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SYNOPSIS

The compositions of silicate slags, with
ca0/sSi0, mass ratios between 0.03 and
0.55 in equilibrium with a gangue-free
Transvaal chromite were determined. The
slags were equilibrated with porous
chromite crucibles under an argon
atmosphere in a vertical-tube resistance-
heated furnace. The maximum solubilities
of the constituents of chromite spinel
(MgO, Al,0,, and Cr,0;) under these
conditions were determined. The
solubility of Cr,0, solubility was always
less than 1.5 per cent( by mass),and the
solubilities of MgO and Al,0; were
substantially less than the MgO and Al,O;
contents of the slags used industrially
for chromite smelting. These two factors
indicate that the dissolution of chromite
into slags that are tapped from
industrial furnaces is likely to be slow.
This may in turn be the reason for the
observed appearance of undissolved
chromite in the discard slags from large
submerged-arc furnaces in which chromite
is smelted.

Note: all chemical compositions in this
paper are expressed in percentages by
mass.

INTRODUCTION

Chromite, the ultimate source of all the
chromium in stainless steels, is
currently smelted in submerged-arc
electric furnaces to produce high-carbon
ferrochromium for subsequent addition to
the steelmaking process. The chromium
content of the discard slags from these
furnaces effectively determines the
chromium recovery, and is therefore an
important process variable.

Oosthuyzen and Viljoen'!' recently
carried out a mineralogical investigation
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of the slags from three different plants
in South Africa. They found that, at
those plants which experienced high
losses of chromium (i.e. more than 11 per
cent chromium in the slag), more than 60
per cent of this chromium was contained
in fundissolved and partly altered
chromite particles'. The presence of
these chromite particles in the slags
implies that the dissolution of chromite
plays an important role in its smelting.
Kouroki et alf?' have suggested that the
dissolution of MgCr,0, into molten slags
is likely to be the rate-limiting step in
the plasma smelting of mixtures of
chromite and iron ore. Fujita et al‘?®! ,
using a 550 kg converter, found that
slags containing more than 45 per cent
MgO plus Al,0, at 1600°C have slower
reduction rates, and attribute this to
the formation of a layer of MgO- and
Al,0,-rich spinel around the chromite
particles. This layer disrupts the
dissolution of the chromite.However,
Fukagawa and Shimoda'®’ concluded that
the dissolution of particles of chromium
ore into the molten slag was not the
rate-limiting step under static
conditions.

The dissolution of chromite is therefore
of interest not only for the current
submerged-arc process, but also for the
new plasma-smelting process‘®’', and for
possible development of a process based
on energy from combustion using a
combined blown converter‘3’'. The
solubility of chromite in a silicate slag
was therefore investigated in order to
aquire the basic equilibrium data, a
longer-term objective being a study of
the kinetics of the dissolution process
itself.

EXPERIMENTAL METHOD.

A 200 kg sample of chromite from the IG-6
layer of the Bushveld Complex'®’ was
obtained, and 75 kg of concentrate with a
Sio, plus Ca0O content of less than 0.2
per cent was produced by grinding and
tabling to remove the gangue (Table 1).

Chromite crucibles (55 mm high and 36 mm
in diameter) were made from this material
by hand-ramming, drying, and sintering
under an argon atmosphere at 1550°C for 1
to 2 hours. An aqueous solution of
chromium trioxide was used as a binder
for the hand-ramming operation. No
significant difference was found between
the composition of the chromite in the
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starting material and in the final
sintered crucibles (Table 1). The cruci-
bles had a bulk density of 2.76 g cm™?, a
porosity of 38.1 per cent,and a typical
mass of 92 g.

A range of synthetic slags was prepared
from commercial grades of limestone,
quartz, magnesia, and alumina by melting
in a small graphite-lined arc-furnace.
The molten slags were cooled, ground, and
roasted at 550°C for 16 hours to oxidize
any graphite or metallic iron present.
The compositions of the seven slags are
shown in Table 2.

A vertical alumina-tube furnace with a
molybdenum-wire heating element was used
to maintain the sample at a constant
temperature (+ 5°C) under an atmosphere
of spectrographic-grade argon (total
impurities less than 0.002 per cent by
volume). The chromite crucibles were
filled with approximately 20 g of one of
the synthetic slags, and then raised
under sealed conditions into the hot zone
of the furnace over a period of 45
minutes. The samples were usually held
in the hot zone for 1 hour but were
occasionally held for up to 12 hours.
They were then lowered rapidly (within 30
seconds) into a cold zone (less than
200°C) of the furnace under argon for
cooling and final removal. The
temperature, which was measured through-
out the run, varied by an average of 6°C,
while the standard deviation of the
change in sample mass after the runs was
0.15 g.

The crucibles and the contained slag(most
of which had penetrated the porous
crucible walls) were sectioned and
examined mineralogically. Phases within
the crucible walls were analysed by
energy-dispersive spectroscopy (EDS) or
by use of an electron microprobe.

RESULTS

The slag that had penetrated the porous
walls of the chromite crucibles was
observed to have interacted with the
.chromite grains close to the inner
surface of the wall in a variety of ways
(Figure 1) depending on the composition
of the slag charge. The interaction was
usually confined to the edges of the
chromite grains, and took the following
forms:

(a) entire portions of the original
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outer surface of the spinel were
removed, leaving a chromite grain
of drastically altered appearance
(slag no.7),

(b) the original surface of the
spinel was unchanged, but the
centre and edges of the crystals
became visibly zoned (slag no.3),

(c) crystals of secondary spinel
precipitated on the edges of the
chromite grains (slag no.4), or

(d) no visible interaction
' occured (slag no.6).

The alteration of the surfaces of the
chromite grains decreased with increasing
distance from the inner surface of the
crucible wall regardless of the form of
the alteration.

The compositions of the edges of the
chromite grains in contact with a slag
phase at inner, middle, and outer
positions of the crucible wall showed a
convergence towards the original
composition in all cases (Figure 2). The
centres and edges of chromite grains in
the outer portion of the crucible were
analysed and compared to detect any
concentration gradient within the grains.
The differences in the analyses were
typically less than one standard
deviation. These analyses (centre and
edge) were then averaged and compared
with the chemical analyses of the
original chromite and the average EDS
analysis of four chromite grains (centre
and edge) in a blank crucible (i.e. one
that had undergone the same experimental
procedure without a slag charge). The
differences between the analyses were
found to be within the limits of
experimental error for the various
methods of determination (Table 1.)

The absence of an experimentally -
significant concentration gradient in
chromite grains in the outer region of
the crucible wall, even in the samples
that had been held in the hot zone of the
furnace for up to 12 hours, led to the
conclusion that the slag and chromite at
these positions were in chemical
equilibrium, and that the slag in contact
with the chromite was therefore saturated
with respect to constituents the chrome
spinel.

The determination of the equilibrium slag
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was complicated in many cases by the
formation of a secondary crystalline
phase upon cooling. The relative
proportions of the crystalline and matrix
phases present in these cases were
estimated visually, and were checked by
an EDS image-analysis technique, which
indicated that a likely error of * 10 per
cent could be expected. The effect of
this error, including the assumption that
the density difference was negligible,
was frequently reduced because of the
similar compositions of the crystalline
and matrix phases. A further estimate of
the likely error in this procedure was
made from a comparison of the Ca0/SioO,
ratio determined in this way with the
initial Cao/Si0O, ratio in the slag
(Figure 3).

The estimated equilibrium compositions of
the slag are shown in Figures 4 and 5.
The data denoted (FeO), were calculated
from the total iron detected expressed
stoichiometrically as FeO, although
clearly a significant proportion of Fe,0,
should be present. The estimated errors
in these compositions were less than 2.0
per cent for MgO, Al,0,, and (FeO),, and
less than 0.1 per cent for the Cr,0,.

DISCUSSION

The mechanism by which the slag
approaches equilibrium with the chromite
is presumed to be the repeated transfer
of mass between the slag and the edges of
the chromite grains as the slag flows
outwards through the porous wall of the
chromite crucible. Since the phases were
analysed by EDS or with the electron
microscope, the oxidation state of the
iron could not be determined. The
usefulness of the technique is therefore
limited, although it does provide a
useful starting-point for the detailed
study of complex systems in which the
nunmber of components makes the use of a
classical bracketing technique extremely
laborious.

The increase in the solubility of MgO,
Cr,0;, and (FeO), with increasing
temperature was in accord with
expectations. However,the solubility of
Al,0, in slags with Ca0/SiO, ratios of
less than 0.3 decreased from 1550°C to
1650°C (Figures 4 and 5). The reason for
this behaviour is not known, and further
experiments with controlled Fel?*/Fe3*
ratios in the slag may be necessary.
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The very low solublllty of Cr,0, (less
than 1.5 per cent) in the slag therefore
limits the solubility of the chromite
particles. Under conditions of practical
smelting, chromite would dissolve only in
conditions that were sufficiently
reducing to maintain the Cr,0, content of
the slag well below this value.The
presence of pure solid carbon at 1650°C
will satisfy this condition thermo-
dynamically, but the transport of the
Cr,0, dissolved in the slag, either by
diffusion or by convection, will be
constrained by the low solubility of
Cr,0,, which limits the concentration
gradient or driving force. The static
slag/chronite condltlons in Fukgawa and
Shimoda's experlments 41, and the fact
that an increase in the MgO and Al,0,
contents of the slag-reduced the
reduction rate, p01nt towards the rate of
diffusion of Cr 20, in the slag as the
rate-limiting step in this case.

The solubilities of Mg0O and Al 205 at
1650°C that were determined in the
present study (6.0 and 16.0 per cent
respectively) are significantly lower
than the MgO and Al,0, contents of the
industrial slags (w1th similar CaoO/sio,
ratios) investigated by Oosthuyzen and
Viljoen‘!' (20.0 and 25.0 per cent
respectively). It would therefore be
expected that chromite entering a similar
slag would not dissolve immediately even
if the conditions were sufficiently
reducing and the slag were sufficiently
well stirred to overcome the constraints
on the transport of dissolved Cr,0,,
These constraints were demonstrated
experimentally by Fujita et al' in a
well stirred smelting-reduction
converter.

CONCLUSTIONS

The compositions of silicate slags in
equilibrium with gangue-free Transvaal
chromite as a function of Ca0/siQ, at
1550°C and 1650°C have been determined
using a porous chromite crucible
technique. The low solubility of Cr,0,4
in these slags (< 1.5 per cent) implies
that strongly reducing and well stirred
slag conditions would be required to
ensure the rapid dissolution of chromite.
Another limitation to chromite
dissolution would be expected if the MgO
and Al1,0, contents of the slag were more
than 6 0 and 16.0 per cent respectively
at 1650°C and at a Cca0/SiO, ratio of 0.3.

6



REFERENCES

1.0osthuyzen, E.J. and Viljoen, E.A.Proc.
XIV Int. Mineral Processing Congress.
Toronto, 1982. Canadian Institute of
Metallurgists. pp 6.1-6.17.

2.Kouroki, S., Morita,K. and Sano, N.
Proc. Mintek 50 Int. Conf. on Mineral Sci
and Technology. Sandton, S. Africa, 1984,
Mintek. pp 847-862.

3.Fujita, M. et al. Tetsu—to—Hagane, 74
(1988) no 4. pp 680-687.

4 .Fukagawa, S. and Shimoda, T. Trans
ISIJ. 27 (1987) pp 609-617.

5.Slatter, D et al. Infacon 86, 4th
Int. Ferro-alloy Congress. Sao Paulo,
(1986) Associacao Brasileira dos
Productores de Ferro-ligas (ABRAFE),

10 pp.

6.De Waal, S.A. and Hiemstra, S.A.
Report 1709 Mintek, Randburg (1975),

86 pp.

ACKNOWLEDGEMENTS

This paper is published by permission of
the Council for Mineral Technology. The
contributions of the following people are
gratefully acknowledged: Mr C.K. Grassman
(laboratory furnace), Mr D.A.Hayman (arc
furnace), Mr P. Ellis (EDS analyses), Mrs
J.A. Russel (microprobe analysis), Mr R.
Guest (chromite tabling),and Dr N.A.
Barcza (helpful discussions and
suggestions).



CAPTIONS FOR ILLUSTRATIONS

FIGURE 1.

FIGURE 2.

FIGURE 3.

FIGURE 4.

FIGURE 5.

Interaction of slag with
chromite grains at the inner
surface of the wall of the
chromite crucible.

Compositional changes in the

edges of chromite grains with
increasing distance from the

inner wall of the crucible.

Comparison of the Ca0/SiO,
mass ratios in the synthetic
slags with those measured in
the slag in the outer
portions of the crucible wall

Compositions of slags in
equilibrium with chromite
between 1545 and 1560°C

Compositions of slags in
equilibrium with chromite
between 1645 and 1660°C




094 se possaadxa uoal Tej30[ d(oag)

Kazstwayo 3em KAq pezAfeue sepm ood
pauTuwaslap 30N aN

UOT3eTA®D paepuels p

KAdoosoxjzoads asatrsasdstp Abasulg sas
KAdoosoajzoads souaosazonyJ-Aea-x SJaX

wri 8¢ §¥°0 ‘wnt gL $9T ‘wrd OST %L

sTsATeue 8z1g

T°0 £°0 z°0 G°0 9°0 ¢otL
anN T°0> T°0> 0> 2°0> oed
an 10> 1°0> £°0> £°0> ¢ot1s

<1 ARAt 0°¢cl 6°CT T°€T mONHA

L*0 "0°TT o £°1T 8°6 8°6 ObK

€T T°4¢ (A" X4 0°g?¢ £°G6¢ BAowmv
aN aN aN Z2°81 681 034

2 1 € 8v G 8¥ 6° LY G°LY €otap
D uespy Uesp uespy uesy OILSILYLS
9¢ 9¢ 8 4 4 SHTIdNVS 40 JIIWON

*aqoadoxoTw pue sAd sad SdX sdX AOHLINW "IVOILATIVNY
bets yztm oa1dues
30Be3U0D UT suTeldb a3 TwoIyd unx juetd pesH o1dwes

(ssew Aq sabejusoasd ul passaidxa)
suoT3Tsodwod 83TWoIys Jo suosTtIedwo)d

T @19qedq



Axjzswoajzoeds uorjdiosqe oTwojze : QUZ pue ‘0%y ‘o%eN
TeoTwayo 39M : 034 pue £ofap
jdeoxe Aajswoajzoads aousosaaonyy Aea-x Aq sesAteuvy (g)
(0@a) ~ (uoxt tTe303) = foleg (2)
% £00°0 > ouz :
$ 02°0 > ¢ot1 :

$ ST°0 > OuW :sbers Tre I04 (1) S830N
€0°0 LZ°0 v0°0 0% 0 8v°0 ¢ots/oed
00 v0°0 Z0°0 v0°0 G0°0 ooy
60°0 21°0 9T 0 20°0 €0°0 oCen
10> T°0 z°0 T°0 1°0 €oCay
8°0 €°0 €°0 0°'T S°0 0°4
20°0 2Z°0 0T°0 20°0 20°0 €oCap
8°82 0°8T £°v2 A 0'¥ toltry
1°¢€2 0°92 Z2°8T1 8°6 0°€T obW
€ T°1 Vo1l 0°2 9°0¢2 9°62 oed
G € v A L°2S 0°25 G' €S ¢o1s
S 14 £ Z T JU9INJTISUOD
‘ou HeTs

(sseu Aq sebejueoiad ur possoidxa)
sbels oT39yjuis ay3z jyo suoTriTtsodwo)d
Z 91qel

10



RO x

84116 25KV 58U

Slag no. 4 Slag no. 7

84128 25KU 50U

Slag no. 6 Slag no. 3

FIGURE 1. Interaction of slag with chromite grains at the inner surface of the wall of the chro-
mite crucible



PAPER gl _Cuer

704

logg

Cry0;, %

50

40 T !
Inner Middle Outer

Position in crucible wall

25

20

15

AlO3, %

10

T
Inner Middle OQuter

Position in crucible wall

FIGURE 2. Compositional changes in the edges of chromite grains with increasing distance
from the inner wall of the crucible

%{; Ymrd \_;LQ"/,




”

Ca0/Si0; mass ratio in chromite-saturated slags

0.6 ~

0.5

0.4~

0.34

0.24

0.14

qG%p

n

0.0
0.0

FIGURE 3. Comparison of the Ca0O/SiO, mass ratios in the synthetic slags with those
measured in the slag in the outer portions of the crucible wall
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