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Abstract: Aluminum spent potlining (SPL) was employed as both the fluxing agent and a source of carbonaceous reductant for the
carbothermic reduction of chromite, aiming to allow effective separation of alloy from the slag component. The experimental results
show that the carbonaceous component of the SPL is more reactive towards chromite reduction compared to graphite. The formation
of refractory spinel (MgAl,O,4) on chromite particles hinders further reduction and alloy growth. The slag-making components of the
SPL (e.g. nepheline and NaF) form molten slags at low temperatures (~1300 °C) and partly dissolve the refractory spinel as well as
the chromite. Destruction of the spinel layer with enhanced mass transfer greatly improves the alloy growth, which can be further
promoted by reduction at a higher temperature (e.g. 1500 °C). Ferrochrome alloy particles grow large enough at 1500 °C in the
presence of SPL, allowing effective separation from the slag component using elutriation separation.
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1 Introduction

Ferrochromium alloy, as the essential virgin raw
material for stainless steel production, is produced from
carbothermic  smelting  reduction of  chromite
(Mg,Fe)(Cr,AlFe),0,4 in a submerged arc furnace (SAF).
Slag-making fluxes such as quartzite, dolomite, or
limestone [1] are used to react with the refractory
components of the chromite (e.g. MgO, AlO;) to
produce a molten slag that separates from the molten
ferrochromium alloy in the SAF. Due to the extremely
endothermic nature of the carbothermic reduction
reactions and high temperatures associated with the SAF
operation, it is electric-energy-intensive, with the specific
energy consumption (SEC) ranging from 2.4 to 4.8
MW:-h/t of ferrochrome produced [2]. Pre-reduction of
chromite before SAF could significantly reduce the SEC
and the operation cost, because cheaper solid
carbonaceous reductant such as fine anthracite, coke or
char [3] could be used for partial reduction, and fossil
fuels could be used for pre-heating the charge usually in
a rotary kiln, which effectively reduce the subsequent
electricity consumption by SAF [4,5].

Generally speaking, significant Fe reduction takes
place prior to Cr reduction during the carbothermic
chromite reduction [6—8]. Due to the presence of

refractory component (i.e. MgO and Al,O;) in the
chromite, a rim of secondary spinel (MgAl,0O,4) would
form on the surface of chromite particles, inhibiting
further reduction, especially Cr reduction [8—11].Various
fluxes therefore have been studied in accelerating the
carbothermic chromite reduction and metallization,
such as silica (SiO) [7,11,12—15], lime (CaO) [16],
CaCOj; [17], borates [18], NaOH [19], flux mixtures
containing at least three of the components CaO, SiO,,
ALOs;, MgO, CaF, [10], fluoride-containing mixtures
such as CaF,~NaF and fluorspar-feldspar-silica [11]. It
was generally accepted that with the addition of silica
flux, reduction was accelerated via dissolution of the
refractory rim (i.e. MgAl,O,) or chromite [10,14—15].
Similar effect can be achieved with other fluxes.

In attempts to further reduce the SEC, we
investigated the possibility of eliminating the use of SAF
for ferrochrome production, by reducing the chromite at
a lower temperature with the addition of CaCl, [20,21]
and NaOH [19] as additives. In addition, we have tested
spent potlining (SPL) as a special flux. Without the use
of a SAF, it becomes critically important to promote the
alloy growth during carbothermic reduction, because it
allows feasible subsequent separation of ferrochrome
alloys from the unwanted materials by grinding the
product first for liberation followed by conventional
separation techniques, such as gravity, density or
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magnetic separations [20,21]. This is one of the
objectives of the current study.

SPL is a waste material produced from aluminum
smelters with a generation rate of about 22 kg/t of
aluminum produced [22]. On a global scale,
approximately one million tonnes of SPL is produced
annually [23,24]. SPL is characteristic of its relatively
high carbon (13%—69%, mass fraction) and fluorides
content (7.5%—22%, mass fraction) [25], which draws
much attention in its reutilization in other industries. Its
composition varies, but the common major components
are graphite, fluorides (e.g. NaF, Na;AlF¢, CaF,), and
oxides (e.g. NaAl;;0y;, AL,Os, SiO;) [22—23]. SPL can
be used both as fuel/carbonaceous reductant and for
decreasing the slag viscosity in the pig iron industry [26],
ferroalloys industry [27], and in Ni/Cu smelters [28,29].
Because fluorides can improve slag formation in steel
processing, SPL can be used to substitute for CaF, [22].
In addition to its application in the iron and steel
industries [26,30,31], it has also been used in the mineral
wool, and cement industries [32]. In this work, the
carbon content (mainly as graphite) of the SPL can
substitute for solid carbonaceous reductant for chromite
reduction, while its fluorides and Na-compounds can be
used as the fluxing agent to produce a molten slag of low
melting point. The formation of low melting point slag
could potentially promote the carbothermic chromite
reduction and enhance the growth of ferrochrome alloys
at lower temperatures, by dissolving the refractory
MgAl,O, layer forming on chromite particles and
promoting the transfer of Fe and Cr as ionic species
through the molten slag.

2 Experimental

2.1 Materials

The chromite ore from the Ring of Fire region of
Ontario, Canada, was ground and sieved to 75—105 um
for the high-temperature experimental studies. Its
chemical composition is provided in Table 1 with the
mineralogical composition of the chromite in the ore
being (Mg sFeos)(Cry4Fep Algs)Os. In  addition to
chromite, there are minor amounts of gangue minerals in
the ore. These are clinochlore (Mg,Fe)sAl(Si;Al)-
0,0(OH)s, magnesite (MgCO;) and phlogopite KMg;-
(SizADO,o(OH)s.

Table 1 Composition of chromite ore of 75—105 um fraction
(mass fraction, %)

Cr203 FeO MgO A1203 SIOZ T102 V205 NiO Kzo
444 197 141 108 45 03 02 02 02

The SPL obtained from an aluminum smelter was
pulverized and sieved to produce three size fractions (i.e.

75-105 pm, 44=75 pm, and 25—-44 pm). The SPL size
fraction of 44—75 pum was used for experiments unless
specified otherwise. Composition of the SPL is listed in
Table 2. XRD analysis (Fig. 1) indicates the presence of
graphite, nepheline (NaAlSiO,), NaF, and Na,O(AL,O3)1;
as the main crystalline phases. As seen, both the carbon
and fluoride contents are in the lower range of those
reported in the literature. Natural flake-shaped graphite
powder (99.9995% pure) in the particle size range of
44-75 um was used as the carbonaceous reductant, in
addition to the graphite present in the SPL.

Table 2 Composition of SPL (mass fraction, %)
Si0, ALO; MgO CaO Na,O NaF C
32.5 22.1 0.1 1.9 15.0 6.9 16.3

4 Nepheline, NaAISiO,
Graphite

+ NaF

® Na,0(ALO3)y;

+

10 20 30 40 50 60 70 80
20/(°)
Fig. 1 XRD pattern of SPL used in this study, acquired using
Cu K, radiation

2.2 Electric furnace tests

A horizontal tube furnace (Radatherm Pty. Ltd) with
six MoSi, heating elements and an alumina tube (inner
diameter 63.5 mm) sealed with water-cooled flanges was
used. The temperature was programmed prior to
commencing the experiment. A sample containing 10 g
chromite mixed with varying proportions of graphite
and/or SPL was placed inside an alumina crucible (inner
diameter 25 mm, depth 40 mm). With a constant Ar flow
of 500 mL/min, the sample mixture was heated inside the
horizontal tube furnace at a rate of 6.25 °C/min to a
temperature in between 1300 and 1500 °C, and dwell for
2 or 3 h. The sample was rapidly cooled inside the
furnace to room temperature before taking out for
characterization. The average cooling rate was about
8 °C/min at temperatures above 500 °C. The offgas was
analyzed continuously with a gas analyzer (ABB
EL3020) for its CO and CO, concentrations throughout
the test.

2.3 Separation of ferrochrome alloys from slag
The reduced product of about 8 g was firstly
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crushed and ground in a mortar and pestle to allow 100%
passing through the 150-mesh sieve (opening 106 pum),
to allow effective liberation of the ferrochrome alloy
particles from the unwanted slag component. The sample
powder was further sieved to produce three size fractions
(i.e. 63—106 pm, 37-63 um, and <37 pum). Each size
fraction individually subjected to gravity
separation using an elutriation tube, same as reported by
FROST [33], by taking advantage of the density
difference between the ferrochrome alloy and the
unwanted slag particles in a counter current flow. Three
products were obtained from each size fraction, namely
concentrate, middling, and tailing. The concentrate is the
portion rich in ferrochrome alloy, while the tailing is
mainly composed of light slag particles. The middling
portion contains both alloy and slag particles, requiring
further separation.

was

2.4 Analytical methods

One-inch polished sections were prepared from
sample products which were subjected to analysis by
scanning electron microscopy (SEM, Hitachi S-3200N)
coupled with an energy dispersive spectrometer (Quantax
EDS, Bruker), using an accelerating voltage of 20 kV.
For the analysis of particle size distribution of the alloy
particles in the reduced product, SEM images were taken
at the magnification of 50, covering all surface area of
the polished section. All SEM images were subsequently
analyzed by the image analysis software ImagelJ [34] for
the particle size distribution of alloy particles. For the
estimation of the diameter of each alloy particle from its
measured surface area, the assumption was made that the
alloy particles are spherical, admitting that they are
irregular in shape to various degrees.

Chemical composition of the solid product was
analyzed by firstly digesting it into a mixture of nitric
and phosphoric acid solution at temperatures higher than
200 °C under high pressure in a microwave reaction
system (Anton Paar Multiwave PRO), followed by
analyzing the aqueous solution using inductively coupled
plasma atomic emission spectrometry (ICP-AES, Varian
VISTA RL). For qualitative phase identification, samples
were also analyzed by X-ray powder diffraction (XRD,
Rigaku D/MAX 2500) with Cu K, radiation at 40 kV,
200 mA.

3 Results and discussion

3.1 Thermodynamic considerations and mechanisms
of alloy growth

As stated, dissolution of refractory spinel

(MgAl,0,4) into the molten slag phase is critically

important in further promoting the later stage of chromite

reduction. Its extent of dissolution can be influenced by
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many factors, such as the slag composition and volume,
temperature and residence time [9]. The influence of
temperature and slag composition was firstly evaluated
using the Equilib module of the thermochemical software
FactSage [35]. As indicated by Table 2 and Fig. 1,
nepheline and NaF are the main slag-making components
of the SPL used in the work. Therefore, thermodynamic
calculations were conducted by equilibrating MgAl,0,4
with an equal mass of the (nepheline+NaF) mixture at
various temperatures in the range of 1200—1700 °C
(Fig. 2). The mass ratio of nepheline/(nepheline+NaF)
ranged from 0 to 1, to reflect the variability in the
slag/SPL composition. As seen, no molten slag formed at
temperatures below 1300 °C. However, reactions
between MgAl,O4 and the SPL component can take
place at these low temperatures, forming new phases of
NaMgF; and NaAlO,, indicated by FactSage
calculation [35]. This resulted in the residual spinel of
only 30 wt% at the nepheline/(nepheline+NaF) ratio of
0.4 g/g, as shown in Fig. 2(a). Formation of molten
slag takes place at temperatures higher than 1300 °C. In
general, higher temperature resulted in the dissolution of
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Fig. 2 Amounts of residual spinel (MgAL,O,) (a), and molten
slag formed (wt.% of total mass) (b), after equilibrating
MgAL,O, with equal mass of (NaAlISiO, + NaF) mixtures at
various temperatures
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higher amounts of MgAl,O,, and the optimum ratio of
nepheline/(nephelinet+NaF) in the SPL to achieve the
highest molten slag formation and dissolution of
MgAl, O, is at approximately 0.5 g/g. The SPL used in
this work has a nepheline/(nepheline+NaF) ratio of
approximately 0.9 g/g.

Growth of an existing alloy particle can be
attributed to a combination of mainly two mechanisms:
(1) continuous reduction reactions taking place on the
surfaces of the alloy/carbon particles, resulting in
metallization and alloy growth, and (2) coalescence of
adjacent alloy particles further increasing the alloy
particle sizes. The second mechanism can be greatly
promoted by employing a higher temperature, slag of a
lower melting point and lower viscosity, and introducing
turbulence to the melt. Viscosity of the reduction system
in the presence of both solid (e.g. MgAl,O4, chromite)
and melt (e.g. molten slag) can be described by the
Einstein-Roscoe equation (Eq. (1)) [36,37], in which #, is
the relative viscosity, # is the viscosity of the
crystal+melt system, 7, is the melt viscosity, ¢ is
crystallinity, and o is a constant (e.g. 0.6 as reported by
MARSH [38]). Na-bearing components and fluorides in
the SPL are known to be effective in decreasing the
molten slag viscosity (7,,) [28]. Crystallinity (¢) can be
decreased by reducing the amounts of residual spinel and
promoting the molten slag formation, which could be
realized by increasing temperature and with SPL addition
(Fig. 2). Mobility of the alloy particles in the material
bed during carbothermic chromite reduction can be
improved by creating turbulence in the partial-melt
system of relatively low viscosity, via natural convection
of the melt and/or formation of CO and CO, gas bubbles
in the melt from reduction reactions. Highly mobile alloy
particles have higher chance of colliding/contacting with
each other, which is a prerequisite for the coalescence of
alloy particles. The probability of successful alloy
coalescence upon collision/contact can be promoted if
the alloy particles become completely molten. Figure 3
exhibits the liquidus projection of the Cr—Fe—C system,
plotted using FactSage [35]. As seen, the liquidus
temperature of the Cr—Fe—C alloy increases with the
increasing concentration of Cr and varies significantly
with the C concentration. Ferrochrome carbide of
(Cr,Fe),C;, or simply M,C;, is generally the primary
carbide phase in the high-carbon ferrochrome [39,40].
Based on this figure, a temperature of higher than
1400 °C is required to completely melt the alloy at a
Cr/Fe mass ratio of approximately 2:1, which is based on
the Cr/Fe ratio of the starting chromite ore (Table 1).

ne=n/nw=(1=¢lo) ** ey

3.2 Influence of SPL particle size
The influence of SPL addition (45 wt.% of ore) with

the variation of SPL particle size was evaluated (Fig. 4).
The reactivity of the carbonaceous component of the SPL
(i.e. graphite) towards chromite reduction can be
reflected by the CO evolution in Fig. 4, because no extra
graphite was added in these tests. The evolution of CO,
at 80 min (or about 600 °C) was due to the thermal
decomposition of magnesite (MgCOs), which is present
as a gangue mineral in the chromite ore [8]. Reduction of
chromite initiated at about 120 min (or 900 °C),
indicated by the generation of CO gas. A higher
reduction rate was achieved with a smaller SPL particle
size range, due to the higher surface area of graphite
particles available for reduction. Termination of the
reduction reactions was due to the complete consumption
of the graphite present in the sample, because the amount
of graphite in the SPL was far from the stoichiometric
amount required for complete chromite reduction.
Assuming the formation of CO and M;C; type carbide as
the reduction products, the chromite ore requires
stoichiometric amount of approximately 18.5 wt.% C for
complete reduction.
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Fig. 3 Liquid projection of Cr—Fe—C system, plotted using
FactSage [35]
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Figure 5 exhibits the cross section of the product
with the addition of 25—44 um SPL. Partial reduction of
chromite by the carbonaceous component of SPL
resulted in the formation of relatively large ferrochrome
alloy particles (Fig. 5(a)). With enhanced contrast,
Fig. 5(b) shows the presence of both elongated and
equiaxed M,C; crystals (grey), embedded in a matrix of
Fe-rich alloy (white). Based on the EDS analysis, the
M;C; crystals have an average Cr:Fe mass ratio of 2.26:1,
while it was only 0.16:1 for the Fe-rich alloy. The Fe-rich
alloy containing about 2.9 wt.% C is a metastable
eutectic, according to LESKO and NAVARA [40], who
also demonstrated that this particular microstructure is
characteristic of a rapidly-cooled ferrochromium. As
seen in Figs. 5(a) and (c), partially reduced chromite
(PRC) occurred as disseminated particles in the slag
matrix (mainly nepheline based on XRD analysis) which
was apparently molten at 1400 °C. Partial reduction of

chromite also produced the stripe-shaped Fe-rich
ferrochrome alloy within the PRC particles. Surface
roughness and cracks on the PRC particles were due to
the dissolution of chromite/spinel into the molten slag,
with the dissolved ionic Cr and Fe species being
transported and reduced on the graphite/alloy particles.
Continued dissolution of the chromite/spinel by the
molten slag also resulted in the precipitation of the
secondary spinel particles that formed at the bottom of
the crucible as a thin layer (Fig. 5(d)). The coalescence
of ferrochrome alloy into large particles (Fig. 5(a))
suggests relatively low viscosity for the molten slag, and
the presence of turbulence in the melt, possibly resulting
from the evolution of CO/CO, gas bubbles from
reduction reactions.

3.3 Influence of temperature
Chromite was reduced in the presence of both

MAG: 300 x HV: 20.0 kV WD: 15.0 mm

Fig. 5 Cross section (a) of product with addition of 25—44 um SPL, revealing formation of alloy particle (diameter ~2.6 mm) (b),

partially reduced chromite (PRC) suspended in slag (c), and secondary spinel particles re-crystallized in molten slag as layer

measuring about 110 pm in thickness at bottom of crucible (d)
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graphite (15 wt.% of ore) and SPL (45 wt.% of ore) at
temperatures of 1300, 1400 and 1500 °C (Fig. 6). Similar
to Fig. 4, thermal decomposition of magnesite took place
at about 600 °C, leading to the evoluation of CO,.
Evolution of CO gas was from the carbothermic
reduction of chromite. A higher degree of reduction can
be achieved at a higher reduction temperature, as
indicated by the relative intensity of the CO peaks in
Fig. 6. Two reduction stages are observed for each test.
Carbothermic reduction in the first stage was relatively
fast, represented by the strong CO peak. Preferential
reduction of Fe species could have taken place in this
early reduction stage [5S—8, 41]. For the tests at 1300 and
1400 °C, a much slower reduction rate was observed at
the second reduction stage, compared to that of the first
stage. This slower later stage of reduction was suggested
to be partly resulting from the formation of a refractory
oxide layer on the chromite particles, which hindered the
outward transfer of reducible ions of Cr and Fe from
chromite cores [8]. It is also suggested that predominent
reduction of Cr species took place in this later
stage [5—8,41]. In contrast, a secondary intensive CO
peak appeared during the second stage of reduction at
1500 °C. The CO concentration decreased quickly to
near zero after 270 min (Fig. 6), or 45 min after reaching
the isothermal temperature of 1500 °C, indicating a near
complete reduction of chromite has taken place.
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Fig. 6 Temperature and offgas CO and CO, profiles for tests
with variation of reduction temperature

Results from the XRD and SEM analyses of the
products are given in Figs. 7 and 8, respectively. Because
of a much lower degree of reduction at 1300 °C, its XRD
pattern shows the presence of both unreacted graphite
and chromite in the product. Phases of carbide (M-Cj3),
ferrochrome alloys (CrFe), and refractory spinel
(MgAl,O4) are identified by XRD as the reduced
products at all temperatures. Morphology of the reduced
product at 1300 °C (Figs. 8(a) and (b)) revealed that the
PRC particles were disseminated in the slag matrix

which appeared to be molten at 1300 °C. Very limited
degree of reduction at this low temperature resulted in
the formation of small alloy particles, mostly on the
surface of the molten slag (Fig. 8(a)). The particle size
and shape of the alloys resembled that of the starting
flake-shaped  graphite powders, indicating that
metallization took place mostly on the graphite particles.
It also suggests that the alloy particles were not
completely molten at 1300 °C, because they would lose
their original shapes and become somewhat spherical,
driven by the minimization of the surface energy of
molten alloys, as appeared at 1400 and 1500 °C
(Figs. 8(c), (e)). This is in good agreement with the
liquid projection of the Cr—Fe—C system as shown in
Fig. 3. The presence of a refractory spinel (MgAL,O,)
layer was observed on the PRC particles at both 1300
and 1400 °C, as shown in Figs. 8(b) and (d), respectively.
The formation of this refractory oxide layer on chromite
particles greatly limited the rate of reduction, resulting in
the slower second reduction stage (Fig. 6).

X —NaMg;AlSi;0,(F,
¢ —Chromite
T *—MgAlLO,
Y v—Graphite
l 1300 °C
sl MJJJ»
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el A . L-—A_AL——JA-—-
—(Cr,Fe),C;4
+—CrFe
* —Mg,SiO,
1500 °C
= J cv ke dnihsre |

10 20 30 40 50 60 70
20/(°)
Fig. 7 XRD patterns of products at various reduction
temperatures

Figure 9 exhibits the elemental mapping of the PRC
particles embedded in the slag matrix produced from
1400 °C. The Al and Mg distributions further
demonstrate the presence of a spinel layer on the PRC
particles. Monoxide (MgO) is also observed beneath the
spinel layer in localized areas. In addition, sheet-shaped
Mg-bearing silicate crystals have formed in the silicate
slag as shown in the Mg mapping, which was identified
by XRD (Fig. 7) as a type of mica (NaMg;AlSi;0oF,).
Formation of Mg-bearing mica in the slag matrix was
due to the partial dissolution of spinel/chromite into the
slag-making components of the SPL, because the starting
SPL contains little Mg. This is in good agreement with
the thermodynamic prediction as shown in Fig. 2.
Comparatively, near-complete reduction has taken place
at a higher temperature of 1500 °C, reflected by the
disappappearance of the PRC particles (Fig. 8(¢)).
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AAG: 100 x HRO.O kY WD: 150 mm

MAG: 800 x HV: 20.0 kV WD: 15.0 mm

Fig. 8 Cross sections of products at different reduction temperatures of 1300 °C (a,b), 1400 °C (c,d), and 1500 °C (e,f)

Coalescence of the alloy particles at this temperature
resulted in significant alloy growth, which was likely
caused partly by the higher solubility of spinel into the
molten slag, removing the refractory physical barriers.
Dissolution of spinel into the molten slag is evidenced by
the presence of both the mica and Mg,SiO4 based on
XRD analysis (Fig. 7). Figure 8(f) exhibits an
un-coalesced small alloy particle surrounded by the solid
spinel layer, demonstrating that the spinel layer acted as
a physical barrier which prevented the enclosed alloy
particle from coalescing with other alloy particles.
SPL-assisted chromite reduction involved formation
of molten slag phases especially at higher temperatures.
This might impact negatively on the reduction process if
it is applied in a rotary kiln due to its possible operational
issues resulting from the formation of excessive
dam-ring [42]. Therefore, equipment that is not so

susceptible to dam-ring formation should be investigated
for its potential implementation on an industrial scale.

3.4 Influence of SPL amount

In order to further investigate the influence of SPL
addition on chromite reduction, varying combinations of
graphite and SPL addition were employed, i.e. 22 wt.%
graphite (22C), 45 wt.% SPL (45SPL), 15 wt.% graphite
+ 20 wt.% SPL (15C20SPL), and 15 wt.% graphite +
45 wt.% SPL (15C45SPL), as shown in Fig. 10. As seen,
reduction started at about 168 min (or 1200 °C) in the
absence of SPL, indicated by its CO concentration
profile. In comparison, carbothermic reduction of
chromite initiated at about 130 min (or 960 °C) in the
presence of SPL, which is about 240 °C lower. This
demonstrates the higher reactivity of the carbonaceous
component of the SPL for carbothermic reduction,
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25 O

\

Fig. 9 Elemental mapping of PRC particles embedded in slag matrix, produced at 1400 °C

especially at low reduction temperatures. Because of the
insufficient amount of carbon required for complete
reduction in both the tests of 45SPL and 15C20SPL,
reduction terminated at an early stage due to the
complete consumption of carbon. Compared to the test
22C, a higher reduction rate is observed for the test
15C45SPL at the later stage (i.e. after 250 min in Fig. 10).
This is due to the enhancement of the carbothermic

chromite reduction by the partial dissolution of the
refractory spinel layer in the presence of SPL. Figure 11
exhibits the cross sections of the product from the tests
22C (a) and 15C20SPL (b). PRC particles are observed
in both samples with a layer of spinel, indicating an
incomplete reduction of chromite. Monoxide (MgO)
formed beneath the spinel layer in the absence of SPL
(Fig. 11(a)), with its presence also confirmed by XRD
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Fig. 10 Temperature profiles and offgas CO and CO,
concentrations for chromite reduction with 22 wt.% graphite
(22C), 45 wt.% SPL (45SPL), 15 wt.% graphite+20 wt.% SPL
(15C20SPL), and 15 wt.% graphite+45 wt.% SPL (15C45SPL)

MAG: 50 x HV: 20.0 kV WD: 15.0 mm

Fig. 11 Cross sections of products from chromite reduction
with 22 wt.% graphite (a), and 15 wt.% graphite + 20 wt.%
SPL (b)

analysis (Fig. 12). Assuming M,C; as the alloy product,
the carbothermic reduction of chromite can be
represented by Eq. (2), based on the average composition
of the chromite phase used in the study. As shown in this
reaction equation, formation of this secondary refractory
phase MgO was due to the lower Mg:Al molar ratio in
the MgAl,O4 (i.e. 0.5:1) compared to that of the pristine
chromite (i.e. 1.0:1).

7(Mgo sFeos)(Cr 4Fep 1Al 5)04+25.25C=
2CI'4.9F62' 1 C3+1 75MgA1204+1 75Mg0+1925CO

2

15%C+45%SPL
m . L i
10 20 30 40 50 60 70

20/(°)
Fig. 12 XRD patterns of products from chromite reduction with
varying combinations of graphite and SPL

As illustrated in Fig. 11, the addition of SPL
significantly increased the alloy particle sizes. In order to
allow a quantitative comparison, selected alloy particle
size distributions from four tests are shown in Fig. 13. As
seen, 50 vol.% of the alloys are smaller than 30 pm (D50)
in the absence of SPL, and 100 vol.% are below 80 pm.
D50 increased to 67 and 101 um in the presence of 45%
and 20 wt.% SPL, respectively, due to the alloy growth
mechanisms which was discussed in Section 3.1. The
fact that the alloy particle size distribution of the test
15C20SPL is higher than that of 15C45SPL is likely due
to the following factors. Generally speaking, significant
Fe reduction took place before Cr reduction [6—8]. Due
to the lower degree of reduction/metallization for the test
15C20SPL compared to 15C45SPL (Fig. 10), the alloy
particles of 15C20SPL are therefore generally Fe-richer

100 —%5¢ 1200 °C F g v
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Fig. 13 Volume integration of alloy particles as function of

alloy particle size
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compared to that of 15C45SPL, exibiting lower melting
temperatures (Fig. 3). Alloy particles of lower melting
temperatures (i.e. lower Cr:Fe mass ratio) have higher
tendency of coalescence upon collision/contact, resulting
in larger particle sizes. It is also seen from Fig. 13 that
increasing the reduction temperature to 1500 °C is most
effective in further increasing the alloy particle sizes in
the presence of SPL (D50=471 pm), due mainly to the
higher solubility of refractory spinel into the molten slag
as well as the enhanced coalesence of molten alloy
particles at a higher temperature.

Based on EDS analysis, Fig. 14 exhibits the
composition of alloy particles produced from the test
15C20SPL in relation to their particle sizes. These alloy
particles contain two main phases, i.e. Cr-rich M,C;, and
Si-bearing metastable eutectic phase (see Table in
Fig. 14(a)). Based on the compositional change and their
particle sizes, alloy particles can be classified into small,
medium and large particles. Small particles (<20 pm)
exhibit round shape in Fig. 14(a), and has a low Cr:Fe
mass ratio of approximately 1.4:1, indicating that they
formed during the early reduction stage and stopped
growing. Medium particles (20—60 pm) has the highest
Cr:Fe mass ratio of 2.4:1, suggesting that they evolved

Eutectic
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60 o e R A e .
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Particle size/um
Fig. 14 Cross section of alloy particles from test 15C20SPL (a),
and composition of individual alloy particles in relation to their
respective particle sizes (b) (Alloy particles are categorized into
(1) small, <20 um; (2) medium, 20—-60 pm; and (3) large,
>60 um, based on their sizes)

continuously till the late stage of reduction, but did not
have much chance of coalescing with other alloy
particles. Large alloy particles (>60 pm) were produced
from significant alloy coalescence, with an average
Cr:Fe mass ratio of 2.1.

3.5 Elutriation separation

The product from chromite reduction with the
addition of 15 wt.% graphite and 45 wt.% SPL at
1500 °C was subjected to sieving followed by elutriation
separation for upgrading the alloy particles into a
concentrate. As seen from Table 3, each particle size
fraction was subjected to elutriation separation to
produce three fractions, i.e. concentrate, middling, and
tailings. SEM micrographs of the three size fractions
before elutriation are shown in Figs. 15(a—c). As seen,
alloy particles in all three size fractions were generally
well liberated, and were present mostly as individual
particles that were not associated with the slag
component. Figures 15(d—f) exhibit the concentrate,
middling and tailings fractions produced from elutriation
separation of the 63—106 um size fraction, which
indicates that only a few slag particles were present in
the concentrate fraction, and a few alloy particles were in
the tailings fraction. This demonstrates the effectiveness
of elutriation for upgrading the alloys into the
concentrate. The combined concentrate from the three
size fractions accounted for 37.0 wt.% of the total mass,
while the combined tailing represents 56.9 wt.%
(Table 3). The middling (6.1 wt.%) requires further
processing for separation. Based on chemical analysis,
Fig. 16 illustrates the elemental distribution of Cr, Fe,
Mg, Al and Si among the combined concentrate,
middling and tailing fractions. As seen, the recoveries of
Cr and Fe into the combined concentrate fraction were
68.4 wt.% for both, and approximately 25 wt.% was lost
in the form of alloys into the tailing fraction. The alloys
in the tailing fraction was present as both liberated
individual alloy particles and smaller alloy particles that
were locked in the slag particles (Fig. 15(f)). Most Mg,
Al and Si (89.4%, 88.8% and 74.0%, respectively, mass
fraction) were rejected into the tailings fraction. It
should also be noted that Si in the concentrate fraction

Table 3 Mass quantities of products from elutriation separation

of three size fractions

S
€ (Concentrate)/ w(Middling)/ w(Tailing)/ w(Total)/
fraction/
% % % %
um
63-106 24.7 43 179 469
37-63 7.4 1.8 8.7 17.9
<37 49 0 303 352
Total 37.0 6.1 56.9 100




210 Dawei YU, Dogan PAKTUNC/Trans. Nonferrous Met. Soc. China 29(2019) 200-212

MAG: 50 x HV: 20.0 kV_WVD: 15.0 mm

© 500 m
MAG: 50 x HV:20.0 %V WD: 15.0 mm

Fig. 15 SEM images of size fractions (63—106 um (a), 37-63 um (b), and <37 pum (c)), of reduced product before elutriation
separations and concentrate (d), middling (e), and tailing (f) produced from elutriation separation of 63—106 um size fraction (a)
(White or light gray particles are alloys and dark gray particles are slag/gangue)
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Fig. 16 Distribution of elements among concentrate, middling,
and tailings

(21 wt.%) presented as both the siliceous slag and the
Si-bearing alloy components, unlike Mg and Al which
can only be found in the slag component. The combined
concentrate fraction contained 53.0 wt.% Cr, 28.5 wt.%
Fe, 4.8 wt.% Si, 1.4 wt.% MgO, and 2.8 wt.% Al,O;,
based on chemical analysis.

4 Conclusions

(1) Experimental results show that the carbonaceous
component of the SPL appeared to be more effective in
reducing chromite compared to graphite, because it can
reduce the starting temperature for chromite reduction by
about 240 °C.

(2) The formation and growth of the refractory
spinel (MgAl,O,) layer on the surface of each chromite
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particle significantly hindered the chromite reduction and
acted as a barrier for alloy growth. The main slag-making
components of the SPL used were nepheline (Na3AlFg)
and NaF, which were capable of forming low melting
temperature slags and dissolving partly the refractory
spinel layer, thereby promoting not only the
carbothermic chromite reduction rate, but also the alloy
growth.

(3) Because Fe-rich ferrochrome particles have a
lower melting temperature, they exhibited a higher
tendency of forming larger alloy particles because of the
higher probability of coalescence upon collision/contact
among alloy particles.

(4) Reduction at a higher temperature (e.g. 1500 °C)
was more effective in promoting the alloy growth, by
further promoting the dissolution of spinel into the
molten slag, and by enhancing the coalescence of molten
alloy particles.

(5) Formation of molten slags and alloys might
impact negatively if it is applied in a rotary kiln due to
potential dam-ring formation.

(6) Elutriation separation of the product from
chromite reduction at 1500 °C in the presence of SPL
demonstrated its effectiveness in upgrading the
ferrochrome alloy particles into a concentrate containing
53.0 wt.% Cr and 28.5 wt.% Fe, with a 68.4 wt.%
recovery of Cr and Fe, while most slag components were

effectively rejected.
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