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ABSTRACT

A drop-quench experimental technique coupled with
optical and microprobe analyses of quenched samples were
used to determine the liquidus temperature and phases in
the CaO-MgO-Al,03-Si0,-FeOy system. Addition of 1 wt
% CrOy to the slag under an atmosphere of air increased the
liquidus temperature by up to 200°C in the spinel field.
When the atmosphere was changed to CO,, the liquidus
temperature increased by about 50°C, with respect to the
same chromium containing slags in air. There was little
effect of chromium on the liquidus temperatures for slags in
the melilite phase field. The solubility of chromium in the
melt was found to decrease with increasing MgO content of
the melt. Chromium was seen to partition strongly into the
spinel structure with respect to the melt. No partitioning
into melilite was evident from this study. Microprobe
analyses of the spinel gave spinel composition as
Mg(AlCI’o.gFeo_l)O4 to Mg(A11,3Cro.35Fe0,35)O4. The
saturated slag contained 0.4 to 0.9 wt% of Cr;O;, at
temperature between 1520 and 1650 °C.

1. INTRODUCTION

New iron and steel making processes are usually
highly intensified and therefore place stringent requirements

on the refractory lining of the smelting vessels. Information
on the interaction between metal, slag and refractory in the
iron and steel making processes is very important to
developing these new processes and technologies.

In previous studiesz, the authors have determined the
liquidus temperatures of the CaO-MgO-Al,03-SiO,-FeO,
slag in the phase field of melilite and spinel. The effect of
the addition of FeOy and MgO and the oxygen potential has
been studied. The liquidus temperature was seen to
decrease by up to 50 °C in the melilite and spinel phase
fields, with respect to the iron free slag. Reducing the
oxygen potential, from 10°%* to 10° atm, increased the
liquidus temperatures by up to 70 °C in the spinel and
melilite phase fields. The major aim of this continuing
study is to examine the stability of the relevant phases in
contact with typical new iron-making slags containing small
amounts of chromium oxide.

2. EXPERIMENTAL

Master slags were prepared by mixing appropriate
amounts of analytical grade CaCOs;, SiO,, AlO3;, MgO,
Cr,03 and Fe,0; (purity>99%). The mixture was melted in
a platinum crucible using a muffle furnace. Table I shows
the analytical results of these master slags obtained by
induction coupled plasma -atomic absorption spectrometry.
A molybdenum disilicide vertical tube furnace fitted with
water-cooled end caps was used for the drop-quench
experiments. The bottom of the tube was sealed with
plastic cling wrap. The atmosphere inside the furnace was
controlled by a flowing stream of air or purified CO,. A Pt-
6%Rh/Pt-30%Rh thermocouple was used for measuring the
temperature. The thermocouple was inserted from the top
end cap and placed close to the sample in the tube furnace.

For each experiment about 300 mg of the pre-melted slag
sample was placed in a platinum capsule and the capsule
was lowered into the hot zone of the furnace. The sample
was heated to the experimental temperature, where it was
held for the required amount of time to reach chemical and
thermal equilibrium before being dropped to quench in
water.  Preliminary experiments were carried out to

ascertain the required equilibrium time.
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Table I: Composition of master slags.

Sample H1.5 H1.10 G4.0 H3.5 H4.5 H6.5 13.5
Si0; (wt%) 35.49 32.36 32.84 31.66 28.58 30.38 23.86
CaO 38.72 35.85 34.97 30.50 32.54 29.52 39.67
ALO; 21.09 20.87 19.95 19.46 20.89 19.65 20.29
MgO 0.27 0.00 11.68 9.27 11.18 10.83 8.79
Fe,05 5.73 10.36 0.33 4.99 5.74 5.46 5.27
Cr,05 0.99 0.98 0.73 1.21 0.98 0.89 0.99
Total 102.29 100.42 100.5 97.10 99.91 96.73 98.87
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Figure 1. Liquidus temperatures for iron-free and iron-

containing slags.

The quenched samples were then mounted, sectioned,
polished and examined using an optical microscope.
Sections that showed 100% glassy phase were at or above
the liquidus temperature and those containing euhedral
crystals were below it. Crystals were considered primary
when they all exhibited the same habit, composition and
size. Crystals that were formed during cooling were seen to
have irregular form, a range of composition and size. By
carrying out a number of these experiments on each master
slag at different temperatures and examining the polished

determine the bulk slag composition.
3. RESULTS

Iron free samples were used for validating the
method against the established data in the CaO-MgO-
Al,03-Si0; system of Osborn et al.!
within 10 °C of Osborn et al.’s data. Two crystal phases

The results were

were identified by optical microscopy and microprobe

analysis. These were:

o Melilite (a solid solution
CapAlLSi0; and akermanite Ca,MgSi,O7), a tetragonal

crystal showing euhedral to subhedral tabular habit;

of gehlenite

e Spinels (MgAl,O4) which were distinguished by
their cubic euhedral habit and high reflectivity. These
findings are in general accord with those by Osborn et

al.!

Experiments were carried out to determine the effect of iron
addition to the CaO-MgO-Al,03-SiO, phase equilibria’.
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Table Ila. Microprobe analyses of liquid and crystalline phases in iron containing slags.

H1.10 HI1.10 G40 G40 G40 G40 H35 H35 H45 H45 H4.5
Sample 256 256 256 256 267 267 279 279 267
Experimental Temperature 1357 1357 1548 1548 1601 1601 1600 1600 1602 1602 1600
°C

Atmosphere Air Air Air Air Air Air CO, CO, Air Air CO,
Stable Crystal Phases Mel Mel sp sp sp sp sp sp sp sp sp
Phase analysed Mel Mel sp li sp lig sp liq sp lig sp

Determined liquidus °C 1360 1360 1610 1610 1610 1610 1645 1645 1670 1670 1670

MgO(wt%) 534 0.05 2562 11.16 2464 1146 2375 9.11 2581 13.60 25.79
AlLO3 24.50 25.18 4740 1925 4133 1996 3846 2029 4599 19.23 46.58
SiO, 2735 29.08 137 3130 0.05 33.09 0.05 3332 008 2795 0.08
CaO 35.04 3658 1.84 3463 040 3339 055 3236 043 3095 0.40
Fe,03 5.8 8.00 0.51 032 051 035 438 421 6.91 5.12 6.26
Cr0; 0.41 057 2262 061 31.87 091 3203 061 2075 072 21.52
Total 98.45 9946 99.36 97.28 9879 99.17 9922 99.89 99.97 97.56 100.63
CrX/CrLiq 0.70 37.28 34.86 52.68 28.78 55.90

* mel=melilite, sp=spinel, liq=liquid

Table IIb. Microprobe analyses of liquid and crystalline phases in iron containing slags.

H45 H45 H45 H45 H45 H6S5 H65 H65 H6S I35 3.5
Sample 267 268 268 270 270 262 262 267 267 269 269
Experimental 1600 1619 1619 1651 1651 1583 1583 1600 1600 1524 1524
Temperature °C
Atmosphere co, €O, CO, CO, CO, Air Arr CO, CO, CO, CO,
Stable Crystal Phases sp sp sp sp sp sp sp sp sp sp sp
Phase analysed lig Sp liq sp lig sp lig sp lig sp lig
Determined liquidus °C 1670 1670 1670 1670 1670 1665 1665 1665 1665 1590 1590
MgO(wt%) 1325 2530 1336 23.14 945 2474 1365 23.68 1056 24.49 8.42
ALO; 18.68 46.80 18.86 32.83 20.18 39.60 19.56 4090 19.64 43.33 19.53
Si0, 29.13 007 28.80 172 2996 007 2861 007 3154 020 26.23
Ca0 3191 038 3178 3.17 3300 047 3150 046 31.89 0.88 40.07
Fe,0; 441 627 453 559 423 501 423 769 571  7.09 4.99
Cr,05 039 2094 048 3454 093 3030 075 2653 042 2327 0.50
Total 97.78 99.76 97.80 100.97 97.75 100.18 98.29 99.33 99.76 99.26 99.73
CrX/CrLiq 44.05 36.97 40.20 63.25 46.61
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Figure 2. Effect of 1% CrOx addition on the
liquidus  temperature of slags with
Ca0/Si0; ratio of 1, 5wt% FeOy and 20
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Figure 3. Solubility of Cr,Os in the melt versus MgO
content in the melt at 1600 °C. Results
from this work are compared to the iron
free slags from Morita et al.’at 1600 °C, in
air.

It was found that the liquidus decreased by up to 50
°C due to iron oxide addition of 5 wt% (Figure 1).
Experiments to determine the effect of CrOy addition on the
liquidus temperature of the CaO-MgO-Al,03-Si0,-FeOx
slags were carried out. Chromium oxide addition to the
slag had little effect in the melilite field; therefore, the study
concentrated on the spinel phase field. The liquidus
temperatures determined from these experiments are shown
in Figure 2 and the results of the probe analyses of
equilibrium phases are listed in Table II. As shown in

Figure 2, addition of 1 wt% Cr,0; to the slag under an
atmosphere of air increased the liquidus temperature by up
to 200°C in the spinel field (Figure 2). When the
atmosphere was changed to CO,, the liquidus temperature
increased by about 50°C with respect to the same chromium
-ontaining slags in air. A similar increase was seen for the
chromium-free slags.

The solubility of Cr,O3 in the melt was between 0.4
and 0.9 wt% and decreased with increasing MgO in the
melt when saturated with the spinel (Figure 3).

Chromium partitioned preferentially into the solid
phases with respect to the melt. Analyses of these phases in
the slags containing chromium oxide showed chromium
substituted into the spinel structure (Table II). Microprobe
analyses of the spinel gave a spinel composition range of
Mg(AlCrooFeo.1)Os to Mg(Al, 3Cro35Feq.35)O4 (Table II).

The chromite spinels, in air, contained lower smaller
amounts of chromium than those in CO,. The iron-free slag
containing chromium had spinels with higher amounts of
chromium than the iron-containing slags. Spinels in the
higher basicity slag (CaO/SiO,=1.55) seemed to have more
chromium than the slags with CaO/SiO,=1. It was seen that
in the spinel the chromium content negatively correlates to
iron oxide and Al,Os content of the spinel (Figure 4).
Increasing the temperature increased the Cr,O3 in the spinel

but there was no obvious trend in the melt.
4. DISCUSSION

Figure 3 shows the solubility of Cr,Oz in the melt
with respect to the MgO content of the melt. Morita et al?
reported a decrease in the solubility of MgO.Cr,Os with
increasing MgO for 20% MgO-Ca0/SiOy=1 slag at 1600 °C
in air. The data from the present study showed a similar
trend but at lower solubility levels for the iron-containing
slags. The only iron-free sample in our study showed a
slightly lower chromium solubility than that of Morita et
al’. Morita et al* reported that the solubility of
MgO.Cr,0s5 increased from 0.2 to 0.7 wt % Cr,O3 with the
increase in oxygen potential from 10°° to 10%*% atm for a 20
wt% MgO-20 wt% Al03-30 wt% Ca0-30 wt% SiO, slag
at 1600 °C. The Cr,Os content in the spinel increased with
decreasing oxygen potential but the melt did not seem to
show any correlation. There was no dependence of
solubility of MgO.Cr,O3 on the basicity (CaO/SiO; ratio)
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for slags with CaO/Si0,>0.3 which contain 20 wt% MgO
and 20 wt% Al,O3 at 1600 °C in air.®> The present study
showed a slightly lower solubility of Cr,O; than the
Ca0/SiOy=1 slags. Morita et al.® reported that the
solubility of MgO.Cr,03 decreased with increasing Al,Os in
the melt for 20 wt% MgO-CaO/Si0O,=1 slags at 1600 °C, in
air. This study also showed a similar trend.

In Figure 5, the distribution ratio for Cr, L,
_ wt%Cr,0; in crystal

“ Wi%Cr,0, in melt

is plotted versus the ratio of

MgO/AL,O;. An increasing trend is suggested both in air
and COz.

There have been very few thermodynamic data on
ferrite-chromite spinel solid solutions. Recently, Hino et
al.® studied the phase equilibria of FeO.Cr,03-MgO.Cr,0s-
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Figure 4a. Variation in Cr,0; content in the spinel with
MgO and Al,O3 contents in the spinel at 1600 ° C
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Figure 4b. Variation of Cr,O3 with the FeOx content of the
spinel at 1600 °C.

MgO.Al,O5 spinels saturated with (Cr, Al);O3 at 1300 °C,
under a CO-CO, atmosphere with an oxygen potential of
9.7x10" atm. At higher temperatures, Morita et al? s
determined the activities of Cr,O3 in MgO.(Al;xCrx),03
solid solution, in their study of the solubility of chromite
phases in MgO-Al,0;-Ca0O-SiO; slags, at 1600 °C.

Using Morita et al.’s* data, the activity of Cr,0j in the
spinel phase can be evaluated once the spinel composition
is determined. In the current study, the spinel phases of the
H series contained a small amount of iron oxide. Assuming
this small addition did not change the thermodynamic
behaviour of the Cr in the MgO.(Al, Cr),03 spinel, the
activity of Cr,O3 for samples G4.0, H3.5, H4.5 and H6.5 in
air and in CO, at 1600 °C was evaluated, by referring to
Morita et al.’s* data of aco3 versus spinel composition.
These were then used to calculate the activity coefficient,
Yer203, for the slag melt in equilibrium with the spinel. The
obtained value of Ycro3 was about 4 in air and 7 in CO; at
1600 °C.

Morita et al’® showed that for a MgO-Si0,-Ca0-Cr,03
slag, at 1600 °C in air, the Cr®*/Cr’* ratio is less than 0.1 at
a CaO/SiO, ratio of 1, i.e. most of the chromium is present
as Cr*. Tt is thus reasonable to expect that most of the
chromium in the slags studied by the present study is
present as Cr*.

Based on Morita et al’s” slag-chromite equilibrium
data, the activity coefficient, Ycro3, for MgO-SiO; slags at
1600 °C under reducing conditions (oxygen potential of 10°
Bt 108 atm) increases from about 2 to 16. Under a fixed
pOs of 2.11x10? atm, Ycros increases with CaO addition
(0-14 wt%) from 11 to 27. For slag-chromite equilibrium in
air at 1600 °C, activity coefficient for a series of MgO-
Al,03-Si0,-Cr,035 slags could be derived. The values vary
between 14 and 26, the low value of 14 being for a slag
containing 20% Al,03 and 36% MgO. This is 2 to 3 times
the value of 7Yenos estimated from the current study.
According to Morita el al* , the Cr,03 solubility in MgO-
Al,03-Ca0-SiO; slags decreases with increasing MgO.
With consideration of the difference in the levels of MgO in
their and this study, the difference in Ycro3 is in accord with

the trend suggested by Morita et al’s* results.

Obviously, further experimental work and further

analysis is required before quantitative prediction of the
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Figure 5. The distribution ratio for Cr is plotted versus the
ratio of MgO/AlL,Os5.

slag-chromite spinel equilibrium can be made with some

accuracy.
5. CONCLUSION

A drop-quench experimental technique coupled with
optical and microprobe analyses of quenched samples were

used to determine the liquidus temperature and phases in
the CaO-MgO-Al,03-Si0,-FeOy system.

Addition of 1 wt % CrOy to the CaO-MgO-Al,0O3-
SiO, slags increased the liquidus temperature by up to
200°C. The pronounced effect was thought to be due to the
stabilisation of the spinel structure. Chromium partitioned
strongly into the spinel structure but not into the melilte
phase.
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