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ABSTRACT

The carbothermal reduction of mechanically activated chromite with metallurgical coke under an argon atmosphere
was investigated at temperatures between 1100 and 1400°C and the effects of the mechanical activation on chromite
structure were analyzed by x-ray diffraction (XRD) and scanning electron microscopy (SEM). An increase in specific
surface area resulted in more contact points. The activation procedure led to amorphization and structural
disordering in chromite and accelerated the degree of reduction and metalization in the mixture of chromite and
metallurgical coke. Carbothermal reduction products were analzed by using scanning electron microscopy
(SEM/EDS).
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KROMITIN METALURJIK KOKLA KARBOTERMAL REDUKSIYONUNA
MEKANIK AKTIVASYONUN ETKISI

OZET

Mekanik aktive edilmis kromitin argon atmosferi altinda metalurjik kokla karbotermal rediiksiyonu 1100 — 1400°C
sicaklik araliginda incelenmis ve kromit yapisina mekanik aktivasyonun etkisi X-1s1n1 difraksiyonu (XRD) ve taramah
elektron mikroskobisi (SEM) ile analiz edilmistir. Yiizey alamindaki artis daha fazla temas noktasinin olusmasina
neden olmustur. Aktivasyon prosediirii kromitte amorflasma ve yapisal diizensizliZe neden olmus ve kromit ile
metalurjik kok karisiminda rediiksiyon derecesini ve metallesmeyi hizlandirmistir. Karbotermal rediiksiyon iiriinleri
taramah elektron mikroskobisi (SEM/EDS) ile analiz edilmistir.

Anahtar Kelimeler: karbotermal rediksiyon, kromit, ferrokrom, mekanik aktivasyon

I. INTRODUCTION chrome ores as well as its dependence on both expensive
metallurgical coke and electrical energy. To improve cost
Chromite is the only mineral composed of metallic  effectiveness, solid-state carbothermal prereduction has
chromium, chromium compounds and other chemicals.  grown in importance [4,5].
Chromites comprise a wide range of composition in the
spinel group of minerals. They can be expressed as (Mg,  The carbothermal reduction of complex chromite and
Fe?"0.(Cr, Al, Fe*"),05 [1-3]. natural chromite ores has been investigated by many
researchers to determine the reduction kinetics and reaction
Ferrochromium is one of the most important alloying  mechanisms. In these studies, it was reported that the
materials for the production of stainless and high-alloy  carbothermic reduction of chromite is a complex procedure,
ferritic steels. High-carbon ferrochromium is currently  and it depends on the origin of the ore, particle size, reaction
produced in submerged-arc furnaces. Disadvantages of this  temperature and time, reducing materials and morphology,
process are the limited use of chrome ore fines and friable  etc. [6-12]. Soykan et al.[10,11] developed a generalized
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rate model based on an ionic diffusion mechanism and
proposed a mechanism consisting of a four-stage reduction
of the chromite spinel phase:

(1) A Fe** — Fe** transformation on the surface of the
chromite followed soon after by the reduction of Cr**
cations to Cr?*

The reduction of Fe® settled under the surface
(diffusion to the center of the particle)

The diffusion of Fe®* cations to the surface and their
reduction to the metallic state

()
3)

The reduction of Cr** cations and the transformation of Cr?*
to Cr after complete iron reduction, and finally the formation
of MgAl,Q, spinel.

The mechanical activation of minerals makes it possible to
reduce their decomposition temperature or causes such a
degree of disordering that the thermal activation may be
omitted entirely. In this process, the complex influence of
surface and bulk properties occurs. The mineral activation
leads to a positive influence on the reaction kinetics, an
increase in surface area and further phenomena. Mechanical
activation by high-energy milling is an innovative procedure
that improves the efficiency of mineral processing because
of several factors, most importantly the formation of new
surfaces and the creation of lattice defects [13,14]. High-
energy ball milling can induce -at room temperature- some
chemical reactions that normally occur at very high
temperatures. However, some other reactions do not occur
directly during milling at room temperatures but do occur
with a higher reaction rate during the subsequent low
temperature annealing process [15].

In this study, the reduction of Turkish chromite with
metallurgical coke in the temperature range of 1100° to
1400°C under an argon atmosphere as well as the effects of
mechanical activation on the chromite structure and
reduction process were investigated.

Il. MATERIALS AND METHOD

2.1. Materials

The chromite used in the experiments was obtained from
Turkish chromite ore (Mugla region). After crushing and
grinding, samples were screened under 100 um. The
chemical analysis of the chromite spinel is given in Table 1.
Metallurgical coke (Erdemir) was used as the reducing agent.
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2.2. Method

The mechanical activation of chromite concentrate was
performed in a Planetary Mono Mill Pulverisette 6 under the
following conditions: the weight of the sample was 10 g; the
weight and diameter of tungsten carbide (WC) balls were
200 g and 10 mm, respectively; the grinding bowl was 250
ml WC; the grinding time was 0, 15, 30, 60, 90 and 120 min;
the speed of the main disk was 600 rpm; the grinding process
was dry.

Table 1. Chemical analysis of chromite spinel

Oxides Weight %
Reducible Cr,04 46.72
oxides FeO 13.33
Fe,O4 1.82
Non-reducible MgO 15.20
oxides Al,O4 15.30
SiO, 5.57
CaO 0.21
Loss on ignition 1.87

X-ray diffraction analysis was performed using a Rigaku
Ultima X-ray diffractometer and Cu Ka radiation. The
surface area was determined by the low-temperature nitrogen
adsorption method in a Gemini 2360 sorption apparatus
(Micromeritics, USA). A JEOL 6060 LV scanning electron
microscope (SEM) was used for both the morphological
analysis of chromite after mechanical activation and the
phase formations in the products after reduction.

Reduction experiments were carried out in a horizontal
furnace in the temperature range of 1100 to 1400°C under an
argon atmosphere. Chromite (2 g) and metallurgical coke (2
g) were thoroughly mixed, placed in an alumina crucible and
submitted to the furnace. The furnace was heated to the
reduction temperature under an argon atmosphere. The argon
flow rate was 150 mL/min. At the end of the reduction time
samples were cooled in an argon flow. The reduction
temperatures (1100, 1200, 1300 and 1400°C), reduction
times (30, 60 and 120 min) and milling times (0, 30 and 60
min) were investigated as parameters.

The reducible oxides in the chromite spinel are FeO, Fe,0;
and Cr,03. These oxides are reduced with C to their metallic
phases with the generation of gaseous intermediates, CO,
according to the following reactions:

Fezo3(s) + 3C(S) — ZFC(S) + 3CO(g) (2)
FeOg) + Cs) — Fe) + CO(g) 3)
Cr03() + 3C) = 2Crg) + 3CO(g) Q)
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The CO gas generated is the reason for the observed weight
loss. The degree of reduction is calculated by the following
reaction, assuming that CO is the only gaseous element
generated during the reduction reactions:
. Mass of oxygen removed <100 (5a)
Mass of removable oxygen

1

R. = 628COINVOLVED
%=

%100 (5b)
ROtoraL

Where Ry, is the degree of reduction, COyvovep IS the total
weight of the carbon monoxide generated from the mixture
of the chromite and the reductant, i.e. weight loss after the
loss of any volatiles. ROroraL is the total weight of the
removable oxygen in the mixture from the reducible oxides
in chromite [6].

I1l. RESULTS AND DISCUSSION
3.1. Structural changes

Scanning electron micrographs of the non-activated and
activated (60 min) chromite are shown in Figure 1. The
particle sizes of non-activated chromite were between 100
and 50 um. After mechanical activation for 60 min the
particle sizes were less than 50 um.

£ . 4

Figure 1. SEM micrographs of chromite: a) non-activated (X500) and b)
activated for 60 min (X500)
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The X-ray diffraction analysis of non-activated and activated
chromite concentrate is given in Figure 2. Comparing the
peaks in the six diffraction patterns between (26) 32° and 40°
shows that the chromite diffraction peaks get shorter after
mechanical activation. This result reflects the partial
amorphization and structural disordering in chromite.
Mechanical activation has already been reported to
amorphize mineral particles[13,14]. Tromans & Meech
[16,17] found that mechanical activation results in a large
number of dislocations and associated strain fields, which
may lead to an overall decrease in long-range lattice
periodicity. This may be interpreted as the formation of a
metastable amorphous phase because extended milling
causes X-ray diffraction peaks to exhibit line broadening or
disappear altogether. Disordering in the bulk of the chromite
increased with the time of mechanical activation.

chromite

Counts (a.n.)

20/~ 40 *'.-\-\\

Figure 2. X-ray diffraction analysis of non-activated and
activated chromite samples

3.2. Effect of milling on the reduction of chromite

The reduction of chromite with metallurgical coke is an
endothermic reaction and the reaction rate increases with
increasing temperature. The iron content within chromite is
reduced at temperatures starting at 1100°C. In the early stage
of the process under 1200°C, the transformation of Fe** to
Fe?* and metallic iron formation are actualized. In the stage
over 1250°C, the transformation of chromite spinel and
formation of the MgAl,O, phase are actualized.

Table 2. Degrees of reduction for non-activated and activated chromite (AO:
non-activated chromite, A30: activated for 30 min, A60: activated for 60
min)

Temperature Time Reduction Degree, %
(°C) (min) A0 A30 A60
1100 30 1559 | 19,85 21,51

60 16,57 | 20,63 23,83
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120 17,82 | 23,95 26,16
1200 30 34,50 | 38,88 39,70
60 43,89 | 49,68 52,57
120 51,51 | 58,84 60,61
1300 30 57,83 | 63,40 64,46
60 62,86 | 71,40 73,49
120 71,04 | 7413 76,66
1400 30 77,49 | 80,38 82,44
60 7942 | 82,71 85,62
120 92,25 | 95091 96,62

The degrees of reduction of chromite with metallurgical
coke, depending on the milling time, reduction temperature
and time, are listed in Table 2. In the reduction of the non-
activated chromite (A0), the degrees of reduction are 16,57%
at 1100°C and 79,42% at 1400°C for a reduction time of 60
min. In the reduction of the activated (60 min) chromite
(A60), the degrees of reduction are 23,83% at 1100°C and
85,62% at 1400°C for a reduction time of 60 min.
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The degrees of reduction are increased by mechanical
activation due to structural disordering in the chromite. The
Highest reduction degrees were obtained at the highest
reduction temperatures and time at highest activated time.

Scanning electron micrographs of the reduced samples are
presented in Figure 3 for the non-activated chromite+coke
mixture and in Figure 4 for the activated chromite+coke
mixture. As seen in these figures, there are some differences
in the microstructure of the samples. It was reported in the
literature [18] that this effect depends on the experimental
parameters of time, temperature, particle size and reducing
materials. In the non-activated chromite, three zones can be
observed on the polished section of the reduced sample
(Figure 3). These zones are highly distinguishable from each
other. The generally white zone represents metallic beads,
the dark areas show the affected zone or the spinel structure,
and the grey area is the original, unreacted chromite
structure.

Fe
Cr Crl
il........l.._,.‘..‘-.,.. ---,-hl ie, T ——

Figure 3. Scanning electron micrograph and EDS analysis of reduced non-activated chromite (1350°C, 30 min)
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Figure 4. Scanning electron micrograph and EDS analysis of reduced activated (30 min) chromite (1350°C, 30 min)

Chromite particles generally contain a variety of defects
such as dislocations, inclusions, silicate veins, porosities and
fractures. There are a number of metalization areas around
these imperfections. The polished section of the reduced,
non-activated chromite sample contains quite large rounded,
spherical and lath metallic beads along the imperfection or
near the edge of the particle. The Fe-Cr alloys that form
close to the surface are commonly in the shape of round
beads, but laths range in width from 1-3 pm in length and 5-
50 pum laths are common along veins. Alloys are irregular
shapes found on the surface or near the edge of the reduced
sample. In the scanning electron micrograph and EDS
analysis of the activated sample (Figure 4) the two zones
observed are the metallic beads (in white) and the affected
areas (dark area). There are some differences between
Figures 3 and 4. The metallic beads are more regular
spherical shapes and more homogenously distributed in the
activated sample than in the non-activated sample. There are
also common features between the two samples. There is an
increase in the size and amount of metalized components in
both samples as time and temperature increase. As a result
of the fine particle size, the generalized three zones may not
be seen in the activated sample. The homogenous
distribution of the metallic beads in the activated sample
could be a result of the greater number of contact points
between the chromite and coke particles. The reduction in
the particle size of the chromite may decrease the
imperfections of the sample. By comparing the number of
metallic beads between the two samples there are also good
agreements in the degrees of reduction of the non-activated
and activated chromite samples. The number of metallic
beads and degree of reduction are higher in the activated
sample than in the non-activated one.
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IV. CONCLUSIONS

The non-activated and activated chromite samples were
reduced at temperatures between 1100-1400°C in the
presence of metallurgical coke. The results indicate that
high-energy ball milling is effective for the reduction of
chromite with metallurgical coke. The increase in surface
area resulting from the reduction in particle size allows for
more contact points in the mixture of the activated chromite
and coke. A decrease in the imperfections of the chromite
particle has also resulted in more homogenous and larger
metalization around the activated chromite. The mechanical
activation process increased the degrees of reduction and
metalization in the chromite due to structural disordering in
the chromite structure. The higher degrees of reduction were
obtained at lower temperatures.
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