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ABSTRACT

The reduction behaviour of chrome spinels from
the Bushveld Complex has been studied by a
number of techniques, including thermogravi-

metric analysis (TGA), the rotating-cylinder
technique (RCT), X-ray-diffraction analysis
(XRD), energy-dispersive analysis by X-rays

(EDAX), electron-microprobe analysis (EMPA), and
metallography.

In solid-state reduction work at tempera-
tures between 1300 and 1450°C, TGA showed that
the reduction rate increases with increasing
temperature, decreasing particle size, and
decreasing Cry03 content and chromium—to—iron
ratio in the ore. Zoning in partially reduced
chromites was observed metallographically. EDAX
revealed that the inner core was rich in iron,
while the outer core was depleted in this
species. EDAX examination also showed outward
diffusion of Fe2t and Cr3* ions and inward
diffusion of cCr2t, A13+, and Mg2t ions. A
reaction mechanism for reduction based on the
findings was developed. The mechanism is
mineralogical in nature, and assumes that the
stoichiometry of the spinel phase remains con-
stant as the reduction increases. The mechanism
is also unique in that cr2t ions are present,
which reduce the Fe3t ions under the surface of
the particle to the FeZt state at the interface
between the inner and outer cores.

The reduction of solid chromite by carbon
dissolved in 1liquid ferrochromium alloys was
studied in the temperature range 1500 to 1680°C
by the RCT. The decarburization of the metal
(and hence the reduction of the chromite),
increased with increasing temperature, carbon
content of the bath and rotational speed up to
about 400 r/min, after which it remained con-
stant. In the later stages of the reduction,
carbides of high 1liquidus temperature, mainly
(Fe, Cr)7C3s formed round the chromite
cylinder. This layer hindered direct contact
between the chromite and the 1liquid metal.
Further reduction occurred either by the dif-
fusion of carbon through this carbide layer to
the carbide-oxide interface, or by the diffusion
of carbon monoxide gas through microcracks.
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INTRODUCTION

Chromite ores comprise chrome spinels com-
bined with physically separable gangue minerals.
The chemical formula of chrome spinels can be
represented as AB,0;, where A represents
divalent cations (i.e. Fe, Mg) in the tetra-
hedral sites, and B represents trivalent cations

(i.e. Cr, Al, Fe) in the octahedral sites. 1In
some cases, tetravalent cations (i.e. Ti)
replace trivalent cations in the octahedral

sites, making an ulvospinel, i.e. Fe2T104, in
which half of the divalent iron ions occupy
tetrahedral sites, while the others occupy
octahedral sites. Each unit cell is made up of
eight ABy0, units, where the cubic close-packing
of 32 oxygen atoms provides 64 tetrahedral and
32 octahedral sites.[l

Normal spinels have eight divalent cations
in the tetrahedral sites and 16 trivalent
cations in the octahedral sites, e.g.
Fe2+(cr3+)204. Inverse spinels have eight of
the 16 trivalent cations in tetrahedral sites;
the octahedral sites are occupied by eight
trivalent and eight divalent cations, e.g.
magnetite, Fe3*(FeZ* ,Fe3*)o,. There are many
spinels in which the distribution_ of cations
lies between these two extremes.!®®

The reduction of any crystal requires the
migration of atoms or ions, which is possible if
imperfections exist.[4] 1In chrome spinel, the
sub-lattice of the oxygen ion is almost perfect
compared to that of the cation. This can be
concluded from the almost complete dense packing
and the relatively large radius of the oxygen
ion. It is also known that the oxygen-diffusion
coefficients[3,6] are several orders of
magnitude smaller than the cation-diffusion
coefficients. Therefore, during the initial
stages of reduction, the removal of oxygen atoms
from the surface of a chromite particle is
accomplished by the electrically balanced reduc-
tion of Fe3* to FeZt by the reductant. Further
reduction will continue at the surface by the
reduction of Fe2t ions to the metallic statg.
This results in the creation of an Fe?'
concentration gradient between the surface and
the interior of the particle, which causes the
Fe2* ions to diffuse out of the particle, leav-
ing a cation vacancy in the unit cell. Because
of the removal of Fe2t ions, the ratio of
divalent to trivalent cations in the unit cell
beneath the surface decreases. Hence, the
spinel becomes saturated with trivalent oxides,
and the removal of iron from the system can be
regarded as being equivalent to the addition of
the trivalent cations Cr3+, A13+, and Fe3* to
the spinel. This is, in fact, the same as the
dissolution of the defect spinels, <vy-Al,0,,
Y—Cr203, and y-Fe O , in the stoichiometric
spinel: Since Fe3t is unlikely to be present un-
der highly reducing conditions, only y-Al,0, and
Y-Cr,0, can be expected to contribute to the
non-stoichiometry in the spinel. Equilibrium
constants for vacancy concentrations have been
established only in the spinel end-member
Fe304-[7] However, no experimental information



is currently available concerning the distribu—
tion and concentration of vacancies in mixed
spinels, and the relationship between cation
vacancies and temperature-dependent departures
from stoichiometry is not clear, and has not
been investigated.

Because of the 1lack of data on defect
concentrations and cation distributions in mixed
spinels, the solid-state reduction mechanism of
chrome spinels at around 1400°C could not be
based on imperfections. The interpretation of
data gathered from X-ray diffraction analysis
(XRD) and energy-dispersive analysis of X-rays
(EDAX) was therefore based on the stoichiometry
of the spinel phase. Stoichiometry was assumed
to hold good with increasing reduction during
which part of the Cr ions were reduced to
Cr2+. The proposal that Cr2+ ions were present
in the spinel was based on the observation of
Ulmer and Whitelll who detected small concentra-
tions of divalent chromium ions in spinels in
the FeCr,0,-MgCr,0, solid-solution series

equilibrated with iron at 1300°C. In the
present model, the existence of an ordered
spinel structure was assumed with Cr * in

tetrahedral sites (when necessary) together with
Mg2+ and Fe2+. The calculations were based on
the ideal structural formula, i.e. a ratio of
the divalent cation to trivalent cation to anion
of 1:2:4. The amount of oxygen combined with
the spinel structure was determined by the
neutrality of the charge.

The reduction of chrome spinels at temper—
atures between 1500 and 1680°C by carbon
dissolved in liquid ferrochromium alloys has a
direct bearing on the refining of high-carbon
ferrochromium alloys and the direct production
of stainless steel from chromium— and iron—con—
taining ores. Hence, the available oxygen, in
the form of iron and chromium oxides, can be
employed as an oxidant for carbon in addition to
gaseous oxygen.

The reduction behaviour of chrome spinel by
carbon dissolved in high-carbon ferrochromium
alloys was studied, by use of the following
reaction
FeCry0,(s) + 4C = Fe(L) +2Cr((2) + 4c0(g). (1)

Sintered cylinders of chrome spinel were
immersed in a bath of ferrochromium alloy, and
rotated at different speeds. The reaction rate
was analysed in terms of the decarburization of
the melt. Partially reacted chromite samples
were subjected to metallographic examination,
EDAX, XRD, and electron—microprobe analysis
(EMP) so that the mechanism of reduction could
be determined. A multistage reaction mechanism
for the reduction of natural chromite at 1600°C
by carbon dissolved in 1liquid ferrochromium
alloy was proposed. The most noteworthy aspect
of the mechanism is the change from liquid-phase
mass—-transfer conditions in the earlier stages
of the reaction to a solid-state reduction
mechanism. This occurred because the chromite
cylinders were covered with a layer of carbide
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that hindered direct contact of the molten alloy
with the oxide. This phenomenon eventually
brings the system into artificial equilibrium
and as a result, the reaction virtually stops.

EXPERIMENTAL PROCEDURE

The chromite ore wused in this study was
from the LG-6 (lower group sixth seam) layer of
the Bushveld Complex. The ¢tomposition of the
chromite, and the moles of cations per thirty-
two oxygens, is given in Table I

TABLE I. Composition of the chromite ore as
determined by chemical analysis
Cation; Mol/
Component Mass, % Cation 32 Oxygens
Cry04 47.50 crdt 9.728
Total Fe as FeO 26.25
FeO 18.78 Fe2t 4.079
Fe203
by difference 8.29 Fe3t 1.569
A1,04 14.90 a3t 4.707
MgO 9.70 Mg2* 3.765
Ti0, 0.43 Ti4t 0.078
Ca0 0.05
510, 0.37
Solid-state Reduction
Tests on  solid-state reduction were
conducted in the temperature range 1300 to

1450°C under inert argomgas atmosphere. Fine
powdered spectroscopic graphite was the reduc-
tant, and 30 per cent in excess of the
stoichiometric requirement was used to reduce
the iron and chromium oxides to the carbide
(Fe,Cr)7C3. The . loss in mass was measured
continuously for each sample by a TGA facility
attached to the bottom end of the furnace. The
values for the loss in mass were then used in a
determination of the percentage reduction by use
of the following equation:

R, Z =
Mass of CO evolved
x 100.
(28/16)x (mass of original removable
oxygen) )
After each reduction test, representative

samples of the reaction products were split and
prepared for XRD, EMPA and EDAX analyses. Point
scans along a line in a particle were done by
EDAX, and

concentration profiles were
constructed for chromium, iron, magnesium,
aluminium, and titanium along selected cross-
sections. The application of these

mineralogical techniques to the reduced products
revealed the reduction mechanism. The mechanism
was based on data gathered at 1416°C.



Reduction of Chromite in Liquid Fe-Cr-C
Alloys

The rotating-cylinder technique (RCT) was
used to reduce the chromite and, simultaneously,
to decarburize the liquid Fe-Cr-C alloys. The
RCT facility was assembled on an inductively
heated fused-silica tube furnace. The LG-6 ore
was pulverized and formed into dry cylinders of
15mm diameter and 23mm length by uniaxial pres-—
sing in a steel mould. This was followed by
sintering in an argonmgas atmosphere at 1400°C
for 3 hours.

XRD and chemical analysis,

changes in composition after sintering were
negligible. Care was also taken to obtain
cylinders that were free from cracks.
No measurable change in mass could be observed
after sintering. The chromite cylinders were
rotated at controlled speeds about their long
axes by a flexible drive system, which was con—
nected to a variable-speed electric motor by a
stainless—-steel rod. The Fe-Cr-C alloy was
prepared from reagent-grade iron and chromium
powders and spectroscopic-grade graphite. These
constituents were placed in an alumina crucible
of 47mm inner diameter and 68mm length in the
RCT facility. The experiments were conducted in
a neutral argon-gas atmosphere, and the chromite
cylinders were immersed to a depth of 20mm in
the liquid alloy when the system comprising the
RCT and the induction furnace reached a steady
temperature. The course of the reaction was
determined by measurment of the change in the
composition of the liquid alloy in terms of the
decarburization rate. Metallographic examina-
tion, XRD, EMPA, and SEM-EDAX techniques were
employed on reacted chromite samples so that the
mechanism of reaction could be determined.

showed that the

RESULTS AND DISCUSSION

Solid-state Reduction Mechanism

XRD analysis of unreduced chromite samples
showed that chromium was present in the mixed
chrome spinels of picrochromite, (Mg,Fe)
[Cr,Al]504, aluminium chromite, Fe0(Al,Cr),03,
and donathite, (Fe,Mg) [Cr,Fe],04. The phases
detected from the diffraction patterns of the
reduced products are shown in Table II.

Another finding by XRD was the presence of
Mg0 as a separate phase at reductions higher
than 90 per cent. MgO was found deposited as a
white powder covering the surface of the charge,

and as white feathers at the top of the
crucible. This appearance strongly suggested
the involvement of a vaporous

transg?rt
mechanism in the formation of this product.[

Electromicrographs and line scans for the
elements chromium, iron, aluminium, magnesium,
and titanium were carried out on particles that
had been reduced to the values quoted in Table
IT by means of the SEM-EDAX facility. Figure 1
shows a typical electrommicrograph of a particle
reduced 38.14 per cent, and a graph of the
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variations in element concentration across the
line AB along this particle.

TABLE II. Major phases detected by XRD analysis
in LG-6 chromite samples with
increasing reduction at 1416°C

Reduction 7 Phase detected *

2.08 Starting chromite, carbon
7.56 Starting chromite, carbon, a-iron
18.54 ) Picrochromite, carbon, a-iron
25.20 )
27.48 ) Picrochromite, carbon, FeyCg,
38.14 ) (Cr ,Fe)7C3
44,96 )
60.86 )
64.74 )
71.67 ) Mg(Cr,Al)204, carbon, Fe;Cs,
76.17 ) (Cr,Fe)7C3, picrochromite
80.84 )

(Cr,Fe§7C3, Fe;C5, carbon
99.05 MgAl,0,, (Cr,Fe);C3, carbon

* Listed in order of decreasing intensity of
diffraction peaks.

All the rest of the analyses showed similar
concentration profiles up to a reduction of 72
per cent. Two distinct zones, an inner =zone
rich in iron and an outer zone depleted in iron,
were visible in the back-scattered images of the
reduced particles.

The zoning in reduced chromite graiﬁs has
been observed by other investigators.[ -1 The
sharp interface across the inner and outer zones
is reminiscent of the topochemical interface
often observed during the reduction of single-
metal oxides. Searle and Finn also reported the
presence of a sesquioxide phase (Cr,Al)203
adjoining the surface of the particle at
temperatures below 1250°C.[11] This phase did
not appear at temperatures greater than 1300°C
in the present work. The concentration profiles
that were determined revealed an iron-concentra-
tion gradient along the outer zone that suggests
an outward diffusion of iron. Furthermore, the
composition of the inner zone remained constant
with increasing reduction, its composition being
almost identical to that of starting chromite.
The inner zone was observed to decrease in size
with increasing reduction. It disappeared after
72 per cent reduction, and the particle then
started to exhibit high porosity. Almost all
the iron was reduced by the time 72 per cent
reduction was reached.

In the light of the experimental data and
observations, plots were constructed of the
number of cations per 32 oxygens versus position
(using EDAX profiles) on the assumption that the
stoichiometry of the spinel holds with increas—
ing reduction. Figure 2 illustrates the plots
for a particle reduced to 38.14 per cent.



Element, % (by mass)

A Position B
(b)

FIGURE 1. (a) Secondary electron image of an LG-6
chromite particle reduced to 38.14 per
cent at 1416 °C;

(b) Variations in element concentrations
across the line AB in (a)
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The moles of Fe3+, Fe2+, Cr3+, Cr2+, Mg2+; Al3+
and Ti that were calculated on the basis of
the stoichiometric spinel model are not absolute
values. The presence of Cr ions was allowed
up to a maximum of one Cr per unit cell based
on Creskovich and Shibican's study on_tetragonal
distortion in the spinel structure.

The concentration gradients of ions constructed
in this manner, as shown in Figure 2, clearly
showed that until the later stages of reduction
Fe?t and Cr diffused to the surface and Cr
and A1t diffused towards the centre of the
particle. Mg * jons showed a rather flat
profile along the outer core, suggesting very
fast inward movement as compared to the other
species, as a result of which the particle
shrank.

Although numerous studies have indicated
that oxygen is a diffusing species, the
diffusion of oxygen has not been substantiated
in this study. L1141 ch i

Ve arge neutrality wgs
maintained by inward diffusion of Mg2+ and A1’
ions. The reduction sequence was then based on
the ionic concentration profiles and stoichio-
metry of the spinel phase discussed earlier.
Furthermore, De Waal and Hiemstra, on the basis
of the chemical analyses of ninety different
chromite samples from the Bushveld _Complex,
found stoichiometry to a large extent.

The formula for the unit cell of LG-6
chromite, based on values given in Table I, can
be written as

(Fe, 0gM83,77)CT9, 73814, 71F¢1,57T10, 081032 )

On the other hand, if it is assumed that all
the trivalent cations occupy 16 octahedral
sites, that all the divalent cations are in the
eight tetrahedral sites, _and that Ti makgs
ulvospinel, i.e. (Me2+)[Me2+Ti4+]O4 (where Me +
is Fe or Mg2+), the unit cell for LG-6
chromite can be represented by the following
formula:

2+ .
(Fe, 1,M85 gg) [Crg ¢3AL, ¢eFel 55Feg 08710, 08]

0327 )

where the parentheses and brackets refer to the
tetrahedral and octahedral sites respectively.
In the formula for LG-6 chromite(4), the valency
of cations other than those referred to above
have not been shown.

Each chromite particle is considered to be
made up of concentric layers of unit cells, each
of which has the composition shown in formula
(4). The reduction of the unit cells situated
on the surface of a chromite particle in contact
with carbon and/or carbon mopnoxide gas is
initiated by the reduction of Fe ions to Fe
ions.

3+ 2+ .
(Fe, 1oM85, gg)[Crg 381, 66Fe), 55720, 08 10, 08!

032 + 0.775 cO =
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2+ 2+

(Fe, 1,M83 88) [CTg g3AL, g6Fe1, 55F20.08T10.08]
0 + 0.775 CO
31.225 27
(5)
which is folowed by
0.775 €O, + 0.775 C = 1.55 CO (6)

The above reaction removes O0.775 oxygen ions
from the unit cell, resulting in distortion. In
order that the spinel structure can be retained,
the reduction has to be accompanied by the
removal of 2.325 mol of Fe * as metal.

2+ 2+
(Fe, 19M83 887 [CTg 63214 667°1.557%0.08T10.08]
04, ps * 2:325 CO =

F M y[C AL, | Fe2t mi ]
(Fey 345M83,887[Crg 63214 ,66%0.08"20.08

028.9 + 2.325Fe + 2.325 COZ' 7)

The reduction proceeds by further distortion
of the spinel structure until all the Fe * jons
in the surface unit cell are reduced to metal,

as follows

T
(Fey 345%83,88)[CTg. 63814, 667%0.08T10.08!

028.9 + 3.425 CO =

(Mg5 gg)[Crg 6381, 66Ti0,081025.475
+ 3.425 Fe + 3.425 CO,. (8)

To build up the spinel structure in the surface
unit cell, reaction (8) must be accompanied by
the simultaneous reduction of Cr ions, since
a3t and Mg2+ have _been accepted as being
unreducible. The Cr ions in the Mg-Cr-Al
spinel at the surface are reduced to Cr + by the
following reaction: ‘

(Mg4 gg)[Crg 38l 66Ti0,081025.475
+1.135 CO = 1.135 CO, +

2

a2t e Al i
(Mg4 gCry, 08717 3581, 66M80. 08T 0. 08!
024.34* 9
Cr2+ ions, which diffuse inwards under a Cr2+

concentration gradient, will then reduce those
FeST ions in the unit cells just beneath the
surface that are not accessible to the
reductant, which are keeping the wunaltered
chromite composition. This is substantiated by
the fact that, up to a reduction of 70 per cent,
the particles are pore-free and dense. The
reduction therefore proceeds under the surface
via the following reaction:

3+ 2+ .
Fe] ssFep. 08 10.08!

(Fe, 12M85.88)[CT9 63814 .66

2+ _
032 + 1.55 Cr™ =



2+
4.12183,88)[Cg 4381, ¢6Fey 55

3+
+ Cr1.55'

+

(Fe .08

Feg

Tiy 081937 (10)

The Cr3+ ions have a very high preference energy
for octahedral sites so they will exchange
places with Fe ions in the octahedral sites,
which are very mobile cgmpared to the ones in
the tetrahedral sites.[1 ] In the meantime,
Fe?t ions diffuse out of the particle under an
iron-concentration gradient, where they will be
reduced to the metallic state. As the reduction
prggeeds, the replacement of 1.55 mol of Fe + by
Cr in the wunit cells near the interface
between the inner and outer cores will cause the
unit cells just inside the outer core to be
enriched in chromium and depleted in irom with
respect to the unit cells just inside the inner
core, which retain their original structure with
increasing reduction.

For the further reduction of the Fe2+ ions
in the unit cells beneath the surface unit cell,
the Cr2+ ions of the surface unit cell must
exchange places with the Fe ions (in the
tetrahedral sites) of the unit cells just below
the surface. The formula for the unit cell
just under the surface is therefore now

2+ .
(e, 12M83,880 (011 1841, 66Fe0. 08 10, 081032
(11)

and the formula for the surface unit cell is

2+
(Mg3 80Cry, 28000 3581, ¢eM8q 0gTig 081094 34
(12)

After the CrZt ions of the surgfce unit cell
have exchanged places with the Fe * ions of the
unit cell just below, the formula will be

2+

(Fes 12M83 g5Cr7 o V[0 q 1881, g6Fe0. 08

Tig 08103, (13)

for the wunit cell immediately beneath the
surface, and the formula for the surface unit
cell will be

2+ 2+ ,
(Mg3 g0Cry,28Fe1,07(Cr7, 3541, 66M80. 08 0. 0!

024.34 (14)
The reduction of Fe2+ at the surface will then
proceed via the following reaction:

24 2+ ,
(Mg3 g0Cry, 287,00 1CT7, 3581, 66M80. 08 0. 08]

024.34 + 1.34 CcO =

2+ .
(Mg3 g0Cr1,95)[Cr¢ 6gAl, 66M80. 08 i0. 08!

O23 + Fe + 1.34 COZ' (15)
Once the reduction of divalent iron is
complete, the structure, as seen in reaction
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(15), comprises an
trivalent, and any

Mg—-Al-Cr
divalent

spinel. The
chromium ions

present, are reduced to metal step by step by
the reductant at the surface, while the
stoichiometry of the spinel structure is

retained, i.e.

2+ .
(M85 g0Cr1,95)[CT¢ ¢ghl, 46M80.08Ti0. 08!

0,, + 1.33,00 =
3 + .
<§lg3.8ocr1.62)[C"s.02A14.66Mgo.08T10.08]

021.68 + 0.99 Cr + 1.32 COZ'
As the ratio of Al3+'--to—Cr3+ ions is larger in
the surface unit cells, there will be an inward
diffusion of A13t and an outward diffusion of
cr>t ions. The final reduction product will be
an Mg-Al spinel phase and Mg0 if the maximum
solubility of MgO in the spinel phase is
exceeded , i.e.

(16)

(Mg, 417 1AL, 66M80.08T%0.081%. 64" a7
In each of the stages described above, oxygen
was removed from the surface. This mechanism is
similar to__that described for the reduction of
iron ores.[l7’18] It is obvious that the above
mechanism, which is described stagewise, occurs
simultaneously, and that metallized iron and
chromium are present as their carbides, as
determined by XRD of the reduced products.

Reduction of Chromite in Liquid Fe-Cr-C

Alloys

Temperature, stirring, and the composition
of the melt were the three main variables for
the reduction of solid chromite in Fe-Cr-C
alloys. These were tested as a function of time,
and the results were analysed by the use of

decarburization curves. The percentage
decarburization is defined as
D, % = [(c; - Cf)/Ci] x 100, (18)

where Ci is the initial carbon concentration,
and C: is the final carbon concentration of the
melt {as a percentage). It was established that
400 r/min was the optimum stirring rate, beyond
which no appreciable improvement in the extent
of decarburization was observed. This is
unusual, but was also reported by Barmin et al.
in their study of the rate of reductio% of Cry0q
disks by carbon in molten alloy. 19] They
observed the same phenomenon at 570 r/min.

The effect of temperature was tested at the
optimum stirring rate for 50% Cr - 6% C alloys

at 1550, 1500 and 1680°C. As expected,
decarburization, and hence the reduction of
chromite, increased with temperature. The

effect of the change in the chromium content of
the melt was tested for alloys with carbon
contents of 4, 5 and 7 per cent at 1500, 1600,
and 1680°C. From the results of all these
experiments, it was observed that irrespective
of the temperature and carbon content of the



melt, decarburization increased with chromium
content up to about 50 percent chromium in the
alloy, and then decreased. The activity values
taken from the literature for alloys with
compositions similar to those used in the
present work confirm that the ratios of the
initial-to-final carbon activities increase with
chromium content up to around 50 per_ cent
chromium in the alloy, and then decrease.[zol
For chromium—activity ratios, the situation is
exactly the opposite. The behaviour of the
activity ratios around 50 per cent chromium in
the melt could explain the high decarburization
at a chromium content of 50 per cent in the
melt. This is illustrated in Figure 3.

It was also established that, for alloys
with the same chromium content decarburization
increased with increasing carbon content.
However, the carbon content of the melt did not
decrease to equilibrium values similar to those
that would be expected thermodynamically. This
suggested the presence of a barrier for the
reduction reaction and, hence, an artificial
equilibrium. Therefore, in a separate set of
experiments, a second fresh chromite cylinder
was introduced into the same melt from the first
immersion after the first cylinder had been
reacted for 4 hours. The second cylinder was
then reacted for 4 hours in the same melt. A
typical result is shown in Figure 4. The
decrease in the carbon content of the alloy
continued at almost the same rate after the
immersion of the second fresh chromite cylinder,
which demonstrated that artificial equilibrium
existed, as a results of the formation of a
product layer around the cylinders.

1.8
Carbon
1.6 - /
o L4
s
% Carbon in alloy 5%
] 5| Temperature 1600 °C
& Stirrer speed 100r/min
N Reaction time 240 min
] 1o}
Q
0.8+ \
Chromium
0.6 | I I I |

20 30 40 50 60 70 80
Chromium, % (by mass)
FIGURE 3. Change in initial to final activity ratios of car-

bon and chromium with increasing chromium content in
the melt
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FIGURE 4. Decrease in carbon content of 50%Cr-6%C
alloy as a function of time for two consecutively im-
mersed chromite cylinders at 1600 °C, and 100 r/min

Microscopic examination of a vertical cross—
section of partially reduced chromite cylinder
revealed an outer metallized skin, an inner zone
consisting of partially unreacted chromite, and
a transition zone between the two. Microscopic
examination of the outer zone under polarized
light indicated the presence of a carbide phase.

In a series of experiments, chromite cylin-
ders were individually reacted in molten 50% Cr-
6% C alloys at 1600°C and 400 r/min for differ-
ent times between 15 minutes and 4 hours. The
phases present in the outer zone after cooling
were examined by XRD. X-ray diffractograms of
powdered pieces cut from the outer layer of
partially reduced chromite cylinders revealed
the presence of residual picrochromite, cubic
My4Cq carbide, and hexagonal M7Cq carbide (M =
Cr,Fe) together with a-phase (iron). For the
cylinders reacted for more than 30 minutes, the
diffraction pattern of the starting chromite
became progressively weaker, while that of the
carbides became stronger as the reaction time
increased. Towards the end of the reaction
period, the peaks for the a-phase and My4Cq also
weakened and that of MyCy carbide became
dominant. The formation of carbides, mainly of
the M;C5 type, around the periphery of the
chromite cylinders also resulted in the reten—
tion of the original shape of the cylinder with
minimal dimensional changes. At later stages of
reduction, diffusion through this product layer
could be the rate-controlling step.



In a subsequent experiment, a chromite
cylinder was immersed in a 50% Cr- 6% C alloy at
1600°C, and liquid metallic samples were taken
from the melt and quenched in water after 3 and
4 hours of reaction time. Microscopic examin—
ation of these samples revealed the presence of
M,C3 carbide islands in the melt which contra
dicts the existence of a single li%uid phase as
indicated in the published[2 =23] phase
diagrams. The quenched carbides are shown in
Figure 5.

FIGURE 5. Microstructure of the 50%Cr-6%GC alloy,

which is reacted with the solid chromite cylinder at

1600 °C for 4 hours. The white areas are M,C; carbide
islands. Magnification 100 x

The carbides are typically 1large, angular
crystals of a primary phase already existing in
the liquid state. It is obvious that the liquid
is saturated with respect to carbide at this
temperature. In the present study the Pt-6%
Rh/Pt-30% Rh thermocouples used were frequently
calibrated against the melting points of gold
and silver, and it is estimated that the tem~—
peratures are correct to + 5°C. It is there-
fore probable that there are _errors in the
reported liquidus surfaces.[21723] Apparently,
any carbide that forms around the periphery of
the chromite cylinder will not dissolve or will
dissolve very slowly in the carbide-saturated
molten alloy at this temperature.

In the light of the experimental results,
including microscopic examination, XRD, EMPA,
and SEM-EDAX, a multistage reaction mechanism is
proposed for the reduction of chromite by carbon
dissolved in 1liquid ferrochromium alloys. In

this mechanism, the Al,05, MgO, and TiO,
components of the chromite are considered
unreducible. The reduction is then represented
by the overall reaction (1). However, the

reaction could involve the following consecutive
steps:
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(i) the dissociation of FeCry0, at the oxide-
metal phase boundary

FeCry04(s) = 2Cr(&) + 40(%) + Fe(), (19)

(ii) transport of chromium, iron, and oxygen
from the oxide-metal phase boundary to
the bulk metal,

(iii) transport of oxygen and carbon from the
bulk metal to the metal-gas phase
boundary,

(iv) reaction of carbon and oxygen at the
metal-gas phase boundary to form CO gas,
C(%) + o(%Z) = co(g), (20)

(v) and the formation of carbides with high

liquidus temperatures, namely My3Cq and
mainly M;C5 at the metal-oxide interface,
and the transfer of carbon into the oxide
through this metallized skin and/or the
diffusion of carbon monoxide gas through
the microcracks in this skin for further
reduction. The reduction product of the
chromite is now solid carbides.

It is assumed that steps (i) and (iv) are

not rate determining stegz because of the high
temperatures involved.[24,25] Since the
concentrations of chromium and iron in the

liquid alloy are high and essentially constant,
it is assumed that no significant chromium and
iron concentration gradients exist between the
boundary liquid alloy and bulk 1liquid alloy.
Therefore, the transport of chromium and iron in
step (ii) could be excluded from the rate-deter—
mining steps. The rate of reaction is affected
by changes in rotational speed, particularly in
the initial stage of the reduction. It is
therefore presumed that the reduction is
controlled by mass transfer in the melt during
the initial stages. Mathematical analysis of
the data confined to the liquid-state transport
of carbon and oxygen species revealed that
liquid-phase mass transfer of oxygen at the
oxide-metal phase boundary is the most likely
rate-determining step within 30 minutes of the
start of the reaction. After that, reduction
continues at a much slower rate by solid-state
processes, resulting in the formation of
carbides as the reaction product. Since the
main experimental temperature was 1600°C, it
could be expected that the incidence of imper-
fections in the spinel structure would be high,
and that the assumption regarding stoichiometry
of the spinel would no longer be valid. However,
because of the paucity of information on the
distribution and concentration of vacancies in
mixed spinels, it was assumed that chrome spinel
retains its stoichiometric structure with in-
creasing reduction.

Concentration profiles for chromium, iron,

aluminium, magnesium, and titanium were
constructed by line scans using the SEM-EDAX
facility. Three samples, one from the inner



centre zone of the particle, one from the
transition zone and one from the outer metal-
lized zone - were examined for each reduction
period of between 15 minutes and 4 hours on the
EDAX system. The concentration profiles for the
sample from the centre zone of the particle
showed no gradients, and the composition was the
same as that of the original unreacted chromite.
The profiles for the samples from the outer zone
were typical of those for sharp phase inter-

faces, a metallized region enriched in iron,
chromium and a chromite, but almost completely
depleted in iron and relatively depleted in

chromium, being observed. On the other hand,
the concentration profiles for the sample from
the transition zone did not show sharp phase
interfaces but concentration gradients, (par-
ticularly for iron and chromium) from the inside
towards the perimeter of the grains, suggesting
an outward diffusion of these elements. From
these profiles, cation distributions per 32
oxygens were calculated, assuming stoichiometry
of the spinel as in the previous solid-state
case. An example of such a calculation is given
in the Appendix. However, no consistent results
could be achieved with respect to the distri-
bution of cations within the partially reduced
chromite grains as a function of time. This was
probably because the calculations were based on
the assumption that stoichiometry holds with
reduction at this high temperature.

Electron—microprobe analyses of chromite
grains and the metallized regions confirmed that
the metallized regions towards the interior of
the cylinder consist essentially of iron. The
reasons for this are quite clearly the higher
reducibility of ferrous oxide, and the fact that
the grains towards the interior are at an
earlier stage of reduction than those at the
surface. Therefore, in the early stages of
reduction, metallized regions at the surface
would also be rich in iron. If the diffusion of
carbon through the chromite grains is negligible
carbon monoxide gas can be regarded as a reduc-
tant. Figure 6 shows that metallization occurs
through micro-cracks within the chromite
cylinders.

Metallized regions formed at the surface of
the chromite cylinder as a result of the higher
degrees of reduction, are therefore richer in
chromium and carbon than are the metal islands
in the interior. The carbon content of the
double carbide, (Fe,Cr);C3, forming the outer
metallized region was found by EMPA to be 9.3
per cent, which is in reasonable agreement with
the theoretical value of 9 per cent. As further
reaction occurs, metal is seen to have formed
everywhere within the chromite grain. This is
because, as the reduction progresses, the
chromite grains exhibit a high degree of
porosity, and the diffusion of carbon monoxide
gas through these pores causes metallization
within the grains.
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FIGUR.E 6. Metallization along micro-cracks within the
chromite-spinel cylinder reduced in 50%Cr-6%C alloy
at 1600 °C for 4 hours. Magnification 125 x

The reaction mechanism for the reduction of LG-6

chromite at 1600°C by carbon in 1liquid
ferrochromium alloy can be summarized as
follows:

Initially, the iron oxides in the spinel

reduce to form a-iron at the surface defects
such as microcracks. As reduction proceeds, the
reduction of iron continues, but chromium oxide
also starts to be reduced. At this early stage
of the reduction, oxygen transport in the liquid
alloy at the oxide-melt interface is the most
likely rate-determining step up to about 30
minutes of reaction time.

After the initial stage during which the
melt is saturated with respect to carbide,
double carbides, (Fe,Cr)93Cq> and mainly
(Fe,Cr)7C3 start to form on the surface of the
chromite cylinder, thus hindering direct contact
between the oxide and carbon in the liquid
alloy. The reduction spreads inward from the
carbide-oxide interface by a mechanism involving
carbon transfer from the alloy to the chromite
grains across the carbide layer. However, owing
to a lack of data on the diffusion of carbon
through carbides, this could not be analysed
quantitatively. On the other hand, it is very
likely that the diffusion of carbon monoxide gas
through microcracks (and through porosities at
later stages) results in further reduction and
metallization on the chromite grains.



CONCLUSIONS

The study of the reduction behaviour of
chromite is an ongoing research activity, which
is being undertaken in an effort to understand
and quantify the reduction phenomenon that
covers the pre-reduction of chromite, ferro-
chromium smelting and refining, and stainless-
steel production. The Council for Mineral
Technology (MINTEK) and the University of the
Witwatersrand are collaborating in this task.
The results of recently completed studies and
discussions reported in this paper should be
interpreted on this basis. It is believed that
a major advancement has been achieved in the
understanding of the solid-state carbothermic
reduction of chromite, the mechanistics of which
are explained. This part is relevant to the pre-
reduction of chromite and, to a lesser extent,
to the reaction occurring in the upper parts of
smelting furnaces. The dissolution of chromite
into the slag phase, and the reduction from the
slag, form another group of studies. On the
other hand, the interaction of solid chromite
directly with the metal phase is much more
relevant to the refining of ferrochromium and to
the making of stainless steel. Although the
interaction is between the dissolved carbon of
the molten alloy and the solid chromite, the
process is somewhat similar to solid-state re-
duction. At temperatures around 1600°C, the
liquid-phase processes for reduction change to
what are the most probably diffusional-type
solid-state processes within a fairly short time
as a result of the formation of solid carbides
round the chromite particles. This phenomenon
is important since it leads to poor reaction
rates and poor recoveries. The next step is
more intensive investigation if this phenomenon
and the finding of a means by which the solid-
state reactions can be minimized at these smelt-
ing temperatures. The topic of this presenta-
tion was chosen to highlight these important
considerations and advancements.
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APPENDIX

AN EXAMPLE OF THE CALCULATION OF CATIONS/32
OXYGENS FROM EDAX ANALYSIS.

The sample is an unreduced chromite particle.
The mass percentages from EDAX are converted
into atomic fraction as follows:

Element Mg Al Ti Cr Fe 0
Mass % 5.66 7.52 0.44 32,90 20.06 30.81
Ny 0.07 0.08 0.003 0.18 0.10 0.56
The number of cations per 32 oxygens are
calculated as follows:
N Norm
Mg = 24,0  _
No x 32 4.00 to 24 4,00 x 5573 3.88
N
Al s 3w 457 = 4.44
N
0
NT'
—= x 32 = 0.15 = 0.15
N
0
NCr
— x 32 = 10.29 = 9,99
N
0
Ve ’
— x 32 = 9.71 = 5.54
N
0
Total 24,72 24,00

Normalization to 24 is necessary since it is
assumed that 8 tetrahedral and 16 octahedral
sites are occupied by cations. Since Ti + makes
ulvospinel with Fe in the octahedral sites,
the distribution of cations will be as follows.

Fe2+ in octahedral sites = 0.15 )

Fe3t in octahedral sites =[(5.54-0.15)+3.88]-8
=1.27

Fe2t in tetrahedral sites=5.54-0.15-1.27 =4.12

Mg2+ in tratrahedral sites = 3.88

Cr3+ in octahedral sites = 9.99

Al3+ in octahedral sites = 4.44

Consequently, for this particular EDAX analysis,
the chemical formula for unreduced chromite is

3+ 2+

AL, 4s4Fe1.27F%0.15T0.15]

(Fe [Cr

4.12483.88)
03,

9.99




