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Abstract

Carbothermic reduction of chromite in the presence of nickel as the alloying element was investigated in a wide tem-
perature range up to 1500 °C using thermogravimetric analysis coupled with continuous off-gas analysis (TG-DSC-MS).
Both isothermal and non-isothermal linear heating tests were performed for the kinetic study with the calculation of
activation energies. In order to further elucidate the reduction mechanism, the reduced products were characterized by
SEM-EDS and XRD. It was concluded that the reduction sequence followed a multi-stage mechanism, reflected partly by
the dependency of the activation energy on the extent of reduction. With the progress of reduction, refractory oxide layers
gradually formed on/close to the surface of each chromite particle, causing the shift of the rate-limiting factor from
chemical control to diffusion control. The promoting effect from the addition of Ni was evident at temperatures higher than

1300 °C due to the formation of alloys of lower melting point.
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Introduction

Chromium is an essential alloying element for the pro-
duction of stainless and high-alloy ferritic steels. The
production of chromium mainly in the form of fer-
rochromium (FeCr) alloys is dominantly performed by
smelting chromite in submerged arc furnaces (SAF) [1].
Approximately 80% of the FeCr (primarily as high-carbon
or charge grade) produced is consumed in the stainless
steel industry [2]. SAF smelting operation is highly elec-
tric-energy intensive, consuming electricity of about 2.4 to
4.8 MWh tonne™' FeCr [3]. Although SAF smelting of
chromite is a mature technology where improvement to
reduce the production cost is more difficult [1], significant
technological and research efforts and improvements have
been made to further reduce the energy cost of FeCr pro-
duction, especially in the area of solid-state carbothermic
pre-reduction of chromite, which could potentially reduce
the power consumption of the SAF process [4].
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Chromite is a spinel mineral containing Mg, Al, Fe and
Cr in varying proportions according to its formula (Mg,
Fe?™)(Cr, Al, Fe®),0, [2]. It is considered as a difficult
oxide for recovering Cr. Carbothermic reduction of chro-
mite can be represented by Reaction Egs. 1 to 3. The rel-
atively refractory components (i.e., Mg and Al in the form
of oxides) remain as oxide(s) after reduction. Given the
condition that finely distributed carbon is in close prox-
imity to chromite, CO could possibly become the principal
reducing agent, represented by Reaction Eqgs. 1 and 2 [5].
Gasification of carbon via Reaction 2 (i.e., reversed Bou-
douard reaction) quickly restores the low local oxygen
partial pressure by consuming CO, produced from Reac-
tion 1 and regenerating CO, allowing Reaction 1 to con-
tinue. Reaction Eqs. 1 and 2 represent the indirect
reduction of chromite, which was suggested to be of much
more significance compared to direct reduction by solid
carbon via Reaction Eq. 3 [5].

FeCr,04 + 4CO = Fe yioy) + 2Cl{ai1ay) + 4CO, (1)
CO, 4 C = 2CO (2)
FCCT204 +4C = Fe(auoy) + 2cr(alloy) +4CO (3)
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Numerous studies focusing on the kinetics and mecha-
nisms of carbothermic reduction of natural or synthetic
chromite were conducted [4-15]. Based on previous
investigations, Wang et al. [12] summarized various rate-
controlling mechanisms and their apparent activation
energies for the carbothermic reduction of chromite with
and without additives. A multi-stage mechanism was pro-
posed by most researchers based on this summary. In
general, the early stage tends to be controlled by nucleation
or chemical reactions, and the late stage is most likely
controlled by diffusion, with activation energies reported
ranging from 57 up to 410 kJ mol~". The later stage dif-
fusion-controlled mechanism is likely to be caused by the
gradual formation of a very stable picrochromite-spinel
solid solution (MgO(Cr,Al),O5) at the surface of each
chromite grain [16, 17].

The approaches for enhancing the chromite reduction
can be generally classified into four categories by
addressing the above-mentioned kinetic limitations.

(1) Pre-treatment of chromite to enhance its reactivity
before reduction, including pre-oxidation or heat
treatment [18-20], and mechanical activation of
chromite by high-energy milling [21].

(2) Addition of slag-making fluxes, such as CaF, [17],
Si0, [22-26], CaO [20], K,COj3, Na,O, [27], NaF-
CaF,, fluorspar-feldspar-silica and fluorspar-granite
[16].

(3) Addition of alloying elements, or in situ formation of
alloying elements, such as the addition of iron
powder [28, 29], mill scale (FeO,) [30], Cr [27], and
nickel laterite ore [31].

(4) Addition of reagents that promotes the Boudouard
reaction  (i.e., Reaction 2). According  to
Katayama et al. [32], addition of sodium borate
(Na,B405) or NaCl improves chromite reduction by
promoting the Boudouard reaction. Van Deventer
[27] reported that SiO,, Al,O3, K,CO3, Na,0,, CaO,
MgO, Fe and Cr positively influenced the Boudouard
reaction.

By adopting the third approach, Ni powder was used as
the alloying element for promoting the carbothermic solid
reduction of chromite. There are three main reasons for
using Ni powder as the alloying element. Firstly, similar to
Cr, Ni is also a critical alloying element for making
stainless steels of most grades. Therefore, Cr—Ni—Fe alloys
produced from chromite reduction can be used in the
production of stainless steel. Secondly, addition of Ni
powder could potentially reduce the activity of the as-
formed Cr and Fe, thereby accelerating the chromite
reduction. Thirdly, the presence of Ni could lower the
temperature at which molten alloys start to form, which in
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turn promote the reduction kinetics by lowering the mass
transfer limitations. Using FactSage [33], a phase diagram
of the Cr-Fe-Ni—C system was generated by fixing the
carbon content at 10 mass% and mass ratio of Cr:Fe at 2
(Fig. 1). As illustrated, when the mass ratio of Ni/
(Cr + Fe 4+ C) is above approximately 0.1, the tempera-
ture at which liquid alloys start to form is at about 1200 °C,
which is 300 °C lower compared to the case in which no Ni
is added (> 1500 °C).

The influence of Ni or NiO addition on the smelting
reduction of chromite fluxed with SiO, and CaO has been
previously investigated at 1550 and 1650 °C [34], which
demonstrates the feasibility of directly producing a high-
carbon ferrochromium-nickel alloy suitable for stainless
steel production. In our study, the influence of Ni addition
was evaluated at the solid reduction regime at a lower
operating temperature (< 1500 °C) in the absence of
fluxes, which could potentially reduce the energy cost and
the amount of slag waste generation associated with fer-
rochrome production. The formation of liquid alloy at a
much lower temperature could potentially promote the
alloy growth, which facilitates the subsequent separation of
alloy from the unwanted gangue without the need of SAF.
By employing the thermogravimetric analysis in combi-
nation with the characterization of the products, kinetics
and mechanisms of chromite reduction were investigated
with or without the addition of Ni.

Materials and methods
Materials

The as-received chromite ore was sieved, and the size
fraction of 75-105 pm was used for the experiments.
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Fig. 1 Cr-Fe-Ni-C system as a function of temperature and Ni
content, generated using FactSage [33]
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Table 1 Composition of the chromite ore (mass%)

CI‘203 FeO?* MgO A1203 SlOz CaO NiO T102 V205

4436 1971 14.07 10.84 454 0.08 0.17 027 0.20

FeO: recast as total iron including a small fraction of Fe,Os

Table 1 represents the chemical composition of the chro-
mite ore of this specific size fraction, based on XRF
analysis. XRD analysis (Fig. 2) shows that the chromite ore
is mainly composed of chromite, with minor amounts of
clinochlore (Mg,Fe)sAl(Si3AD)O;o(OH)g, magnesite
(MgCO3) and phlogopite KMg;(SizA1)O;o(OH), as gangue
minerals. EDS analysis of a limited number of chromite
particles indicates its average composition as (Mg s.
Fe(.5)(Cry 4Feq 1Alg 5)O4. Natural graphite powder of bri-
quetting grade (99.9995% metal basis) in the particle size
range of 25-37 um was used as the reductant. Ni powder of
99.9% purity in the particle size range of 44-75 um was
used as the additive.

Thermogravimetric analysis

Thermogravimetric analysis was carried out using a
NETZSCH STA 449C Simultaneous Thermal Analyzer
coupled with a NETZSCH QMS 403C Aeolos Mass
Spectrometer, capable of measuring simultaneously the
mass change (TG), heat flow (DSC), and off-gas compo-
sition (MS). For each test, chromite ore powder was mixed
with 25 mass% graphite and/or 20 mass% nickel powders,
unless specified otherwise. The well-mixed powder sample
of 70 mg was taken and placed into an alumina crucible
(O.D. 6.8 mm, volume 85 pL). The sample powder was
then pressed inside the crucible followed by placing an
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Fig. 2 XRD pattern of the chromite ore

alumina lid with one pin hole on top of the crucible. The
crucible along with a second reference crucible was placed
on the sample holder for the TG-DSC-MS measurement.

After closing the top of the TG-DSC, the atmosphere
surrounding the crucibles inside the TG-DSC was purged
with a vacuum to remove oxygen. A controlled flow of
100 mL min~"! of argon (5 N) was introduced and main-
tained as an inert gas for the duration of each test. The
sample product from each test was collected for subsequent
characterization.

Both the non-isothermal linear heating and isothermal
heating tests were performed on the samples in the pres-
ence or absence of Ni. Non-isothermal linear heating tests
were performed by heating the sample mixture at a fixed
heating rate of 15 °C min~' up to 1500 °C. Isothermal
heating tests were conducted by heating the sample at
20 °C min~" to the target temperature followed by dwell-
ing for 180 min.

Calculation of activation energies

Activation energies were calculated using both isoconver-
sional and model fitting methods. Isoconversional method
allows for the observation of the activation energy’s
dependency on the extent of reduction, while the rate-
limiting factor can be determined using the model fitting
method [35]. For the calculation of activation energies
using isoconversional method, a series of non-isothermal
linear heating tests was firstly performed at heating rates of
5, 10, 15 and 20 °C min~". Equation 4 [35] was then
employed, in which [ represents the heating rate
(°C min_l), o is the extent of reduction, T is the temper-
ature (K), i denotes the various reduction tests, f(o) repre-
sents the dependency of reduction rate (do/df) on the extent
of reduction («), A, is the preexponential factor (min~') at
a specific o, E, is the activation energy (kJ mol™") at a
specific «, and R is the universal gas constant (i.e.,
8314 x 1073 kJ Mol™' K™1).

A series of isothermal heating tests at varying temper-
atures ranging from 1300 to 1500 °C were performed
before activation energies were calculated using the model
fitting method. Calculations of activation energies using
this method were based on Eq. 5 [35], in which do/df
represents the reduction rate (min~'), A is the preexpo-
nential factor (min~'), and E is the activation energy
(kJ mol™1).

In [ﬁi (dd—;) J = In[f(2)Ay] — RE]ZJ @
% = A xexp (;—f)f(a) 5)
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Analytical methods

Powder X-ray diffraction patterns were collected using a
Rigaku D/MAX 2500 rotating-anode powder diffractome-
ter with Cu K, radiation at 40 kV, 200 mA. Polished
sections of the samples were examined by scanning elec-
tron microscope (Hitachi S-3200 N), coupled with energy
dispersive spectrometry (Quantax EDS, Bruker) for semi-
quantitative analysis with an accelerating voltage of 20 kV.

Results and discussion
Non-isothermal linear heating tests

The temperature, mass change, heat flow (DSC) and off-
gas analysis results for the non-isothermal linear heating
test in the absence of Ni addition are plotted in Fig. 3 as a
function of time. The mass change (mg) curve was nor-
malized to represent the test in which the starting sample
contained exactly 50 mg chromite ore, among other com-
ponents (i.e., graphite and/or Ni powder). This normaliza-
tion method was applied to all other test results in order to
allow quantitative comparison of the mass change among
different experiments.

As illustrated in Fig. 3, the first thermal event took place
in the temperature range between 510 and 740 °C. This
endotherm resulted in a mass loss of about 2 mg per 50 mg
chromite, and formation of CO, and H,O as gaseous spe-
cies. The formation of CO, was most likely produced from
the thermal decomposition of MgCOj3, which is present as
the magnesite gangue in the chromite ore. This reaction can
be represented by the Reaction Eq. 6. FactSage calculation
[33] shows the change of Gibbs free energy for this reac-
tion becomes negative when the temperature is above

400 °C, which is in agreement with the temperature range
of this thermal event. The formation of H,O as one of the
gas components is due to the thermal dehydration of clin-
ochlore. The change of Gibbs free energy for this reaction
becomes negative when temperature increases to 631 °C
[33], which coincides well with the temperature range of
this thermal event. Furthermore, Phillips [36] reported that
clinochlore dehydrated in the temperature range of
approximately 550-700 °C, which further confirms the
presence of this thermal event. The second stage mass loss
started at about 1140 °C, resulting in a massive endotherm
peak (DSC curve), and formation of CO as the main gas
species. This endotherm is caused by the carbothermic
reduction of chromite by graphite, as represented by
Reaction Egs. 1 to 3. Double-peak appears in both the CO
and DSC curves between 90 and 100 min, peaking at 1424
and 1460 °C, respectively. This indicates a multi-stage
reduction mechanism that took place.

MgCO, = MgO + CO, (6)

The results for the non-isothermal linear heating test in
the presence of Ni are plotted in Fig. 4, which bears a
significant similarity to Fig. 3. Thermal decomposition of
MgCOj; and dehydration of clinochlore also took place in
the temperature range of about 510-740 °C. The double-
peak also appears during the carbothermic reduction stage
at temperatures higher than approximately 1140 °C,
peaking at 1421 and 1454 °C, respectively. However, the
second endotherm peak became much weaker and sharper,
resulting in the disappearance of its corresponding CO
peak. Compared with Fig. 3, the most prominent difference
is the appearance of an endotherm at 1327 °C, which is
likely to have resulted from the melting of the as-formed
Cr—Fe—Ni alloy as predicted in Fig. 1.
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Isothermal heating at 1400 °C with the variation
of Ni addition

Influence of Ni addition in the range of 0-30 wt% was
evaluated on the carbothermic reduction of chromite.
Degrees of reduction were calculated based on the mass
changes for each test, and are plotted in Fig. 5 along with
the temperature profile. As can be seen, no significant
reduction took place until the temperature increased to
above 1150 °C. Approximately 20% reduction took place
before the temperature reached 1400 °C. The addition of
Ni powder affected the reduction slightly negatively in the
degree of reduction range of 50-70%. However, limited
promoting effect from the Ni addition can be seen at higher
degrees of reduction (> 70%). Higher Ni addition has more
significant promoting effect, which can be seen from the
highest degree of reduction achieved with 30 wt% Ni
addition. This acceleration of reduction is probably due to
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Fig. 5 Degrees of carbothermic chromite reduction with the variation
of Ni addition at 1400 °C

the alloying effect from Ni addition, which effectively
lowered the activities of the as-formed Cr and Fe metals,
and enhanced the mass transfer by forming alloys of lower
melting point.

Polished sections of the sample products were examined
by SEM and EDS. Figure 6 presents typical morphologies
of the reduced products from the tests without Ni addition
(a) and with 20 wt% Ni addition (b). In Fig. 6a, the
reduced chromite particle is composed of two oxide layers
and an alloy core. The outermost layer (Al) is the spinel
end-member MgAl,O4. The inner oxide layer (A2) is
composed of (a) a matrix of mono-oxide (MgO), (b) a Mg—
Al-Cr oxide with the Mg/(Al + Cr) ratio being greater than
0.5, and (c) a ferrochrome alloy occurring as small discrete
particles. The porous core (A4) is made of a high-Cr fer-
rochrome alloy. Large FeCr carbide (Cr-rich) particles that
are peripheral to the residual chromite particles (e.g., A3)
appear to have formed from the direct reduction by the
attached graphite particle(s). Similar cross-sectional mor-
phology can be seen from the addition of 20 wt% Ni
(Fig. 6b). One significant difference is the presence of
relatively large metallic particles composed of Ni-rich
alloy (Ni-Fe-Si—Cr) and Cr-rich carbide (Cr-Fe-Ni—C)
domains.

Mechanism of carbothermic chromite reduction
at 1400 °C

The morphological features of the reduced products illus-
trated in Fig. 6 indicate the involvement of relatively
complex reduction mechanisms. The carbothermic chro-
mite reduction mechanism was therefore further investi-
gated by analyzing the partially reduced products at various
reduction degrees. Isothermal tests were performed in the
presence of Ni for various time intervals before quickly
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MAG: 900 x_HV: 20.0 kV_WD: 15.0 mm

Fig. 6 Cross sections of the reduced products. a No Ni addition; Al:
MgAl,Oy4; A2: (a) MgO, (b) an oxide containing Mg, Al, and Cr, and
(c) ferrochrome alloy; A3: FeCr carbide (Cr-rich); A4: FeCr alloy

cooling down to room temperature, in order to preserve the
compositions of the partially reduced products of various
reduction degrees. The reduction mechanism was assessed
based on the SEM-EDS microanalyses.

Figure 7 presents examples of the cross-sectional mor-
phologies of the partially reduced products of different
reduction degrees: (a) 25.7%; (b) 42.6%; (c) 70.3% and
(d) 96.8%. Partially reduced products were also subjected

MAG: 600 x HV:20.0 kVWD: 15.0 mm

Fig. 7 Cross sections of the reduced products. a 25.7% reduction; Al:
Ni—Fe-Cr alloy (Ni-rich); A2: Cr-Fe-Ni carbide (Cr-rich); A3:
Mg0_5Fe0_5Cr1_3Feo>1A10_6O4; A4 Mgo_gFeo_2Cr1_5A10_504. b 426%
reduction, B1: Fe—Cr carbide (Fe-rich); B2: Mg sFe sCry3Alp6.
Feg. 104 B3: MgosFepaCrigAlosOq;  B4: MgooAl; oCro.104.05
¢ 70.3% reduction, C1: Ni-Fe—Cr-Si alloy (Ni-rich); C2: Cr—Fe-Ni
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MAG: 700 x HV: 20.0 kVWD: 15.0 mm

(Cr-rich). b 20 mass% Ni addition; B1: MgAl,O4; B2: MgO and an
oxide containing Mg, Al, and Cr; B3 & B5: Fe—Cr—Ni carbide (Cr-
rich); B4: Ni-Fe-Si-Cr alloy (Ni-rich)

to XRD analysis, with the XRD patterns presented in
Fig. 8.

In Fig. 7a representing only 25.7% reduction, shown are
two residual chromite particles and a relatively large Ni-
rich alloy particle. The reduction resulted in the formation
of Cr-rich carbide phase (A2) in the Ni-rich alloy. In the
residual chromite particles, the un-reacted core (A3) is
surrounded by a reaction rim comprising a large number of

MAG: 400 x HV: 20.0 kV_WD: 15.0 mm

carbide (Cr-rich); C3: Mg oFe( 1Cry 4Aly 04; C4: Mg oCr 1Al g0y
C5: MgpsFeq 1Cry5Alp604; d 96.8% reduction, D1: Ni-Fe—Cr-Si
alloy (Ni-rich); D2: Cr-Fe—Ni carbide (Cr-rich); D3: Cr-Fe—Ni alloy
(Cr-rich); D4: MgO and an oxide containing Mg, Al and Cr; DS:
Mg(.9Cro2Al; 904
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1. Chromite; 2. Spinel (MgAl,0,);
6,7| 3. Graphite; 4. CrFexNiy; 5. MgO;
6. Ni; 7. Carbides; 8. Fe
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Fig. 8 XRD patterns of the reduced products of various degrees of
reduction

highly disseminated small alloy particles. This suggests
that the reduction reactions proceeded to a significant
extent via the indirect reactions represented by Reaction
Egs. I and 2.

The equilibrium oxygen potential on or near the surface
of the chromite particles was likely low enough to allow
reduction of Cr ions to a significant extent during the early
reduction stage beyond the reduction of Fe** and Fe?™.
This leads to the formation of a relatively refractory spinel
rim B4 (Fig. 7b) with a stoichiometry which is close to
Mg oAl oCrg 104 based on EDS analysis. Compared to
the average composition of the original chromite (Mg s.
Fe(.5)(Cry 4Feq 1Alg 5)Oy4, this suggests that all Fe and about
93% Cr have been reduced leaving behind a highly
refractory spinel rim. The reduction of both Fe and Cr to a
great extent on the surface created surface roughness as
shown in Fig. 7b. As seen from XRD analysis (Fig. 8), the
refractory spinel (MgAl,O,) started to appear at 42.6%
reduction, resulting from the reduction that took place on
the chromite surface. Both carbides and Cr-rich alloy can
also be identified as the reduction products.

At the early reduction stage, a second zone started to
develop beneath the surface layer, represented by A4 in
Fig. 7a. Surrounding an Fe-rich alloy whisker, this zone
has a stoichiometry of (Mg gFeq,)(Cry sAly5)04. Com-
pared to the un-reacted core A3, (Mg sFeqs)(CrysFeq ;.
Alp)Oy4, the compositional change indicates that Fe’ ™ is
preferentially reduced followed by Fe’", resulting in the
formation and growth of the Fe-rich alloy. With increased
losses of cations from the spinel structure, both the divalent
and trivalent cations would redistribute between the tetra-
hedral and octahedral sites which may result in inward
diffusion of Mg from the surface layers. As the reduction

proceeded, this transformation continued, indicated in
Fig. 7b by the shrinkage of the un-reacted chromite core
(B2) and the propagation of the Fe-deficient spinel zone
(B3). In Fig. 7c representing the reduction degree of
70.3%, there is no un-reacted or original chromite
remaining in the cores.

Continuous reduction of the Fe-deficient spinel zone
possibly took place as soon as it was formed, resulting in its
even lower Fe concentration. Severe Fe-deficiency even-
tually led to appreciable Cr reduction. Inside the Fe-defi-
cient zone, further metallization from Cr reduction took
place preferably in areas closer to the particle surface
beneath the outermost refractory spinel layer because of
their lower equilibrium oxygen potential. The refractory
spinel formed would continue to grow at the expense of the
Fe-deficient chromite. Reduction of Cr** continued until a
point after which maintaining the spinel phase was no
longer thermodynamically favorable, because of the orig-
inal Mg>™/AI’" ratio of 1. Accordingly, equal moles of
refractory spinel (MgAl,O4) and MgO would have formed
as the refractory phases (D4 in Fig. 7) beneath the refrac-
tory spinel outer layer. As seen from Fig. 8, formation of
MgO was also identified by XRD at higher degrees of
reduction (> 86.6%). During the last reduction stage, the
spinel core was reduced to form the porous alloy core (D3
in Fig. 7) with refractory oxides partially filling the voids.

Influence of Ni addition was also evaluated by EDS
multi-point analysis and is plotted in the ternary Cr—Fe—Ni
diagram in Fig. 9. Two compositional regions can be
identified: Ni-lean region (Ni < 20 wt%) and Cr-lean
region (Cr < 20 wt%). Preferential reduction of iron spe-
cies took place during the early reduction stage, indicated
by the formation of high-Fe alloys at 42.6% reduction. It
appears that Ni diffused into chromite and formed Ni-

42.6% reduction

70.3% reduction
100 96.8% reduction

0 25 50 75 100
Criwt%

Fig. 9 Ternary Cr—Fe-Ni composition of the alloys produced from
partial reduction at 1400 °C based on EDS point analysis

@ Springer



150

D. Yu, D. Paktunc

bearing alloys inside the chromite (e.g., D3 in Fig. 7). In
addition, it appears that the Ni particles in contact with
chromite particles acted as the metallization sites for both
Fe and Cr reduction, resulting in the increasing concen-
trations of Fe and Cr in the Ni-rich region (or Cr-lean
region) as the reduction progressed. Higher concentrations
of Cr in the Ni particles resulted in the formation of Cr-rich
carbide phase (e.g., A2 and D2 in Fig. 7), as predicted in
Fig. 1. Based on Fig. 1, the M;C; carbide formed generally
has Ni concentrations of no greater than about 10 wt%,
which is in good agreement with the EDS measurement on
the carbide as shown in the Ni-lean region.

Effect of reduction temperature

A series of reduction tests were performed at various
isothermal temperatures in the absence of Ni addition. As
illustrated in Fig. 10, much higher degrees of reduction can
be achieved at higher reduction temperatures. Compared to
the early reduction stage (e.g., < 30 min), later stages of
reduction become significantly slower because of the for-
mation and growth of a relatively refractory spinel layer on
the surfaces of chromite and the mono-oxide matrix (MgO)
layer beneath it.

Figure 11 illustrates the results from isothermal reduc-
tion tests in the presence of Ni. Consistently, higher
reduction temperature leads to a higher degree of reduc-
tion. In comparison with the isothermal tests without Ni
(Fig. 10), the addition of Ni has a slightly negative influ-
ence on the carbothermic reduction of chromite at 1300 °C.
This indicates that the alloying effect from adding Ni is not
as significant at lower temperatures, partially because of
the fewer amounts of molten alloys formed. Overall, the
positive alloying effect was not significant enough to
overcome the negative diluting effect from adding Ni. At
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Fig. 10 Degrees of carbothermic reduction of chromite without
addition of Ni at various reduction temperatures
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Fig. 11 Degrees of carbothermic reduction of chromite with the
addition of 20 wt% Ni at various reduction temperatures

temperatures higher than 1300 °C, the carbothermic
reduction of chromite was significantly promoted with Ni
addition.

Figure 12 illustrates the morphologies of the products
from reduction at 1300 °C (a) and 1500 °C (b). In Fig. 12a,
two partially reduced chromite particles were attached to a
Ni-rich alloy. The reduction of Cr caused the formation of
Cr-rich carbide phases (Al) inside the Ni-rich NiFeCrSi
alloy (A2). Partial reduction at 1300 °C resulted in the
preferential reduction of iron, evidenced by the presence of
Fe-deficient chromite core A3 with the stoichiometry of
(Mg oFeq.1)(Cr 4Alg6)04. Metallization also took place
inside the chromite particles, forming Fe-rich FeCrNi
alloys (A5). The Fe-deficient chromite core was sur-
rounded by a relatively refractory spinel (A4). At 1500 °C,
the reduction was near complete, leading to the formation
of higher proportions of Cr-rich carbide (B1) in the Ni-rich
alloy particles (B2). The refractory spinel phase (B4) still
contains minor amounts of Cr.

Calculation of activation energies
Isoconversional method

The degrees of chromite reduction in the absence of Ni at
various linear heating rates are plotted against temperature
in Fig. 13. As can be seen, no appreciable amounts of
reduction took place below 1100 °C in all four tests.
Slower heating rate resulted in higher degrees of reduction,
because of more time allowed for reduction at each tem-
perature at a slower heating rate. Equation 4 [35] was
employed for the calculation of apparent activation ener-
gies. The linear relationships at each o ranging from 0.05 to
0.60 with an interval of 0.05 are plotted in Fig. 14 as an
inset, by re-processing the data presented in Fig. 13.
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MAG: 400 x HV: 20.0 kV_WD: 15.0 mm

Fig. 12 Cross sections of the reduced products. a reduced at 1300 °C;
Al: CrFeNi carbide (Cr-rich); A2: NiFeCrSi alloy (Ni-rich); A3:
(Mgo oFen.1)(Cry 4Alo6)04; Ad: Mg oCro4Al; 704; AS: FeCrNi alloy

MAG: 400 x HV: 20.0 kV_WD: 15.0 mm

(Fe-rich). b reduced at 1500 °C; B1: CrFeNi carbide (Cr-rich);
B2&B3: NiFeCrSi alloy (Ni-rich); B4: Mg oCrg,Al; 9Oy
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Fig. 13 Carbothermic reduction of chromite at constant heating rates
up to 1500 °C

Apparent activation energies were calculated based on their
slopes and are presented in Fig. 14. A decreasing trend is
seen in the lower o range from 0.05 to 0.20. The apparent
activation energy drops from 452 to 323 kJ mol ™' in this
relatively narrow o range, indicating a quick transition of
rate-controlling mechanisms. A gradual and relatively lin-
ear increase in the apparent activation energy in the o range
of 0.20 to 0.60 demonstrates that the reduction rate is mix-
controlled. The heavy dependency of the apparent activa-
tion energy on the extent of reduction reveals the relatively
complex nature of the carbothermic chromite reduction.
Figure 15 shows the degrees of chromite reduction in
the presence of Ni at different linear heating rates. For the
calculation of apparent activation energies, the same data
processing method was employed by firstly identifying the
linear relationships between In(f x do/dT) and 1/T for
each extent of reduction (o), which are illustrated in Fig. 16
as an inset. The apparent activation energies were then
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Fig. 14 Calculated apparent activation energies as a function of the
extent of reduction using the differential isoconversional method.
In(f x do/dT) versus 1/T at various extent of reduction («) is also
plotted as an inset

calculated based on their slopes and plotted in Fig. 16 as a
function of «. Similarly, a quick drop of the apparent
activation energy from 458 to 254 kJ mol ™' can be seen at
the early reduction stage (0.05 < «<0.15), followed by a
linear gradual increase from 254 to 322 kJ mol " in the «
range of 0.15-0.45. The activation energy increased at a
higher rate from 299 kJ mol~"' up to 450 kJ mol™" in the
later stage reduction (0.5 < 2<0.65). These three trends in
the change of activation energy represent three stages of
reduction, each with its own rate-controlling mechanism.
The promotion effect on the carbothermic chromite
reduction from adding Ni can also be revealed by com-
paring the change of activation energies with and without
the presence of Ni. The lowest activation energy is
323 kJ mol™! at o = 0.2 without Ni addition (Fig. 14),
while it is reduced to 254 kJ mol™! at & = 0.15 (Fig. 16)
in the presence of 20 mass% Ni. Its effectiveness in
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Fig. 15 Carbothermic reduction of chromite with 20 wt% Ni addition
at constant heating rates up to 1500 °C
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Fig. 16 Calculated activation energies as a function of the extent of
reduction using the differential isoconversional method for the tests
with Ni addition. In(ff x do/dT) versus 1/T at various extent of
reduction (o) is also plotted as an inset

promoting the carbothermic reduction by lowering the
activation energy can be seen in the wide range of o from
0.1 to 0.6.

Model fitting method

Degrees of reduction from the series of isothermal heating
tests in the presence of Ni (Fig. 11) were used for the
calculation of activation energies, based on Eq. 5 [35]. It
should be noted that only the isothermal regions can be
used for model fitting (Fig. 11). As a result, early reduction
stage (¢ < 0.1) cannot be evaluated because of the lack of
data. In the o range of 0.1-1.0, two regions were identified
when performing the model fitting operations, separated by
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the o of about 0.56. Model R3 (Eq. 7) [35] was found to fit
best in the o range of 0.1-0.56, with the fittings plotted in
Fig. 17 as an inset. This model means the reduction
kinetics is controlled by chemical reaction(s). Its corre-
sponding Arrhenius plot is shown in Fig. 17, with the
calculated apparent activation energy of 213 kJ mol~', and
the preexponential factor (A) of 1.90 x 10° min~"'. Model
D3 (Eq. 8) [35] fits best to the experimental data when o is
within 0.56 and 1.00. The linear fits are shown in Fig. 18 as
an inset. This D3 model indicates that the carbothermic
reduction is controlled by diffusion within chromite parti-
cles in this o range of investigation. Apparent activation
energy, calculated based on the slope of the Arrhenius
plotting (Fig. 18), is 345 kJ mol ™', with the preexponential
factor of 1.38 x 10® min~".

flo)=3%(1—a)*? (7)

f@)=3/2%(1 —a)2/3*[1 T (8)

Relating to the reduction mechanisms discussed in
Sect. “Mechanism of carbothermic chromite reduction at
1400 °C”, the « range of 0.1-0.56 represents the reduction
stage in which preferential Fe reduction was still domi-
nating, and the refractory double-oxide-layer was not well
developed. The reduction kinetics was therefore predomi-
nantly limited by reduction reactions with the apparent
activation energy of 213 kJ mol~'. As the reduction pro-
gressed to higher degrees (0.56 < a < 1.00), the refractory
oxide double-layer on the surface of each chromite particle
became appreciably thick, and Cr reduction became dom-
inating. This change led to the shift of rate-limiting
mechanism from chemical control to diffusion control,
with a higher apparent activation energy of 345 kJ mol™".
This coincides very well with the multi-stage reduction
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Fig. 17 Arrhenius plot for the reaction model R3. Rate of reduction
(de/dr) versus 3*%(1 — o)*? is also plotted as an inset
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mechanism indicated by the dependency of apparent acti-
vation energy on the reduction extent (Fig. 16). Figure 16
also indicates a third rate-limiting step at the very early
stage of reduction (o < 0.1). This rate-limiting step is
probably represented by the nucleation of alloys inside the
chromite particles closer to the surface, as indicated by the
large number of newly formed alloy beads located around
the edge of chromite particles (Fig. 7a).

Conclusions

Kinetics and mechanisms of the carbothermic reduction of
chromite with and without the addition of Ni powder were
investigated by thermogravimetric analysis coupled with
continuous off-gas measurements (TG-DSC-MS). The
results indicate that the thermal dehydration of clinochlore
and decomposition of magnesite took place in the tem-
perature range of 510-740 °C. No appreciable carbother-
mic reduction of chromite took place below about 1100 °C.

Three stages of reduction were identified with the
addition of Ni powder. The first stage reduction (o < 0.1)
was characterized by its high apparent activation energy,
which is in the vicinity of 450 kJ mol~'. The main
reductions took place on or near the surface of the chromite
particles, resulting in the nucleation of disseminated alloy
beads in the reaction zone close to the particle surface.
During the early stages of reduction, chromite particle
surfaces were exposed to a reducing atmosphere with
extremely low oxygen potential. This led to the reduction
of both Fe and Cr from near the particle surfaces, forming a
thin layer of refractory spinel (MgAl,O4). The second
reduction stage (0.1 < a < 0.65) involved preferential Fe

reduction with the inward propagation of the Fe-deficient
chromite zone, during which the rate of reduction was
mainly controlled by chemical reactions. Considerable Cr
reduction took place as soon as the local Fe concentration
dropped to a certain level, which gradually progressed
inwards toward the chromite core. Inward continuous
growth of the surface spinel layer continued until the for-
mation of spinel was no longer thermodynamically favor-
able. At this point, MgO began to form as one of the
refractory oxides beneath the spinel layer. Continuous
growth of this double-oxide-layer, as the reduction pro-
gressed, initiated the third stage of reduction (o > 0.65),
during which the reduction rate is no longer controlled by
chemical reactions. Instead, diffusion through this refrac-
tory double-oxide-layer became the rate-limiting step, with
the apparent activation energy of 345 kJ mol .

The promoting effect of Ni addition was evident at
temperatures higher than 1300 °C. Its alloying effect took
place by absorbing Fe and Cr from adjacent chromite
particles and forming alloys of low melting point.
Enrichment of Cr in the alloy resulted in the formation of
Cr-rich carbide in the molten Ni-rich alloy. It appears that
Ni diffused into chromite to form Ni-bearing alloys
embedded in the chromite particles. Its alloying effect
reduced the apparent activation energy of carbothermic
chromite reduction by approximately 70 kJ mol~".
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