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Abstract 

Direct alloying of chromium by chromite attracts a lot of interest for its superiority in energy-saving and process 
simplification. The knowledge of chromium alloying by reduction of FeCr2O4, the main component of chromite, is a key to 
understanding the mechanism of chromium alloying from chromite. The effect of melt composition (carbon and chromium 
addition) and temperature on the reduction of FeCr2O4 by carbon-containing iron melt was studied. The higher the carbon 
content was in the melt, the higher chromium recovery was obtained. Similarly, the higher temperature is favorable for the 
reduction of FeCr2O4. The reduction of FeCr2O4 was impeded by chromium addition due to the lower activity of carbon 
resulting from the strong attraction between carbon and chromium. The kinetics of FeCr2O4 reduction by carbon dissolving 
in iron melt was investigated, and the results indicated that the controlling step was the chemical reaction at the 
FeCr2O4/melt interface at 1823K. The calculated activation energy for the chemical reaction was 392.82 kJ/mol. 
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Introduction1.

Chromium is an indispensable alloy element of 
stainless steel and its addition greatly improves the 
corrosion resistance of steel. The traditional way to 
chromium alloy for Cr-bearing steel is the addition of 
ferrochrome. However, the production of ferrochrome 
is an intensive energy-consumption process and the 
recovery ratio of Cr is low. It is produced largely by the 
submerged arc furnace (SAF) or DC arc furnace. One 
ton of ferrochrome production in SAF requires 3.5-4.0 
MWh of electric energy [1], around 500 kg of coke and 
300 kg of quartz, resulting in about 1.2 tons of slag [2]. 
The high energy consumption needed for ferrochrome 
production is a burden for Cr-bearing steel production. 
Moreover, nearly 20% of chromium is lost in slag 
during the process of ferrochromium production 
leading to the waste of valuable elements [3-4]. In 
addition, the production process of iron chromium 
alloys also produces a large amount of Cr6+ containing 
slag that can cause environmental problems [5]. 

To reduce electric energy consumption and 
eventually reduce the cost of Cr-containing steel, a 
direct alloy technology of smelting reduction has been 
proposed [6-11]. In this proposed process, the chromite 
ore or even Cr-bearing slag is introduced to high carbon 

melt, the reducible oxides are instantly reduced and the 
valuable elements like iron and chromium are directly 
dissolved in the melt, that is, the chromium can be 
directly alloyed into steel. The proposed direct 
chromium alloying method has the advantages of 
saving energy and highly integrated production flow 
which has raised the interest of many researchers. 

Carbothermic is a widely used technology to 
recovery metal from oxides [10, 12]. The recovery ratio 
of Cr of direct alloying can be improved by pre-
reduction through carbothermic reduction of chromite. 
Many investigations paid close attention to the 
carbothermic reduction of chromite and elaborate on the 
characteristic of chromite reduction as discussed in the 
following, which also enlightened the study of direct 
alloying of chromium. The main valuable phase in 
chromite ore was the spinel oxides FeCr2O4. The 
reduction sequence of iron and chromium in chromite 
ore varied in different investigations. It is well known 
the reduction of iron is ahead of chromium reduction 
although their reductions overlapped to some degree 
[13-14], while some researchers [15-16] considered that 
the reduction of chromium could not happen before the 
complete reduction of iron. Perry et al. [17] proposed a 
detailed four stages ion diffusion mechanism of 
chromite ore reduction: (1) the formation of a slightly 
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iron-enriched core comprising distorted spinel unit cells 
surrounded by a region of normal spinel unit cells, 
affected by the reduction of Fe3+ to Fe2+ (2) the 
formation of Cr-Al sesquioxide and Mg-Cr-Al spinel 
phases effected by the metallization of Fe2+ ions and 
subsequent production of Cr2+ ions; (3) reduction of Fe2+ 
interstitials in the spinel core; and (4) metallization of 
chromium ions via the Cr2+ intermediate. Hu et al. [1, 
18-20] investigated the effect of iron addition and mill 
scale addition on chromite ore reduction. The results 
showed that both iron addition and mill scale were 
favorable for the reduction of chromite ore by reducing 
the activity of the reduced chromium.  

Although the work on carbothermic reduction of 
chromite ore is interesting and significant, the practical 
direct chromium alloying usually happens with the 
carbon-containing iron melt. The smelting reduction of 
chromite ore can be split into two processes. One is the 
dissolution of chromite in slag while the other is the 
reduction of Cr2O3 in slag by carbon-containing melt. 
Liu et al. contributed to kinetic of chromite dissolution 
in slag and the kinetic mechanism of the whole 
reduction process [21-22]. The chromium recovery 
from the reduction of Cr2O3-containing slag by carbon 
dissolving in the iron melt was also investigated. It was 
found that the chromite reduction in the slag system 
involved a stagewise process with an intermediate of 
divalent chromium [23-24]. Less effort was made to the 
mechanism of chromite reduction directly in Fe-Cr-C 
or Fe-Cr-C-Si melt. These works illustrate the effect of 
flux addition, reduction agent silicon addition, 
temperature, and rotation speed on chromite reduction 
by carbon-containing iron melt with the cylinder 
rotation method [25-28]. The kinetic mechanism of 
chromite ore reduction was thoroughly studied and the 
mass transport of oxygen from the concentration 
boundary layer on the cylinder surface to the iron melt 
was determined to be the rate-determining step.  

In this paper, the reduction of synthetic FeCr2O4 
by carbon in the melt was conducted. The mechanism 
of chromite reduction in the melt was complicated 
because it involved the effect of varying reducible 
components and slag-forming components in 
chromite. It would be clearer to investigate the 
chromium recovery in melt without the interference of 
slag-forming components. Therefore, the 
investigation of the reduction of pure FeCr2O4, the 
main component in chromite, may make an in-depth 
understanding of direct chromium allying of steel by 
simplifying the reduction process.  

 
Experiment 2.

Materials 2.1.
 
The analytically pure iron powder, Cr2O3 powder, and 

Fe2O3 powder (all produced by Sinopharm) were used to 
synthesize FeCr2O4 according to reaction (1). The Gibbs 

free energy of reaction (1) was negative when the 
temperature ranged from 773K to 1773K, as shown in 
Fig.1, indicating that reaction (1) was thermodynamically 
spontaneous. At first, the stoichiometric proportions of 
Cr2O3 powder and Fe2O3 powder were well-mixed by a 
ball mill under 300 r/min for 20 hours. Then the 
stoichiometric iron powder was added to the well-mixed 
Fe2O3-Cr2O3 powder to mix uniformly. An iron crucible 
containing the last well-mixed Fe2O3-Cr2O3-Fe powder 
was put in a graphite crucible which was placed in a 
vertical resistance furnace. The furnace was heated up to 
1373 K under a 100 ml/min argon gas protection and 
maintained at 1373 K for 24 hours before it was quenched 
in the furnace. The synthesized FeCr2O4 was 
characterized by an X-Ray diffraction spectrum. The 
XRD pattern of synthesized FeCr2O4 is shown in Fig.2. 
The characteristic peaks at 30.147°, 35.509°, 57.070°, 
and 62.63° were consistent with that of FeCr2O4 (PDF 
card no. 34-0140). It indicated that the product was pure 
FeCr2O4 without other impurities. 

                     
 (1)  

 
The obtained FeCr2O4 powder was formed into a 

dry cylinder without binder by axial pressing in a steel 
mold under a pressure of 20 MPa maintained for 5 
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Figure 1. Gibbs free energy of reaction (1)

Figure 2. XRD spectrum of synthetic FeCr2O4 and standard 
spectrum of FeCr2O4
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min. The prepared FeCr2O4 sample was a cylinder 
with a bottom diameter of 20 mm and a height of 10 
mm. To make sure the cylinder was condensed under 
experimental temperature, the cylinder was placed in 
an iron crucible and then heated to 1673 K for 4 hours. 
Care was taken that the sintered cylinders were free of 
cracks. 

 
Experimental procedures 2.2.

 
The experiment involved mixing iron powder with 

a certain amount of graphite or chromium powder, 
which were all analytically pure and sourced from 
Sinopharm Group. The mixing process lasted for 20 
minutes. The resulting mixture was then melted at a 
temperature of 1823 K to produce an iron melt with 
varying levels of carbon and chromium content. The 
resulting alloy was used for further experimentation. 

In a typical experiment, about 150 g (± 1 g) of 
prepared alloy, as illustrated before, was charged into 
the φ43mm×50mm×100mm alumina crucible. The 
alumina crucible was placed in a graphite crucible 
with the size of φ60mm×70mm×100mm to maintain 
the reducing atmosphere. The experiment was 
conducted in a silicon-molybdenum furnace as 
schematic in Fig. 3. During the whole experiment, the 
inert gas was charged by the flow of 1L/min measured 
by a rotary flowmeter. The first sample was taken by 
a quartz tube with a diameter of 8 mm when the 
experimental temperature was reached. The first 
sample was used to obtain the initial [C] or [Cr] 
content in iron melt. The spinel cylinder (mass was 20 
g ± 0.5 g) was charged into the melt which would be 
semi-immersed in the melt by about 4.5 mm after the 
first sampling. The time cylinder was charged into the 
melt and was set to be the start time. Samples were 
taken at predetermined time intervals of 5, 15, 35, 60, 

and 90 minutes. The crucible was quenched in water 
at the end of each run.  

The influence of melt composition on melt 
properties was studied by changing the amount of 
carbon and chromium. The reduction extent Cr(R) 
was measured in terms of the mass fraction of 
chromium reduced into the metal phase from the 
FeCr2O4 cylinder. The error resulting from the mass of 
removed samples was corrected. The reduction extent 
Cr(R) was calculated by equation (2). 

 
(2) 

 
where is the total mass of elemental 

chromium in the cylinder (g);     is the mass percentage 
of chromium in the melt at the time t;     is the mass 
percentage of chromium in the starting melt;      is the 
mass percentage of chromium in each of the previous 
samples; Ms is the mass of each previous sample; Mt 
is the mass of the melt at time t (g); and M0 is the 
initial mass of the melt (g). 

 
Characterization 2.3.

 
The samples obtained were milled into powder 

and the chromium content of the samples was 
analyzed by an inductively coupled plasma optical 
emission spectrometer (Optima 7000DV, 
PerkinElmer, America). The mass content of carbon in 
samples was analyzed by a Carbon-Sulfur analyzer 
(EMA-820V, LECO, Japan). The SEM images and 
EDS analysis were conducted on SEM-EDS 
combination equipment (FEI Quanta, Netherland). 
The XRD analysis was conducted on an X-ray 
Powder diffractometer (SMARTLAB, Japan Science 
Corporation, Japan). 

 
Results and discussion 3.

Effect of metal composition  3.1.
Effect of carbon content 3.1.1.

 
Fig.4 shows the effect of carbon content on the 

reduction of FeCr2O4. Fig. 4(a) and (b) represent the 
Cr(wt%) and C(wt%) in sampled metal, respectively. 
The more initial carbon content in the melt, the more 
chromium recovery in 90 min was obtained. When the 
initial carbon content was 5.18 mass%, 4.81 mass%, 
and 3.40 mass%, the reduction extent of FeCr2O4 
reached 87.94%, 70.50%, and 47.67%, respectively. 
The reduction degree with an initial carbon content of 
5.18 wt% at 1823 K was better than the 12% of ERIC 
and his coworkers under carbon saturation conditions 
at 1873 K. [28] The use of natural chromite as raw 
material in their experiment may be the reason for the 
difference. It is found that the reduction rate of 
FeCr2O4 increased with the increase of initial carbon 
content. In general, the slope of the curve decreased 
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Figure 3. Schematic diagram of experimental furnace 1. 
Gas inlet 2. Gas outlet 3. Rubber sealing plug 4. 
Silicon-Molybdenum heating rod 5. Graphite 
crucible 6. Charged FeCr2O4 cylinder 7. Alumina 
crucible 8. Carbon-containing melt 9. Refractory 
material 10. Temperature measurement 
thermocouple
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with the progress of the reaction, that is, the reduction 
rate slowed down with the decrease of carbon content 
and the increase of chromium content. Accordingly, 
the decrease of carbon content slowed down as 
reduction proceeded. This can be explained 
thermodynamically from the Gibbs free energy of the 
reduction of FeCr2O4. The reduction of synthesized 
FeCr2O4 in liquid Fe-C is represented by reaction (3). 
The Gibbs free energy of reaction (3) increased with 
the decrease of the carbon activity and increase of 
chromium activity.  

 
(3) 

 
Fig. 5(a) shows the relationship between carbon 

activity and reduction rate. The x-axis, from the 
right to the left in each line, is the carbon activity 
after the reaction for 0, 5, 15, 35, and 60 minutes. 
The y-axis, from the top to the bottom in each line, 
is the mass of reduced FeCr2O4 every minute in the 
five time periods. There is a linear relationship 
between carbon activity and reduction rate after the 
first 5 minutes. This indicated that the chemical 

reaction was likely to be the rate-controlling step for 
FeCr2O4 reduction. The change of slope between 
carbon activity and reduction rate after 5 minutes 
may be attributed to that, compared to the condition 
with chromium addition, the carbon activity 
decreased more intensely with decreasing carbon 
content without no chromium addition, as shown in 
Fig. 5(b). As a result, the slope between carbon 
activity and reduction rate decreased after 5 
minutes. 

 
Effect of chromium addition 3.1.2.

 
The effect of initial chromium content on the 

increase of chromium content in obtained metal is 
shown in Fig.6. Fig. 6(a) and (b) represent the 
increased Cr(wt%) and C(wt%) in sampled metal, 
respectively. A positive effect of chromium on 
chromite reduction was reported in some articles 
explained by the increasing ratio of the initial to final 
carbon activity with chromium addition [25, 27-28]. 
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Figure 4. Content of (a)[Cr] and (b)[C] in iron melt with 
different initial carbon content at 1823K

Figure 5. (a) Relationship between carbon activity and reduction rate of FeCr2O4 (b) Effect of initial chromium on 
carbon activity in Fe-C-Cr system
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Figure 6. (a) [Cr] increase and (b) [C] content in iron melt 
with different initial chromium content at 1823K



However, the obtained results from this experiment 
inferred that chromium recovery decreased with the 
increase of initial chromium content. On one hand, 
the chromium addition decreased the carbon activity 
in the melt, as shown in Fig. 5(b). On the other hand, 
the chromium addition would increase the reaction 
quotient which increased the Gibbs free energy of 
FeCr2O4 reduction. As a result, the attempt to obtain 
a higher chromium alloy by increasing initial 
chromium content in liquid Fe-C-Cr occurred at the 
cost of reducing chromium recovery. In addition, 
different from the experiment without chromium 
addition, the reduction rate was almost unchanged 
after the first 5 min when chromium was added to the 
4 iron melt.  

 
Effect of temperature 3.1.3.

 
Fig.7 shows the effect of temperature on 

chromium recovery by reduction of FeCr2O4. These 
experiments were conducted at different 
temperatures with initial carbon content of 3.40 wt%. 
The iron melt was free of chromium at the beginning. 
Fig. 7(a) shows increased Cr(wt%) with reaction time 
and Fig.7(b) depicts the C(wt%) in sampled metal. 
Experimental results suggested higher temperature 
was favorable for the reduction of FeCr2O4 by carbon 
dissolved in iron melt. This occurred because higher 
temperature favored the decomposition of the oxide 
and the reduction reaction, both of which were 
endothermic. Therefore, the higher temperature 
showed great promotion in chromium recovery. 
Moreover, the reduction rate increment was more 
significant when the experiment temperature 
increased from 1823 K to 1873 K compared to that 
when the experiment temperature increased from 
1773 K to 1823 K.  

 

Kinetic analyses of FeCr2O4 reduction by 3.2.
carbon in melt 
 
The reduction of FeCr2O4 by carbon dissolved in 

iron melt involves the reduction of iron and 
chromium, as shown in the schematic diagram in 
Fig.8. It can be divided into elementary steps as 
following: 

1) Dissociation of FeCr2O4 on the FeCr2O4-melt 
interface: 

 
(4) 

 
2) Transport of chromium, iron, and oxygen from 

the FeCr2O4/melt interface to the melt. 
3) Transport of the carbon and oxygen from melt 

to the metal/gas interface and transport of iron and 
carbon from the iron melt to the FeCr2O4/melt 
interface. 

4) The reaction of oxygen and carbon at the 
melt/gas interface to form CO molecule: 

 
(5) 

 
5) Nucleation and escape of CO gas  
The Gibbs free energy of FeCr2O4 dissociation 

would be less than zero when  was less than 
7.16x10-7 when the standard state was 1 wt%. 
According to the study of MATOUSEK [29], the 
solubility of [O] in iron ranges was about 200 ppm 
which indicated that the activity of [O] was in the 
order of 10-4. As a result, the dissociation of FeCr2O4 
was thermodynamically possible. In addition, it is 
widely accepted that steps (1) and (5) could not be the 
rate-determining steps due to the high temperature 
under experimental conditions [25-28]. Given the 
relatively high equilibrium concentration of Cr in Fe, 
the mass transport of Cr could be eliminated from the 
rate-determining step. The mass transfer of carbon 
was assumed to be fast in the experimental carbon 
content range [30]. To the best of the researcher’s 
knowledge, there only exists one study in the 
literature that mentions the mass transfer of carbon 
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Figure 7. Content of (a)[Cr] and (b)[C] in iron melt at 
different experiment temperatures
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Figure 8. Schematic diagram of FeCr2O4 reduction in 
carbon-containing melt
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from the melt to the oxide-melt interface is the rate-
controlling step, when the carbon content is lower 
than 0.8 mass%, for the reduction of Cr2O3 by carbon 
dissolving in iron melts [31]. The carbon content in 
this paper was higher than that indicating the mass 
transfer of carbon was not likely the rate-controlling 
step. Many investigators concluded that the CO 
formation is controlled by a chemical reaction at the 
interface during the decarburization process of the 
iron melt containing carbon [32-34]. As a result, the 
mass transport of oxygen, carbon and reaction for CO 
formation may be the rate-determining step. To find 
the rate-determining step of the reduction of FeCr2O4 
under the experimental condition, the kinetic equation 
assumed that the mass transport of oxygen and CO 
formation reaction is the rate-determining step will be 
discussed.  

 
Interfacial reaction  3.2.1.

 
If the reduction of FeCr2O4 was controlled by the 

CO formation reaction, the reduction rate of FeCr2O4 
could be expressed as: 

 
(6) 

 
where the kr is the reaction rate constant. The A 

and C are the interfacial area and the molar 
concentration of carbon at the interface, respectively.  

The interfacial area was changing with the 
reaction proceeding as iron and chromium were being 
dissolved in melt. The radius and immersion depth 
would contract simultaneously actually, which made 
the exact expression of the interfacial area impossible. 
In the analysis of Uslu et al. [27], the interfacial area 
was assumed to be a constant, which may cause 
errors. In this paper, the radius of the cylinder was 
fixed, while the immersion depth changed according 
to the weight of unreduced FeCr2O4. The radius of 
each FeCr2O4 cylinder was 1 cm and the weight of 
reduced FeCr2O4 was calculated from the alloyed 
chromium content in the sample metal. As a result, the 
interfacial area was calculated by equation (7). 

 
(7) 

 
where m0, mreduced is the initial mass of the FeCr2O4 

cylinder, the mass of the reduced FeCr2O4. The density 
of the melt was estimated as a function of the 
temperature and carbon concentration of the melt. The 
density of the melt was adopted from the investigation 
of Jimbo et al. [35], in which the density was expressed 
by                 , 
where the unit of temperature is Kelvin. Because it was 
assumed that the rate-controlling step was the CO 
formation reaction, the content of carbon at the 
interface was assumed to be equal to the carbon content 
in bulk melt. According to equation (6), the following 
equation can be derived: 

 
(8) 

 
where MC and [C] is the mole mass of carbon and 

mass content of carbon of melt, respectively. Equation 
(9) can be obtained from the integration of both sides 
of equation (8). 

 
(9) 

 
The left side of the equation (9) after integration is 

referred to as f(1) which is just an arbitrary notation, 
simply representing the value of the left side at 
different times. A plot of the left side of the equation 
(9) versus time should result in a straight line if the 
reduction of FeCr2O4 is controlled by the chemical 
reaction. The plots are presented in Fig. 9. It shows 
good linearity between f(1) and reaction time which 
indicates the reduction process was possibly 
controlled by interfacial chemical reaction. The 
reduction reaction rate coefficients were calculated by 
linear-regression analyses of the data.  

It was found that the f(1) and time possessed good 
linearity in all experiments except the experiment at 
1873 K. This good linearity implied that the CO 
formation chemical reaction was likely the rate-
controlling step for the reduction of FeCr2O4 by 
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Figure 9. The plot of the left-hand side of equation (11) as a function of time (a) with different initial carbon content, (b) 
with different chromium addition, and (c) at different temperatures 
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carbon dissolved in iron melt through the experiment 
time except for the experiment at 1873 K.  

 
Mass transport of oxygen 3.2.2.

 
The evolution of the carbon monoxide near the 

FeCr2O4-melt boundary was considered to affect the 
FeCr2O4-melt and melt-gas area which accurate 
values were difficult to attain. However, in every 
experiment, most of the gas was observed to bubble in 
the vicinity of the cylinder-melt boundary. As a result, 
the mass transport of oxygen from the melt to the 
melt-gas boundary could be eliminated as the rate-
determining step. Therefore, the mass transport of 
oxygen from the FeCr2O4-melt boundary to the melt 
was considered as follows: 

 
(10) 

 
where the kO is the mass transport coefficient of 

oxygen.  
The [Oi] and [Ob] is the mass content of oxygen in 

the FeCr2O4-melt interface and melt, respectively. The 
subscript i denotes interface and b denotes bulk metal, 
the same in the latter. The [Ob] can be obtained 
according to the equilibrium constant of equation (5): 

 
(11) 

 
Where the fOb and fCb is the activity coefficient of 

oxygen and carbon in the melt. Their values can be 
evaluated from the first-order Wagner model as 
follows: 

 
(12) 

 
(13) 

 
Combining the equation (11)-(13), the Ob can be 

obtained and thus the fOb can be obtained.  
Similarly, the Oi can be obtained according to the 

equilibrium constant of equation (4): 
 

(14) 

Where the fOi and f[Cr] is the activity coefficient of 
oxygen and chromium in the cylinder/melt interface, 
respectively, and the  is assumed to be one. The values 
of fOi and f[Cr] can be evaluated from the first-order 
Wagner model as follows: 

 
(15) 

 
(16) 

 
As the mass transport of oxygen is assumed to be 

the rate-controlling step, the content of carbon and 
chromium in the cylinder/melt interface is assumed to 
be equal to that in the melt. Combining the equation 
(14)-(16), the  can be obtained. Equation (17) can be 
obtained by the separation of variables and integration 
on both sides of equation (10). 

 
(17) 

 
Where the left side of the equation (17) after 

integration is referred to as f (2) which is just an 
arbitrary notation and simply represents the value of 
the left side at different times. A plot of the left side of 
the equation (17) versus time should result in a 
straight line if the reaction is transport-controlled, and 
if the mass-transfer coefficient of oxygen is constant. 
The value of f (2) vs time plot is presented in Fig.10. 

It was found that, except in the experiment with 
chromium addition and experiment at 1773 K, the 
linearity between f (2) and time was poor when the 
oxygen transport from the interface to the melt was 
considered to be the rate-controlling step. The 
analysis of the rate-controlling step under different 
conditions will be discussed in the following section. 

 
Summary of kinetic analysis 3.2.3.

 
The R2 which represents the linearity between 

f(1), f(2), and time under different experiment 
conditions are listed in Table 1. The f(1) is the left side 
of equation (9) when the CO formation reaction is 
considered to be the rate-controlling step for FeCr2O4 
reduction. The f(2) is the left side of equation (17) 
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when the mass transport of oxygen from the 
cylinder/melt interface to the melt is considered to be 
the rate-controlling step for FeCr2O4 reduction. 

It was found that the R2
 of f(1) and t was higher 

than that of f(2) and t without chromium addition at 
1823 K. This implied that the CO formation reaction 
was more likely to be the rate-controlling step under 
these three experimental conditions. The R2

 of f(2) 
and t was near to that of f(1) and t when the chromium 
was added to the iron melt at the beginning and when 
the experiment was conducted at 1773 K. As 
chromium was added to the melt, the residual carbon 
content in the melt increased. As a result, the oxygen 
solubility in the melt had a tendency to decrease. 
Therefore, the driving force for the mass transport of 
oxygen decreased. As a result, the mass transport of 
oxygen was more like to be the rate-controlling step 
under these conditions. Similarly, USLU et al. [27] 
concluded that the mass transport of oxygen from the 
chromite/melt interface to the melt was a rate-
controlling step when the chromium content in the 
iron melt was around 47-57 wt%. The mass transport 
coefficient of oxygen in the experiment with 2.17 
wt% and 3.60 wt% Cr addition was 9.55e-4 and 8.87e-

4 cm/s. The calculated mass transport coefficient of 
oxygen was in the same order as the results of Ding et 
al. [25].  

It is well known that temperature is the important 
factor affecting the reaction rate. The experiment 
when the initial carbon content was 3.40 wt% at 1823 
K was considered to be controlled by the CO 
formation reaction. As a result, the experiment with 
the same initial carbon content at 1823 K was also 

considered to be controlled by the CO formation 
reaction. 

When the experiment temperature was 1873 K, the 
R2 of both assumptions was relatively small when it 
was fitted through the whole experiment time. 
However, good linearity was found between f(1) and 
t in the first 35 min and good linearity was found 
between f(2) and t after 35 min, as shown in Fig.11. 
As a result, at 1873 K, the reduction of FeCr2O4 was 
likely to be controlled by the CO formation reaction in 
the first 35 min. The mass transport of oxygen was 
likely to be the rate-controlling step when the reaction 
proceeded after 35 min. 

Based on the above analysis, the chemical reaction 
rate constant of CO formation could be calculated as 
shown in Fig.12. The reaction rate constant increased 
with increasing initial carbon content and 
temperature. When the temperature increased from 
1823 to 1873 K, the rate constant increased more 
substantially than the increment from 1773 to 1823 K. 
Similarly, when the temperature increased from 4.81 
wt% to 5.18 wt%, the rate constant increased 
substantially. As a result, the temperature for 
reduction of FeCr2O4 by carbon dissolving in the iron 
melt was suggested to be higher than 1823 K.  
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5.18 
wt% C

4.81 
wt% C

3.40 
wt% C

2.17 
wt% 
Cr

3.60 
wt% 
Cr

1773K 1823K

f(1) 0.992 0.991 0.997 0.990 0.980 0.990 0.951

f(2) 0.938 0.922 0.930 0.995 0.985 0.993 0.937

Table 1. The linearity between f(1), f(2), and time under 
different experiment condition (R2)

Figure 11. f(1) as a function of time in (a) 0-35 min and (b) 35-90 min at 1873K

Figure 12. Rate constant kr under different conditions



The activation energy of the CO formation 
reaction can be calculated for the experiment without 
Cr addition according to the Arrhenius formula as 
equation (18).  

 
(18) 

 
Equation (18) can be deduced according to 

equation (19). 
 

(19) 
 
As a result, the activation energy Ea can be 

obtained from the slope of the linearity between lnkr 
and 1/T as shown in Fig. 13. The calculated activation 
energy for the reaction was 392.82 kJ/mol which was 
relatively large [36]. The large activation energy was 
consistent with the former conclusion that the rate-
controlling step for the reduction of FeCr2O4 by 
carbon dissolving in the iron-baes melt was the 
interfacial reaction.  

Conclusion 4.
 
The reduction of synthetic FeCr2O4 by carbon 

dissolved in the iron melt was conducted. The 
reduction extent of FeCr2O4 was detected by the 
measurement of the composition of the alloy. The 
result of the experiments showed that the FeCr2O4 was 
successfully reduced to chromium alloying in the iron 
melt. The research results can be summarized as 
follows: 

The chromium recovery increased with increasing 
initial carbon content. Similarly, the higher 
temperature was favorable to the reduction of 
FeCr2O4. 89.85 mass% of FeCr2O4 was reduced at 
1873 K after 90 min when the initial carbon content 
was 3.40 mass% without the addition of chromium. In 
the meantime, the chromium content in the melt 
reached 5.56 mass%. 

The effect of chromium addition on the reduction 
of FeCr2O4 by carbon dissolving in the melt was 
studied. The negative effect of chromium originated 
from the strong attraction between chromium and 
carbon which resulted in a decrease in carbon activity.  

The controlling step for the FeCr2O4 reduction by 
carbon dissolving in the iron melt without Cr addition 
was the chemical reaction in the whole 90 min when 
the temperature was 1773 K and 1823 K. At 1873 K, 
the chemical reaction at FeCr2O4/melt interface was 
the rate-controlling step in the first 35 min. While 
after 35 min, the rate-controlling step became the 
mass transfer of oxygen from the FeCr2O4/melt 
interface to the iron melt. The activation energy for 
the chemical reaction was 392.82 kJ/mol.  
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Apstrakt 
 
Direktno legiranje hroma hromitom privlači veliku pažnju zbog svoje superiornosti u uštedi i pojednostavljenosti procesa. 
Poznavanje postupka legiranja hroma redukcijom FeCr2O4, koji je glavni sastojak hromita, ključno je za razumevanje 
mehanizma legiranja hroma na ovaj način. Ispitan je uticaj sastava rastopa (sa dodatkom ugljenika i hroma) i temperature 
na redukciju FeCr2O4 u rastopu gvožđa koji sadrži ugljenik. Sa većim sadržajem ugljenika u rastopu, više hroma je 
dobijeno. Slično tome, viša temperatura je pogodovala redukciji FeCr2O4. Dodatak hroma je ometao redukciju FeCr2O4 
zbog niže aktivnosti ugljenika koja proizilazi iz jakog privlačenje između ugljenika i hroma. Ispitivana je i kinetika redukcije 
FeCr2O4 u rastopu gvožđa sa sadržajem ugljenika, a rezultati su pokazali da je kontrolni korak bila hemijska reakcija na  
granici FeCr2O4/rastop na 1823 K. Izračunata aktivaciona energija za ovu hemijsku reakciju bila je 392,82 kJ/mol. 
 
Ključne reči: Legiranje hroma; Ruda hromit; FeCr2O4; Nerđajući čelik


	1.  Introduction
	2.  Experiment
	2.1.  Materials
	2.2.  Experimental procedures
	2.3.  Characterization

	3.  Results and discussion
	3.1.  Effect of metal composition 
	3.1.1.  Effect of carbon content
	3.1.2.  Effect of chromium addition
	3.1.3.  Effect of temperature

	3.2.  Kinetic analyses of FeCr2O4 reduction by carbon in melt
	3.2.1.  Interfacial reaction 
	3.2.2.  Mass transport of oxygen
	3.2.3.  Summary of kinetic analysis


	4.  Conclusion
	Acknowledgement
	Author contributions
	Conflict of interest
	Data availability
	Reference

