, which, on one hand, can be used as an alloying feedstock in the 

EAF steelmaking process and, on the other hand, can be used as a new method to produce 
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chromium pre-alloyed iron powder, which otherwise is commonly produced by the gas or 

water atomization process.
[88]

  

 

Figure 42 SEM observation of the reduction products and EDS analysis of the selected areas: 

(a) Mixture 2 after reduction and (b) Mixture 3 after reduction.   

4.6 Summary  

When chromite ore is subjected to carbothermic reduction, iron ions in the chromite ore will 

be reduced first and then chromium ions being reduced. The final reduction products are Fe-

Cr-C alloy and/or carbide due to the inter-diffusion of iron, chromium and carbon. From the 

thermodynamic point of view, the chemical compositions of the products have significant 

effect on the reduction of chromite ore due to the change in the activity of chromium in the 

products. A lower Cr content in the products will result in a lower activity of chromium and 
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thus thermodynamically enhance the reduction of chromite ore. This can be confirmed by the 

fact that the chromite ore with higher Fe/Cr ratio can be reduced faster, by the fact that the 

combined reduction of Cr2O3 and Fe2O3 is easier than the sole reduction of Cr2O3 and by the 

fact that the iron powder (minor amounts) addition can enhance the reduction of chromite ore.  

In this work TGA experiments were carried out stepwise to investigate the fundamentals of 

carbothermic reduction of synthetic chromite or chromite ore with the addition of excessive 

amounts of FeOx (in the form of iron powder, mill scale and magnetite). The purposes of 

using different FeOx species are: 

(i) To clarify the mechanism of iron powder on the reduction of synthetic chromite 

without the presence of any gangue;  

(ii) To evaluate the effect of using mill scale to replace iron powder;  

(iii) To investigate the feasibility to using magnetite and chromite ore to directly alloy 

reduced iron with chromium at temperatures below 1473 K.   

In all the three cases it is found that the FeOx species can enhance the carbothermic reduction 

of chromite. This enhancing effect is attributed to the presence of added iron or the reduced 

iron from mill scale and magnetite. It is also believed that mill scale and magnetite have more 

pronounced effects on this enhancing effect, as the in situ formed iron from mill scale and 

magnetite is more active than iron power.     

Induction furnace experiments were carried out in various scales to investigate the 

effectiveness of using the designed alloying precursor “chromite ore + FeOx + carbonaceous 

material” to directly alloy steel with chromium. The notable finding is that the Cr yields from 

the chromite ore increase when the mass ratios of Cr to (Cr + Fe) decrease, or in other words, 

when high amounts of FeOx species are added to the chromite ore.  

The results from TGA experiments and induction furnace experiments agree well in principle 

and they all can be explained by the provided theoretical analysis. This may prove the validity 

of work presented in this thesis.  
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5 Conclusions 

In this work studies on carbothermic reduction of chromite in the absence/presence of FeOx 

are carried out to investigate the effect of FeOx on the carbothermic reduction of chromite and 

to explore the potential of using ‘chromite ore + FeOx + carbonaceous material’ to directly 

alloy steel with chromium.  

TGA experiments under non-isothermal conditions have been carried out to investigate the 

carbothermic reduction behavior of FeCr2O4 in the absence/presence of metallic iron. The 

experimental results show that the iron powder addition enhances the reduction of FeCr2O4 

and this effect increases when increased amounts of iron powder are added. This phenomenon 

is attributed to the in situ dissolution of chromium into the iron and mixed carbide (Cr,Fe)7C3, 

which can decrease the activity of the reduced chromium from FeCr2O4. The experimental 

results indicate that the reduction of FeCr2O4 with up to 80 wt.% iron powder addition is 

likely to be a single-step process and the kinetic analysis suggests that the reduction reaction 

is likely to be either (i) chemical reaction at the surface of FeCr2O4 or (ii) diffusional 

dissolution of the product into the iron/alloy particles or the mixed control of (i) and (ii). 

TGA experiments under non-isothermal conditions have been carried out to investigate the 

carbothermic reduction behavior of chromite ore in the absence/presence of mill scale. The 

experimental results with respect to the use of ‘chromite ore + petroleum coke’ show 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, is found to be the intermediate phase during the reduction and a chromium 

gradient is found in the fractional reduced sample at temperatures higher than 1623 K. A four-

step reduction process is proposed: one step involving the reduction of iron in the chromite 

ore and three steps involving the reduction of chromium in the ore. 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. The experimental results with respect to 

the use of ‘chromite ore + mill scale + petroleum coke’ show that: (i) mill scale in the mixture 

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; (ii) reduction of 

chromite ore was enhanced with the addition of mill scale, especially at temperatures higher 
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than 1623 K and the enhancing effect increased when increased amounts of mill scale were 

added; the enhancing effect is attributed to the presence of molten Fe-C alloy in the vicinity of 

chromite ore, which can decrease the activity of chromium by having chromium in situ 

dissolve into the melt. 

TGA experiments have been carried out to investigate the carbothermic reduction of 

‘chromite ore + magnetite + anthracite’ under lower temperatures (≤1473 K). The 

experimental results show that combined reduction of magnetite and chromite ore by 

anthracite can enhance the solid-state reduction of chromite ore and this enhancing effect 

increases when increased amounts of magnetite are added in the reduction mixture. In the 

presence of excessive amount of magnetite the chromite ore can be almost completely 

reduced at and below 1473 K and the produced iron (in powder form) was directly alloyed 

with chromium.  

‘Chromite ore + iron powder/steel scrap + petroleum coke’ and ‘chromite ore + mill scale + 

petroleum coke’ are proposed as direct alloying precursors. To evaluate the effectiveness of 

the designed alloying precursors, induction furnace experiments in various scales were carried 

out. The results with respect to the use of alloying precursor ‘chromite ore + iron powder/steel 

scrap + petroleum coke’ show that iron powder is more effective than steel scrap with respect 

to chromium yield in the steel and the composition of the slag needs to be adjusted. The 

results with respect to the use of alloying precursor ‘chromite ore + mill scale + petroleum 

coke’ show that: (i) the designed alloying precursor ‘chromite ore + mill scale + petroleum 

coke’ can be used to directly alloy steel scrap with chromium in the induction furnace; by 

using the alloying briquettes with Cr/(Cr+Fe) = 0.10, the steel scrap was alloyed with 1.35% 

Cr in the 80-kg-scale induction furnace trial; the Cr yield from chromite ore in this case was 

93.0%; (ii) the Cr yield from the chromite ore in this direct alloying process is closely related 

to the reducibility of the chromite. The addition of mill scale to the alloying mixture can 

enhance the reducibility of the chromite ore and finally improve the Cr yield: the more mill 

scale added in the briquettes, the lower the mass ratio of Cr to (Cr + Fe), leading to a higher 

Cr yield from the chromite ore. Specifically, the maximum Cr yield from the chromite ore 

was 99.9% when the mass ratio of Cr to (Cr+Fe) in the briquettes was 0.05, and being 93.0% 

when the ratio was 0.10. However, when the ratio of Cr to (Cr+Fe) in the briquettes reached 

0.20, the maximum Cr yield was only 67.1%; (iii) the chromium lost in the slag is found in 

the form of fractional reduced chromite ore, suspending in the slag; (iv) the reduction of 

chromite ore is likely dominated by the solid-state reduction mechanism.  
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6 Outlook and future work 

6.1 Direct alloying steel with chromium in the EAF steelmaking process 

Yang et al. investigated the effect of recycling briquettes made from stainless steel sludge in 

the induction furnace and carried out several trials in the industrial scale EAF. They proved 

the feasibility of charging 3.4 wt.% briquette of the metal charges into the EAF.
[89], [90]

 Due to 

certain similarities between the latter findings and the findings of the present studies, it is 

expected that the designed alloying precursor ‘chromite ore + mill scale + carbonaceous 

material (such as petroleum coke and coal)’ can be potentially used to produce Cr low-alloyed 

or micro-alloyed steels (Cr <1 wt.%) by directly charging the alloying precursor into the EAF 

in the form of mixture or briquettes/pellets. In this case the ratio of the charged alloying 

precursor to the charged steel scrap should be controlled to an acceptable value, which will 

not disturb a normal EAF operation. The designed alloying precursor can also be feasible to 

alloy steels with 1-10 wt.% Cr. However, in this case an external pre-heating and pre-

reduction process are favorable to be applied in connection with the EAF process. The 

application of this designed alloying precursor has the potential to save raw materials 

(chromite ore, flux materials, etc.), as high Cr yield from chromite ore can be anticipated if 

the alloying precursor is well prepared. The application of this designed alloying precursor 

also has the potential to save energy, as re-melting of ferrochrome can be avoided, or at least 

partially avoided. Further, the present proposal provides another route to use chromite ore 

fines and low-grade chromite ore fines (with low Cr/Fe ratio), which are less expensive; it 

also provides another route to recycle mill scale, which is regarded as the industrial residual.  

Before transferring this direct alloying process into the industry, the cost and the 

environmental impact need to be thoroughly considered and be compared with the traditional 

ferrochrome production process and its follow-up alloying process in the steel plant. Industrial 

scale trials are required to identify: (i) the maximum amount of Cr that the steel can be 

alloyed with if the designed alloying precursor is to be directly charged into the EAF; (ii) the 

maximum amount of Cr that the steel can be alloyed with if the alloying precursor is to be 

pre-heated and pre-reduced by an external heater before charging into the EAF.  

6.2 Production of Cr pre-alloyed iron powder or DRI 

Cr pre-alloyed iron powder is known to be industrially produced by the water-atomization 

process, in which Cr-alloyed melt needs to be prepared by melting high quality steel scrap and 
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ferrochrome in the EAF. The designed alloying precursor ‘chromite ore + magnetite + 

anthracite’ can be potentially used to produce Cr pre-alloyed iron powder by the solid-state 

reduction process. The new process has the potential to improve the raw materials efficiency 

and energy efficiency by improving the Cr yield from chromite ore and by avoiding the use of 

ferrochrome. Further, the designed alloying precursor ‘chromite ore + magnetite + anthracite’ 

can be potentially used to produce Cr pre-alloyed DRI by the solid-state reduction process. 

The produced Cr pre-alloyed DRI can be used as a new feed in the EAF steelmaking process 

for special steel production.  

In the future trials in larger scale should be carried out to prove the economic and technical 

feasibilities of using the proposed precursor to produce Cr pre-alloyed iron powder or DRI. 

The produced Cr pre-alloyed iron powder should be characterized and be proved to be 

comparable or superior to the one produced by the state-of-the-art water atomization process.  

The principle described in this thesis can also be potentially applied to other metals, such as 

molybdenum and tungsten.  

  



77 
 

References  

[1] P.-J. Cunat, “Alloying Elements in Stainless Steel and Other Chromium-Containing 

Alloys,” Euro Inox, 2004. 

[2] M. J. Niayesh and G. W. Fletcher, “An Assessment of Smelting Reduction Processes in 

the Production of Fe–Cr–C Alloys,” in INFACON 4, Sao paulo, Brazil, 1986. 

[3] M. Riekkola-Vanhanen, “Finnish Expert Report on Best Available Techniques in 

Ferrochromium Production,” Finnish Environmental Institute, Helsinki, Finland, 1999. 

[4] C. N. Harman and N. S. S. Rama Rao, “A Process for the Recovery of Chromium and 

Iron Oxide in High Carbon Ferro Chrome Slag to Obtain Chromium and Iron in the 

Form of Saleable Metal,” in INFACON 13, Almaty, Kazakhstan, 2013. 

[5] J. Daavittila, M. Honkaniemi and P. Jokinen, “The Transformation of Ferrochromium 

Smelting Technologies during the Last Decades,” J. South African instiute Min. Metall., 

pp. 541–549, 2004. 

[6] “Outokumpu Tornio Site”, presented by M. Sassi, 2013. Available: 

http://www.outokumpu.com/SiteCollectionDocuments/Outokumpu-Site-Visit-Tornio-

presentation-11092013.pdf 

[7] E.-P. Heikkinen and T. Fabritius, "Modelling of the Refining Processes in the 

Production of Ferrochrome and Stainless Steel", INTECH Open Access Publisher, 

2012. 

[8] "Making Stainless Steel: the Outokumpu Tornio plant," released by Outokumpu, 2014. 

Available: http://www.outokumpu.com/en/stainless-steel/about-stainless/how-is-

stainless-steel-made/Pages/default.aspx 

[9] S. Takeuchi, H. Nakamura, T. Sakuraya, T. Fujii and T. Nozaki, “Pilot Plant 

Experiment of Smelting Reduction Using Fine Chromium Ore,” Tetsu-to-Hagane, vol. 

76, no. 11, pp. 1847–1854, 1990. 

[10] D. D. Slatter, "Technological Trends in Chromium Unit Production and Supply," in 

INFACON 7, Trondheim, Norway, 1995. 

[11] T. Takaoka, Y. Kikuchi and Y. Kawai, “Fundamental Study on Rapid Reduction of 

Chromium Ore in Basic Oxygen Furnace,” Tetsu-to-Hagane, vol. 76, no. 11, pp. 1839–

1846, 1990. 

[12] C. Treadgold, “The Production of Stainless Steel through Smelting Reduction of 

Chrome Ores Using Coal and Oxygen,” British Steel, Teesside Technology Centre, 

1990. 



78 
 

[13] S. Xu and W. Dai, “The Melting Behaviour of Chromite Ores and the Formation of 

Slag in the Production of High-carbon Ferrochromium,” in INFACON 6, Cape Town, 

Johannesburg, 1992. 

[14] H. St. C. O’Neill and W. A. Dollase, “Crystal Structures and Cation Distributions in 

Simple Spinels from Powder XRD Structural Refinements: MgCr2O4, ZnCr2O4, Fe3O4 

and the Temperature Dependence of the Cation Distribution in ZnAl2O4,” Phys. Chem. 

Miner., vol. 20, no. 8, pp. 541–555, 1994. 

[15] J. Taftø, “The Cation-atom Distribution in a (Cr, Fe, Al, Mg)3O4 Spinel as Revealed 

from the Channelling Effect in Electron-induced X-ray Emission,” J. Appl. Cryst., vol. 

15, no. 4, pp. 378–381, 1982. 

[16] O. Naiker and T. Riley, “Xstrata Alloys in Profile,” South. African Pyrometallurgy, pp. 

297–305, 2006. 

[17] O. Naiker, "The Development and Anvantages of Xstrata’s Premus Process," in 

INFACON 11, New Delhi, India, 2007. 

[18] J. P. Hoffman, “Oxygen-coal In-bath Smelting Reduction-a Future Process for the 

Production of Iron and Stainless Steel?”, J. S. Afr. Inst. Min. Metall., 1992, 92, 253. 

[19] W. Pei, “Chromite Smelting Reduction - Kinetic and Thermodynamic Studies”, 

doctoral thesis, KTH-Royal Institute of Technology, 1994. 

[20] R. H. Nafziger, J. E. Tress and J. I. Paige, “Carbothermic Reduction of Domestic 

Chromites,” Metall. Trans. B, vol. 10, no. 1, pp. 5–14, 1979. 

[21] D. Chakraborty, S. Ranganathan and S. N. Sinha, “Investigations on the Carbothermic 

Reduction of Chromite Ores,” Metall. Trans. B, vol. 36, no. 4, pp. 437–444, 2005. 

[22] P. Weber and R. H. Eric, “The Reduction Mechanism of Chromite in the Presence of a 

Silica Flux,” Metall. Trans. B, vol. 24, no. 6, pp. 987–995, 1993. 

[23] O. Soykan, R. H. Eric and R. P. King, “The Reduction Mechanism of a Natural 

Chromite at 1416 °C,” Metall. Trans. B, vol. 22, no. 1, pp. 53–63, 1991. 

[24] W. J. Rankin, “Reduction of Chromite by Graphite and Carbon Monoxide,” Trans. Inst. 

Min. Met. C, vol. 88, pp. 107–113, 1979. 

[25] K. P. D. Perry, C. W. P. Finn and R. P. King, “An Ionic-Diffusion Mechanism of 

Chromite Reduction,” Metall. Trans. B, vol. 19, no. 4, pp. 677–684, 1988. 

[26] M. Kekkonen, Y. Xiao and L. Holappa, “Kinetic Study on Solid State Reduction of 

Chromite Pellets,” in INFACON 7, Trondheim, Norway, 1995. 



79 
 

[27] O. Soykan, R. H. Eric and R. P. King, “Kinetics of the Reduction of Bushveld 

Complex Chromite Ore at 1416 °C,” Metall. Mater. Trans. B, vol. 22, no. 6, pp. 801–

810, 1991. 

[28] A. Ahmed, M. K. El-Fawakhry, M. Eissa and S. Shahein, “Direct Chromium Alloying 

by Smelting Reduction of Mill Scale and Low Grade Chromite Ore,” Ironmak. 

Steelmak., vol. 42, no. 9, pp. 648–655, 2015. 

[29] H. G. Vazarlis and A. Lekatou, “Pelletising−sintering, Prereduction, and Smelting of 

Greek Chromite Ores and Concentrates,” Ironmak. Steelmak., vol. 20, no. 1, pp. 42–53, 

1993. 

[30] A. R. Barnes, C. W. P. Finn and S. H. Algie, “The Prereduction and Smelting of 

Chromite Concentrate of Low Chromium-to-iron Ratio,” J. S. Afr. Inst. Min. Met., vol. 

83, no. 3, pp. 49–54, 1983. 

[31] D. Chakraborty, S. Ranganathan and S. N. Sinha, “Influence of Temperature and 

Particle Size on Reduction of Chromite Ore”, in INFACON 11, New Delhi, India, 2007. 

[32] Y. Xiao, C. Schuffeneger, M. Reuter, L. Holappa and T. Seppälä, “Solid State 

Reduction of Chromite with CO,” in INFACON 10, Cape Town, South Africa, 2004. 

[33] H. G. Katayama and M. Tokuda, “The Reduction Behavior of Synthetic Chromites by 

Carbon,” Tetsu-to-Hagane, vol. 65, no. 3, pp. 331–340, 1978. 

[34] H. G. Katayama and M. Tokuda, “Rate-determining Process in Carbothermic 

Reduction of Chromites,” Tetsu-to-Hagane, vol. 71, no. 9, pp. 1094–1101, 1985. 

[35] C. P. J. Van Vuuren, J. J. Bodenstein, M. Sciarone and P. Kestens, “The Reduction of 

Synthetic Iron Chromite in the Presence of Various Metal Oxides - a Thermo-analytical 

Study ,” in INFACON 6, Cape Town, Johannesburg, 1992. 

[36] N. S. Sundar Murti and V. Seshadri, “Kinetics of Reduction of Synthetic Chromite with 

Carbon,” Trans. ISIJ, vol. 22, pp. 925–933, 1982. 

[37] Y. Zhang, Y. Liu and W. Wei, “Carbothermal Reduction Process of the Fe-Cr-O 

System,” Int. J. Miner. Metall. Mater., vol. 20, no. 10, pp. 931–940, 2013. 

[38] Y. Wang, L. Wang, J. Yu and K. C. Chou, “Kinetics of Carbothermic Reduction of 

Synthetic Chromite,” J. Min. Metall. Sect. B Metall., vol. 50, no. 1, pp. 15–21, 2014. 

[39] Y. Wang, L. Wang and K.C. Chou, “Effects of CaO, MgO, Al2O3 and SiO2 on the 

Carbothermic Reduction of Synthetic FeCr2O4,” Journl Min. Metall. Sect. B Metall., 

vol. 51, no. 1, 2015. 

[40] T. Mori, J. Yang and M. Kuwabara, “Mechanism of Carbothermic Reduction of 

Chromium Oxide,” ISIJ Int., vol. 47, no. 10, pp. 1387–1393, 2007. 



80 
 

[41] R. J. Fruehan, “Rate of Reduction of Cr2O3 by Carbon and Carbon Dissolved in Liquid 

Iron Alloys,” Metall. Trans. B, vol. 8, no. 2, pp. 429–433, 1977. 

[42] Q. Lin, R. Liu and N. Chen, “Kinetics of Direct Reduction Chrome Iron Ore,” J. Therm. 

Anal. Calorim., vol. 58, no. 2, pp. 317-322, 1999. 

[43] K. Okumura, T. Sugimura, M. Kuwabara and M. Sano, “Carbothermic Reduction of 

Cr2O3 and Fe2O3 under Nonisothermal Condition,” Tetsu-to-Hagane, vol. 90, no. 12, 

pp. 10-16, 2004. 

[44] M. Kekkonen, “Kinetic Study on Solid State and Smelting Reduction of Chromite Ore,” 

doctoral thesis, Helsinki University of Technology, 2000. 

[45] E. Uslu and R. H. Eric, “The Reduction of Chromite in Liquid Iron-chromium-carbon 

Alloys,” J. South African Inst. Min. Metall., vol. 91, no. 11, pp. 397–409, 1991. 

[46] T. Izawa, H. Katayama and N. Sano, “Smelting Reduction of Chromite Ore in an 

Oxygen Converter”, in INFACON 6, Cape Town, Johannesburg, 1992. 

[47] D. J. Simbi and M. B. C. Tsomondo, "Aspects of Smelting Reduction of Chromite Ore 

Fines in CaO–FeO–Cr2O3–SiO2–Al2O3 Slag System by Carbon Dissolved in High 

Carbon Ferrochromium Alloy Bath," Ironmak. Steelmak., vol. 29, pp. 271-275, 2002. 

[48] R. H. Eric and O. Demir, “Dissolution of Chromite in Slags,” Miner. Process. Extr. 

Metall., vol. 123, no. 1, pp. 2–9, 2014. 

[49] Y. L. Ding and N. A. Warner, “Catalytic Reduction of Carbon-chromite Composite 

Pellets by Lime,” Thermochim. Acta, vol. 292, no. 1, pp. 85–94, 1997. 

[50] F. Apaydin, A. Atasoy and K. Yildiz, “Effect of Mechanical Activation on 

Carbothermal Reduction of Chromite with Graphite,” Can. Metall. Q., vol. 50, no. 2, 

pp. 113–118, 2011. 

[51] G. Kapure, V. Tathavadkar, C. B. Rao, S. M. Rao and K. S. Raju, “Coal Based Direct 

Reduction of Preoxidized Chromite Ore at High Temperature,” in INFACON 12, 

Helsinki, Finland, 2010. 

[52] J. Pan, C. Yang and D. Zhu, “Solid State Reduction of Preoxidized Chromite-iron Ore 

Pellets by Coal,” ISIJ Int., vol. 55, no. 4, pp. 727–735, 2015. 

[53] E. L. J. Kleynhans, B. W. Neizel, J. P. Beukes and P. G. Van Zyl, “Utilisation of Pre-

oxidised Ore in the Pelletised Chromite Pre-reduction Process,” Miner. Eng., vol. 92, 

pp. 114–124, 2016. 

[54] H. G. Katayama, M. Tokuda and M. Ohtani, “Promotion of the Carbothermic 

Reduction of Chromium Ore by the Addition of Borates,” Tetsu-to-Hagane, vol. 72, no. 

10, pp. 1513–1520, 1986. 



81 
 

[55] J. S. J. VAN Deventer, “The Effect of Additives on the Reduction of Chromite by 

Graphite: an Isothermal Kinetic Study,” Thermochim. Acta, vol. 127, pp. 25–35, 1988. 

[56] D. Neuschütz, P. Janßen, G. Friedrich and A. Wiechowski, “Effect of Flux Additions 

on the Kinetics of Chromite Ore Reduction with Carbon,” in INFACON 7, Trondheim, 

Norway, 1995. 

[57] P. Weber and R. H. Eric, “Solid-state Fluxed Reduction of LG-6 Chromite from the 

Bushveld Complex,” in INFACON 6, Cape Town, Johannesburg, 1992. 

[58] P. Weber and R. H. Eric, “The Reduction of Chromite in the Presence of Silica Flux,” 

Miner. Eng., vol. 19, no. 3, pp. 318–324, 2006. 

[59] B. W. Neizel, J. P. Beukes, P. G. Van Zyl and N. F. Dawson, “Why is CaCO3 not Used 

as an Additive in the Pelletised Chromite Pre-reduction Process?,” Miner. Eng., vol. 45, 

pp. 115–120, 2013. 

[60] Y. Wang, L. Wang and K. C. Chou, “Effects of CaO, MgO, Al2O3 and SiO2 on the 

Carbothermic Reduction of Synthetic FeCr2O4,” J. Min. Metall. Sect. B Metall., vol. 51, 

no. 1, pp. 17–24, 2015. 

[61] T. Shimoo, F. Mizutaki, S. Ando and H. Kimura, “Reduction of Fe2O3-Cr2O3 Mixtures 

with Solid Carbon in Solid and Molten States,” J. Japan Inst. Met., vol. 52, no. 7, pp. 

654–662, 1988. 

[62] M. Görnerup and H. Jacobsson, “Foaming Slag-practice in Electric Stainless 

Steelmaking,” in Proceedings of 55th Electric Furnace Conference, Chicago, 1997. 

[63] M. Görnerup and A. K. Lahiri, “Reduction of Electric Arc Furnace Slags in Stainless 

Steelmaking: Part 1 Observations,” Ironmak. Steelmak., vol. 25, no. 4, pp. 317–322, 

1998. 

[64] M. Görnerup and A. K. Lahiri, “Reduction of Electric Arc Furnace Slags in Stainless 

Steelmaking: Part 2 Mechanism of CrOx Reduction,” Ironmak. Steelmak., vol. 25, no. 5, 

pp. 382–386, 1998. 

[65] M. I. El-Guindy and W. G. Davenport, “Kinetics and Mechanism of Ilmenite 

Reduction with Graphite,” Metall. Trans., vol. 1, no. 6, pp. 1729–1734, 1970. 

[66] Y. K. Rao, “The Kinetics of Reduction of Hematite by Carbon,” Metall. Trans., vol. 2, 

no. 5, pp. 1439–1447, 1971. 

[67] Y. Maru, Y. Kuramasu, Y. Awakura and Y. Kondo, “Kinetic Studies of the Reaction 

between Cr23C6 Particles and Cr2O3 Particles,” Metall. Trans., vol. 4, no. 11, pp. 2591–

2598, 1973. 



82 
 

[68] N. S. Srinivasan and A. K. Lahiri, “Studies on the Reduction of Hematite by Carbon,” 

Metall. Trans. B, vol. 8, no. 1, pp. 175–178, 1977. 

[69] R. Padilla and H. Y. Sohn, “The Reduction of Stannic Oxide with Carbon,” Metall. 

Trans. B, vol. 10, no. 1, pp. 109–115, 1979. 

[70] S. K. Gupta, V. Rajakumar and P. Grieveson, “Kinetics of Reduction of Ilmenite with 

Graphite at 1000 to 1100 °C,” Metall. Trans. B, vol. 18, no. 4, pp. 713–718, 1987. 

[71] Y. Kashiwaya, M. Kanbe and K. Ishii, “Reaction Behavior of Facing Pair between 

Hematite and Graphite : A Coupling Phenomenon of Reduction and Gasification,” ISIJ 

Int., vol. 41, no. 8, pp. 818–826, 2001. 

[72] Factsage, http://www.factsage.com. 

[73] L. D. Teng, R. E. Aune, M. Selleby and S. Seetharaman, “Thermodynamic 

Investigations of the C-Cr-Fe System by Galvanic Cell Technique,” Metall. Mater. 

Trans. B, vol. 36, no. 2, pp. 263–270, 2005. 

[74] B. F. Naylor, “High-Temperature Heat Contents of Ferrous and Magnesium Chromites,” 

Ind. Eng. Chem., vol. 36, no. 10, pp. 933–934, 1944. 

[75] PDF-2 2003 Database Sets, International Centre for Diffraction Data, Newton Square, 

PA 19073-3273, USA. 

[76] N. N. Greenwood and A. Earnshaw, Chemistry of the Elements (2ed Edition), 

Butterworth-Heinemann, 1997. 

[77] E. T. Turkdogan and J. V. Vinters, “Catalytic Oxidation of Carbon,” Carbon, vol. 10, 

no. 1, pp. 97–111, 1972. 

[78] E. T. Turkdogan and J. V Vinters, “Effect of Carbon Monoxide on the Rate of 

Oxidation of Charcoal, Graphite and Coke in Carbon Dioxide,” Carbon, vol. 8, no. 1, 

pp. 39–53, 1970. 

[79] P. Ma, B. Lindblom and B. Björkman, “Mechanism Study on Solid-state Reduction in 

the Fe2O3–NiO–Cr2O3–C System Using Thermal Analyses,” Scand. J. Metall., vol. 34, 

no. 1, pp. 22–30, 2005. 

[80] G. V Samsonov and T. K. Osipova, “Reduction Kinetics of Chromium Oxide and 

Chromites,” Powder Metall. Met. Ceram., vol. 13, no. 4, pp. 257–261, 1974. 

[81] V. V Skorokhod and L. I. Shnaiderman, “Effect of Palladium upon the Reduction of 

Chromic Oxide in the Presence of the Group VI Refractory Metals. I. Reduction of 

Chromic Oxide in the Presence of Molybdenum and Palladium,” Sov. Powder Metall. 

Met. Ceram., vol. 14, no. 11, pp. 879–882, 1975. 



83 
 

[82] V. K. Simonov and A. M. Grishin, “Thermodynamic Analysis and the Mechanism of 

the Solid-phase Reduction of Cr2O3 with Carbon: Part 1,” Russ. Metall., vol. 2013, no. 

6, pp. 425–429, 2013. 

[83] Thermo-calc, http://www.thermocalc.com/. 

[84] H. S. C. O’Neill and A. Navrotsky, “Simple Spinels: Crystallographic Parameters, 

Cation Radii, Lattice Energies, and Cation Distribution,” Am. Mineral., vol. 68, no. 1–2, 

pp. 181–194, 1983. 

[85] M. Hino, K.-I. Higuchi, T. Nagasaka and S. Ban-Ya, “Thermodynamic Estimation on 

the Reduction Behavior of Iron-chromium Ore with Carbon,” Metall. Mater. Trans. B, 

vol. 29, no. 2, pp. 351–360, 1998. 

[86] M. C. Bagatini, V. Zymla, E. Osório and A. C. F. Vilela, “Characterization and 

Reduction Behavior of Mill Scale,” ISIJ Int., vol. 51, no. 7, pp. 1072–1079, 2011. 

[87] E. M. Levin, C. R. Robbins, H. F. McMurdie and M. K. Reser, Phase Diagrams for 

Ceramists (2ed Edition), Ohio, United States, The America Ceramic Society, 1969. 

[88] L. F. Pease III, “A Quick Tour of Powder Metallurgy,” Adv. Mater. Process., no. 

March, pp. 36–38, 2005.  

[89] Q. X. Yang, A. J. Xu, P. Xue, D. F. He, J. L. Li and B. Björkman, “Briquette Smelting 

in Electric Arc Furnace to Recycle Wastes from Stainless Steel Production,” J. Iron 

Steel Res. Int., vol. 22, pp. 10–16, 2015. 

[90] Q. Yang, N. Holmberg and B. Björkman, “EAF Smelting Trials of Waste-Carbon 

Briquettes at Avesta Works of Outokumpu Stainless AB for Recycling Oily Mill Scale 

Sludge from Stainless Steel Production,” Steel Res. Int., vol. 80, no. 6, pp. 422–428, 

2009.  

  



84 
 

 

 

 






