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The effects of alumina and chromite impurities on the liquidus temperatures in the cristobalite/tridymite
{SiO,) primary phase fields in the MgO-"FeO"-Si0, system in equilibrium with metallic iron have been in-

s

vestigated experimentally. Using high temperature equilibration and quenching folfow: '

____X-ray microanalysis (EPMA), liquidus isotherms have been d in range 16§¢3to

1898 K. The results are presented in the form of pseudo-ternary sections of the MgO-"FeO"-SiO, system
at 2, 3and 5wt% Al,O;, 2wWt% Cr,0,, and 2wt% Cr,0;+2wt% Al,O,. The study enables the liquidus to be
described for a range of SiO,/MgO and MgO/FeQ ratios. It was found that liquidus temperatures in the
cristobalite and tridymite primary phase fields, decrease significantly with the addition of Al,O5 and Cr,0,.
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1. Introduction

The phase equilibria in the MgO-“Fe0”-Si0O, system in
the cristobalite and tridymite primary phase fields have
been reported by the present authors,? extending and updat-
ing earlier studies on this system? for conditions in equilib-
rium with metallic iron.

The term “FeO” is used advisedly here since iron occurs
in different oxidation states. The trivalent, Fe,O,, predomi-
nates at high oxygen partial pressures, whereas the divalent
oxide, FeO predominates at low oxygen partial pressures. In
the present work, all iron was calculated as FeO. The
MgO—FeO”-Si0, system is not true ternary system, how-
ever in contact with metallic iron only small concentrations
of Fe’* are present in the system.

The slags encountered in nickel smelting operations are
based on the system MgO-FeO-Fe,0,-Si0,~A1,0,—Cr,0;.
There are many aspects of the phase equilibria in these
complex slags that have not yet been fully characterised. Of
particular importance to industrial practice are issues, such
as, furnace operation temperature and related energy costs,
refractory integrity and life, slag flow and slag tapping. The
starting point for the solution of these problems is a clear
understanding of the slag phase equilibria in these systems,
in particular, liquidus and the thermodynamic characteris-
tics of the slags.

Laterite nickel smelting slag consists principally of MgO,
“FeO” and SiO,, also present are other components includ-
ing Al,O;, Cr,05;, MnO and CaO. The high SiO,/MgO ratio
in the slag encountered at the Cerro Matoso SA operation
places the slag composition in the region of the primary
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phase field of cristobalite (SiO,) (see Fig. 7, Ref. 1)). The
liquidus temperature of the ferronickel alloy is approxi-
mately 1603 K, however superheats of up to 200 K maybe
necessary to reach the liquidus of the slag.® Data in the
MgO-“Fe0”-Si0, system have traditionally been used to
determine operation temperatures, however, the experimen-
tal information available on this system is limited to tem-
peratures below 1773 K.?

Limited experimental data in the MgO—“FeO”-SiO,-
AlLO, system are available in the literature. The pseudo-bi-
nary system 2MgO-2Al1,0;-5Si0,—2Fe0-2Al,05- 55i0,,
part of the MgO—FeO”-Si0,-Al,O; system, was inves-
tigated by Miyashiro® using optical microscopy and X-ray
diffraction. The study presents information on the condi-
tions of formation of cordierites (Mg, Fe),AlSi;O;;) and
indialite (Mg,Al,Si;O,,). Holdaway” investigated the
“FeO”-MgO-Al,0, system with excess SiO, at 1073K,
3 kb. Subsolidus equilibria and tie lines were determined in
their studies using X-ray diffraction and the petrographic
microscope. The assessment of thermodynamic properties
of phase relations in the “Fe0”-MgO-Al,0,-Si0O, system
at pressures up to 30 GPa was reported by Fabrichnaya.®
There are no experimental data on phase equilibria in the
MgO-“FeO”-Si0, —Cr,0; system reported in the literature.

The objective of the present investigation is to obtain ex-
perimental data on the liquidus in the MgO—“FeO”-SiO,—
Al O, system with 2-5 wt% ALO;, 2 wt% Cr,0;, and 2 wt%
Cr,0;+2 wt% AL, O, over the composition and temperature
ranges relevant to laterite nickel smelting slags.

0 s IR PN R STy R TR

!

YR T

R
N YN

Y ichethy

e e

PORREPEE I 3 MY SR

ot ey i

s
R e

horak.

G T e
LY


https://core.ac.uk/display/15011109?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

PTG R

ISIJ International, Vol. 45 (2005), No. 6

Table 1. EPMA measurements of phases in the MgO-
“Fe0”-Si0,-AL,0; system with 2wt% Al,O, in

Table 1. (Continued)

g equilibrium with metallic iron. Composition (wt%)
E Experiment L.D. Temp. (K) Phases in equilibrium MgO FeO Si0,  ALOs
¢ Composition (Wt%) 14708119m13 1743 L+C 216 179 584 21
: Experiment LD. Temp. (K) Phases in equilibrium MgO FeO Si0, ALOy 1470S81m12 1743 L+C 23 17.2 584 2.1
Cristobalite primary phase field 14708118m12 1743 L+C 238 149 592 21
g 1600810m3 1873 L+C 30 405 547 18 Tridymite primary phase field
1600863m1 1873 L+C 158 200 624 17 1450T104m9 1723 L+T 155 217 s43 25
i 1600849m?7 1873 L+C 106 285 590 19 1450T105m9 1723 L+T 160 277 43 20
1600812m5 1873 L+C 138 237 606 19 1450T103m9 1723 L+T 159 276 545 20
4 1600852m10 1873 L+C 153 214 613 20 1450T124m15 1723 L+T 190 23 565 2l
i 16008102m15 1873 L+C 177 181 622 20 1450T97m14 1723 L+T 192 21 565 22
1600S101m13 1873 L+C 172 182 625 21 1450T82ml11 1723 L+T 212 200 568 20
) 1600899m12 1873 L+C 26 121 644 19 1350T32m3 1623 L+T 36 497 442 25
1575546m8 1848 L+C 110 298 574 18 Univariant
| 1575853m7 1848 L+C 124 2710 584 22 1500SP35m6 1773 L 274 88 609 29
| 1575856m8 1848 L+C 135 249 595 21 P 378 29 593 0
5 1575554m9 1848 L+C 153 226 602 19 C 0 02 98 0
1575S110m13 1848 L+C 166 213 603 18 1470SP36m6 1743 L 237 148 581 28
1575855m10 1848 L+C 169 207 604 20 P 49 74 517 0
i 1575875m11 1848 L+C 163 217 604 L6 C 0 09 9.1 0
1575853m6 1848 L+C 202 156 621 21 1450TP26m1 1723 L 21 186 567 26
: 15755109m12 1848 L€ 87— 18:9—608—16 P 257 200 543 0
| 1575511Im14 1848 L+C 194 172 614 20 T 0 05 95 @0
ST ITSSSemI (848 L+C 183 192 607 18 1450TP72m1 1723 L 20 189  S.1 20
i 15755108m11 1848 L+C 210 142 627 21 P 332 84 584 0
1 1550814m4 1823 L+C 13 468 500 19 T 0 05 95 0
1550860m10 1823 L+C 128 283 572 17 1350TPm33m2 1623 L 127 318  SL1 44
! 1550858m8 1823 L+C 134 267 517 22 P 278 172 548 02
| 1550859m9 1823 L+C 159 239 584 18 T 00 07 993 0
i 15508127m14 1823 L+C 150 250 584 16 1305TOP22m2 1687 L 88 357 488 67
! 1550837m5 1823 L+C 170 216 592 22 P 270 177 553 0
1550887m15 1823 L+C 167 221 592 20 o 242 406 352 0
1550816m6 1823 L+C 212 164 607 17 T 0 08 992 0
1550S83m11 1823 L+C 20.7 16.0 612 2.1 L = Liquid, C = Cristobalite, SiO,, T = Tridymite, SiO,, P = Pyroxene, (Mg,Fe)SiO;, O = Olivine,
155083m1 1823 L+C 26 144 613 17 (Mg Fe)aSi0s.
1550815mS 1823 L+C 27 138 615 20
1550834m6 1823 L+C 250 110 619 21 2. Experimental
1550854m6 1823 L+C 209 161 608 22
1525863m9 1798 L+C 131 295 556 18 The experimental procedure used in the present investi-
1525561m7 1798 L+C 128 296 555 21 gation is one that has been developed specifically to provide
:z::ﬁ‘“: :;;2 tig i:j z;; ZZ: ;j accurate liquidus data in complex slag systems.” The de-
m K .. . o . . .
1525850m15 1708 Lic s 211 se6 s tails of the pr(?cedur.e as' adopted. spec'lﬁcally. for slag§ in Fhe
152581 15m13 1798 Lic us 263 513 16 system under investigation are given in previous publication
1525S116mi4 1798 LtC 62 239 581 18 by the present authors." The procedure essentially involves
1525S113m11 1798 L+C 176 226 583 15 the preparation of the synthetic slag compositions from
1525584m12 1798 L+C 188 202 590 20 high purity oxide and metallic iron powders; high tempera-
1525865m1 1798 L+C 07 184 593 16 ture equilibration in Mo or Fe foil with metallic iron excess
::i::z:}; :Zzi IL‘:E 2(1)2 :2; zzz ;; in a} neutral gas atmosphere (tempergture is within +2K);
1500530m3 177 Lac 16 447 495 22 rapid quenching of the samples enabling the phases present
1500866m8 113 L+C 143 276 558 23 at temperature to be retained at room temperature; and de-
1500893m15 1773 L+C 157 261 563 19 termination of the compositions of the phases present of the
1500S18ms$ 1773 L+C 157 256 565 22 samples using electron probe X-ray microanalysis (EPMA).
1500868m10 1773 L+c 168 244 567 2l Standards supplied by Charles M Taylor Co. Stanford, CA
1500892m14 1773 L+C 179 25 576 20 were used in EPMA measurement. The phase analyses have
1500S1ml 1773 L+C 204 196 582 18 .
1500S80m12 1773 LicC 192 205 583 20 been shown to be accurate within +1 wt%.
1500877m12 1773 L+C Al 179 o1 19 Only metal cation contents were measured by EPMA; the
1500878m1 1 1773 L+C 24 170 594 22 oxygen content was added according to the assumed oxida-
1500838m1 1773 L+C 235 147 596 22 tion sate. All iron was calculated as FeO in the present
1300870ml 1773 L+c #3137 602 18 work. However, it should be kept in mind that small
1500519mé 1773 L+c %2105 6Ll 22 amounts of Fe’* are always present in the sample, even in
1500832m5 1773 L+C 210 183 586 2.1 X ..
15008111m7 1773 L+C 109 329 540 22 contact with metallic iron.
14708106m8 1743 L+C 18 35 s26 21
14708107m9 1743 L+C 165 257 556 22 . .
1470894m14 1743 L+C 179 239 565 17 3. Results and Discussion
1470895m13 1743 L+C 195 207 575 23
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To consider the effects of Al,O, and Cr,O; on liquidus
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Table 2. EPMA measurements of phases in the MgO-
“Fe0”-8i0,-Al,0, system with 3wt% ALO; in

equilibrium with metallic iron.

Table 3. EPMA measurements of phases in the MgO-
“Fe0”-Si0,-AL,0, system with Swt% ALO,; in

equilibrium with metallic iron.

R T T S e

Composition (Wt%) Composition (Wt%)

Experiment 1.D. Temp. (K) Phases in equilibrium  MgO  FeO Si0,  ALOs Experiment I.D. Temp. (K) Phases in equilibrium MgO  FeO Si0,  ALO; ¥

Cristobalite primary phase field Cristobalite primary phase field

2

:ggggi;:; i:;g t : (C: gz 28272 2:; ;g 1600S2m2 1873 L+C 136 176 638 50 i

160087m3 1873 L+C 179 153 634 34 1600S1mI 1873 L+C M4 166 641 49 §

1600S29m3 1873 L+C 64 123 S84 32 157554m2 1848 L+C 136 187 626 5.1 E

1575841ml 1848 L+C 180 172 619 29 e 1848 L+C 156 170 627 47
157584ml 1848 L+C 206 136 626 32 155085ml 1823 L+C 28 219 603 50
1550S40m7 1823 L+C 273 6.2 63.7 2.8 152587ml 1798 L+C 15.1 19.2 60.2 5.5
1550S74m1 1823 L+C 148 22.8 59.8 26 1525830m5 1798 L+C 16.5 183 60.4 48
1550846m4 1823 L+C 145 25 598 32 1525525m4 1798 L+C 174 163 612 5l
1550875ml1 1823 L+C 144 228 600 28 1525824m3 1798 L+C 180 161 613 46
1550865m4 1823 L+C 155 212 600 33 1525S13ml1 1798 L+C 169 174 605 52
155085m1 1823 L+C 215 137 617 3l 1500S20m5 1773 L+C 163 197 591 49
1550S10m3 1823 L+C 218 128 623 3l 1500819mé4 1773 L+C 203 136 610 5.1
1525877m1 1798 L+C 143 253 576 28 1500S18m3 1773 L+C 181 158 604 57
1525876m1 1798 L+C 189 18.5 59.5 3.1 1500812m2 1773 L+C 139 218 587 5.6
nggngm‘: :;32 t : ‘C: '6~§ 225 222 ;; 1475523m5 1648 L+C 186 158 599 57

500833m: 13. 264 X K

15001 10m7 17 L+C 71 a3 ss3 33 1475822m4 1648 L+C 174 184 592 50
1500834m3 1773 L+cC 88 183 92 31 1475821m3 1648 L+C 20 118 610 52

. - - . Tridymite primary phase field ]

1500857m6 1773 L+C 200 156 399 45 i

 1500S35m2 17173 L+ C 244 117 60.8 3.1 1450S27m4 1723 L+T 16.7 20.0 58.0 5.3

14758112m7 1648 L+C 188 200 578 34 HS082ems—17B—— LT 20 124 604 52 5
1475855m6 1648 L+C 185 20.3 579 33 1450S10m2 1723 L+T 15.9 204 577 6.0
14758113m7 1648 L+C 199 187  S81 33 1425533m4 1698 L+T 203 134 598 65
Tridymite primary phase field 1425832m3 1698 L+T 186 161 590 63
14508104m8 1723 L+T 155 217 543 25 1400S31m5 1673 L+T 192 164 583 6.1

1450T3ml1 1723 L+T 206 194 571 29 Univariant \‘

1450T115m7 1723 L+T 164 240 563 33 1400TP28m3 1673 L 92 149 ss4 75 :

1450T114m7 1723 L :J T 190 204 570 35 T 0 05 995 0 |

nivariant 2

P 337 718 581 04 t

14758P31m5 1648 L 2%-3 16.1 -‘;3-7 2(-)9 1375835mS 1648 L 163 212 549 16

S 09 9.1 T 0 05 95 0 §

L 28 16 386 0 P 32 18 S66 04

1450TP30mS 1723 ; ‘%O '0972 ;;(3’ 4(')8 1350836ms 1623 L 147 23 535 88 g

: : X 99.4 0

P 36 - — - 1T> 3(()) 2 10365 55.9 0.4 c

L = Liquid, C = Cristobalite, SiO,, T = Tridymite, SiO,, P = Pyroxene, (Mg,Fe)SiO;, O = Olivine, . > - ~

(Mg,Fe)ySiO.

temperatures in the region relevant to the laterite nickel
smelting slags, the experimental results are presented in a
form of pseudo-ternary sections MgO—“FeO”-SiO, at fixed
weight percentages of Al,O; or Cr,0O; in the liquid phase.

3.1. The MgO—“FeO0”-Si0,-Al,0, System

The experiments were carried out in the cristobalite and
tridymite primary phase fields in the MgO—“FeO”-SiO,—
AL O, system in equilibrium with metallic iron. EPMA
measurements of the phase compositions obtained in the
present study are reported in Tables 1, 2 and 3. The data
obtained have been used to construct liquidus isotherms in
the MgO—"Fe0”-Si0,-Al,0, system with 2, 3, and 5 wt%
ALO, (Figs. 1(a), 1(b), and 1(c)) at temperatures in the
range 1723 to 1873 K. The liquidus surfaces on the limit-
ing ternary systems of MgO-Al,0,-SiO, and “FeO”-
Al,0,-Si0, were taken from Osborn and Muan.'®!" The
general shape of the cristobalite/tridymite liquidus surfaces
for the slags containing 2, 3 and 5 wt% Al, O, is similar to
the ternary system MgO—“Fe0”-Si0,." It can be seen from
Fig. 1 that, compared with the MgO—“FeO”-SiO, system,
there is a decrease in the liquidus temperature in the cristo-
balite and tridymite primary phase fields in the
MgO-“Fe0”-Si0,-Al,0; system with Al,O;, additions. No
new phases were detected on the additions of Al,O; to the
system in this range of compositions and temperatures in-
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L = Liquid, C = Cristobalite, SiO,, T = Tridymite, SiO,, P = Pyroxene, (Mg,Fe)SiOs, O = Olivine,
(Mg,Fe),Si0,.

vestigated. No solubility of MgO or Al,O; was found in
tridymite and cristobalite phases. The solubility of FeO was
found to be insignificant in tridymite and cristobalite phases
and less than 0.9 wt%.

The effect of Al,O, on the liquidus can be evaluated in a
number of ways since although the pseudo-ternary section
is constructed at fixed Al,O; concentrations in the liquid
this plane can be approached from a number of directions
in compositional space; each of which will provide a differ-
ent relationship. For example, the comparison at the lig-
uidus at 2 wt% AlO; with the ternary MgO—FeO”-SiO,
can be made as follows, i) with 2wt% Al,O,, having the
same SiO0,/MgO/FeO ratio as in the ternary (Fig. 2(a)); ii) 2
wt% AlO,, fixed SiO,/MgO ratio, FeO concentration fixed
(Fig. 2(b)), or iii) 2wt% Al,Os, fixed MgO/FeO ratio, SiO,
concentration fixed (Fig. 2(c)).

In Fig. 2(a), A and B are points that are on a line joining
the Al,O, apex and the plane parallel to the MgO—FeO”-
SiO, base at 0 and 2wt% Al,O; respectively, and these
points have same ratio of SiO,/MgO/FeO. Two composi-
tions in the MgO—“FeO”-SiO, system were selected to
compare the effects. Point Al has bulk composition
61.5Si0,, 21.4MgO and 17.1FeO in wt%, and point A2 is
59.3510,, 22.1MgO and 18.6FeO in wt%, liquidus tempera-
tures for these compositions are 1873K and 1823K re-
spectively. The ratios of SiO,/MgO/FeO are for Al: 3.60:
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Table 4. Comparison of predicted liquidus temperatures (methods I, II and II) in the silica primary phase field

in the

MgO-“Fe0”-Si0,~AL,0; system with 0, 2, 3, and 5 wt% ALO,.

Calculation | Points Liquidus SiO, MgO FeO AlLO; SiOy/MgO MgO/FeO  SiO,/MgO/FeO
method T(K)

1 Al 1873 615 214 171 0 2.87:1 1.25:1 3.59:1.25:1
B1 1813 603 209 168 2 2.87:1 1.25:1 3.59:1.25:1
BI’ 1773 597 208 166 3 2.87:1 1.25:1 3.59:1.25:1
B1” 1673 584 203 162 5 2.87:1 1.25:1 3.59:1.25:1
A2 1823 593 221 186 0 2.68:1 1.19:1 3.19:1.19:1
B2 1743 58.1 217 182 2 2.68:1 1.19:1 3.19:1.19:1 :
B2’ 1723 575 214 18.0 3 2.68:1 1.19:1 3.19:1.19:1 ‘

II Al 1873 61.5 214 171 0 2.87:1
Cl 1798 60.0 209 17.1 2 2.87:1
cr 1773 593 206 17.1 3 2.87:1
Cc1” 1673 578  20.1 17.1 5 2.87:1
A2 1823 593 221 186 0 2.68:1
C2 1738 578 216 186 2 2.68:1
c2 1723 582 202 186 3 2.68:1

I Al 1873 615 214 171 0 1.25:1
Dl 1843 615 203 162 2 1.25:1
bt 1823 615—197—158 3 1251
D1 1783 61.5 186 149 5 1.25:1
A2 1823 593 221 186 0 1.19:1
D2 1788 593 210 177 2 1.19:1
D2’ 1773 593 210 16.7 3 1.19:1 ‘
D2” 1723 593 194 163 5 1.19:1 !

1788K respectively, indicating that the replacement of
MgO and FeO (fixed ratio of MgO/FeO) by 2 wt% Al,O,
decreases the liquidus temperature in the MgO—‘FeQ”-
SiO, —AL O, system by approximately 30-35K.

Similarly the comparisons between point A in the
MgO—Fe0”-Si0, system and point B’, C' and D'; B", C"
and D" at 3 and 5wt% Al O, additions respectively in the
MgO—FeO”-Si0,~Al, 0, system were also made and pre-
sented in Table 4.

According to all of the above comparisons, 2, 3 and 5
wt% Al,O, additions in the MgO—FeO”-SiO,~AL0; sys-
tem decreases the liquidus temperature in the cristobalite
and tridymite primary phase fields in the composition range
relevant to nickel smelting slags. Careful consideration
should be given to the method used in making these com-
parisons.

The liquidus temperatures in the MgO—FeO”-SiO,—
AL O, system in the cristobalite and tridymite primary
phase fields in equilibrium with metallic iron based on ex-
perimental data obtained in the present investigation are
shown in Figs. 3 and 4. Figure 3(a) shows the liquidus tem-
peratures as a function of FeO concentration for the
Si0,/MgO ratios of 2.4, 2.6, 2.8, 3.0 and 3.2 in the
MgO—Fe0”-Si0O, system without AL,0,." It can be seen
(Fig. 3(a)) that with increase of FeO concentration for fixed
Si0,/MgO ratio, each 1 wt% increase in FeO concentration
decrease liquidus temperature by 10—-12K in this composi-
tion range. Figures 3(b) to 3(d) show the liquidus tempera-
tures as a function of the concentration of FeO at fixed
Si0,/MgO ratios in the MgO—“FeQ”-Si0,~Al,0, system at
2, 3 and 5 wt% Al O, respectively. It can be seen that with
increase of concentration of FeO at fixed SiOy/MgO ratio,
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there is a non-linear decrease of liquidus temperature by ap-
proximately 10-17K, 11-25K and 13-20K for each 1 wt%
increase in FeO concentration for 2, 3 and 5 wt% AlL,O, re-
spectively.

Figure 4 (a) shows the liquidus temperatures as a func-
tion of SiO, concentration for MgO/FeO ratios of 0.8, 1.0,
12, 1.4 and 1.6 in the MgO—“FeO0”-Si0,-Al,O, system
with 0 wt% Al,O,. For a fixed MgO/FeO ratio there is an
increase in liquidus temperature with increasing SiO, con-
centration (Fig. 4(a)). The liquidus temperature was found
to increase by 23-35 K with increasing the SiO, concentra-
tion by 1wt%. Figures 4(b) to 4(d) show the liquidus tem-
peratures as a function of the concentration of SiO, at fixed
MgO/FeO ratios. With an increase in the concentration of
Si02, there is a non-linear increase of liquidus temperature
by 23—40K, 19-36K and 17-46K for each 1wt% SiO,
concentration increase for 2, 3 and 5 wt% Al,O, respective-
ly.

The above results indicate that the system relevant to
nickel smelting slag is highly sensitive to the concentra-
tion of Al,O,, and increasing concentration of AlL,O, de-
creases the liquidus temperatures dramatically. Figure S
shows the liquidus temperature as a function of minor
component Al,O, additions for specific slag composition
A1:61.58i0,, 21.4MgO and 17.1FeO in wt%, indicating
the magnitude of the effect of Al,O; on the liquidus tem-
perature of the MgO-“FeO”-SiO,—Al,O; system. Each
weight percent of AL,O, increase in composition of the sili-
ca-saturated slag decreases the liquidus temperature by ap-
proximately 40 K.
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i0,/MgO = 32
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Fig. 3. Predicted liquidus temperatures in the cristobalite and tridymite primary phase fields in the MgO-

“Fe0”-Si0,~AL0; system with 2, 3 and 5 wt% Al,O; in equilibrium with metallic iron, based on the present
experimental data.

1923 - "
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qE, 1773  MgO/FeO =
[~
0. Cristobalite
172310 T2i4d16 _ _ Tridymite
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Fig. 4. Predicted liquidus temperatures in the cristobalite and tridymite primary phase fields in the
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E 1}
-
MgO/FeO = Cristotg]_ite_
1723 . 1.6 Tridymite
56 57 58 59 60 61 62 63
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MgO-

“Fe0”-Si0,-Al,0; system with 2, 3 and 5wt% Al,O; in equilibrium with metallic iron, based on the present
experimental data.

3.2. The MgO-“Fe0”-Si0,—“Cr,0,” System
Chromium may be present in the slag as Cr’* or Cr**,
depending on slag temperature and oxygen partial pressure.
In present investigation, EPMA measurement could not de-
termine Cr** and Cr’* individually. There are no specific

803

data available on the proportions of Cr’* and Cr'* in
the FeO-MgO-SiO,—CrO, system. Some indications on
Cr**/Cr** ratio can be obtained using information available
on the SiO,~CrO, system'? and MgO-CrO,-SiO, sys-
tem.'” According to Xiao and Hoplappa’s studies,'® de-
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— 7T Table 5. EPMA measurements of the phases formed in the
1900 - . MgO—“Fe0”-Si0,~“Cr,0;” system with 2wt%
Cr,0, addition in equilibrium with metallic iron.
—
5 Composition (wt%)
[ 1800 7 Experiment  Temp. (K) Phases in equilibrium MgO  FeOQ Si0;  Cr0Os
5 Cristobalite Cristobalite primary Phase field
"6 T = ;833—+-46*(;4t-%_AI_0_)-K - oTTTTo-- 1600S7m14 1873 L+C 1s8 225 59.7 20
® 1700 L e s Tridymite 16008815 1873 L+C 47 247 89 17
o R'=0.8 1600S13ml1 1873 L+C 170 211 602 17
QE, Base composition (wt%) 1600S14m11 1873 L+C 170 211 602 17
[ 61.5%Si0,, 21.4%MgO, 17.1%Fe0 1600815m13 1873 L+C 182 215 583 20
1600 | - 1600816m13 1873 L+C 146 231 606 L7
— 1 L L 1575817m11 1848 L+C 142 251 592 LS
0 1 2 3 4 5 6 1575818m1 1 1848 L+C 189 182 608 21
A|203 concentration (wt%) 1575819m13 1848 L+C 164 239 579 18
1575520m13 1848 L+C 21 166 602 21
Fig. 5. Liquidus temperature in the cristobalite and tridymite pri- 157589m14 1848 L+C 179 205 593 23
mary phase fields as a function of Al,O; addition in the 1575S10m15 1848 L+C 182 210 588 20
MgO—“Fe0”-Si0, system based on the specific point Al 1550S21ml11 1823 L+C 202 184 592 22
in Table 4 at fixed SiO,/MgO/FeO ratios. 15508 11m14 1823 L+C 162 242 578 18
1550522m13 1823 L+C 185 215 58 20
pending on slag composition 10-30% total Cr is present as 153012mI3 1823 L+e R S S |
A2 - —1525523mtt 1798 L+C 186 218 57.6 20
€r--inrthe S1O,=CrO;, system in equlllbrlum with Cr metal 1525524m13 1798 Lic 188 20 512 20 B
. atl83Kand 1) 1500825m11 1773 L+C 175 247 558 20
the oxygen partial pressure dependence of Cr**/Cr’* ratio 1500826m13 1773 L+C 202 194 572 22
in the MgO-CrO_-SiO, system at 2MgO-SiO, saturation 147084m15 1743 L+C 186 239 554 2l
and at 1873 K. From thelr studies, at P, = 10—9 10""%atm Iridvmite primary phase ficld
the ratio of Cr**/Cr is approximately 0. 09; at Po = 10‘12 143085m14 723 L+T 72267 3219
1450Cr6m15 1723 L+T 188 239 551 22

atm, the ratio of Cr**/Cr is approximately 024 which

Univariant
agrees with the results of Xiao and Holappa.'? In the pre- pyr— P 1 o4 29 556 21
sent study the P, at metallic Fe saturation is approximately P 37 100 67 15
10" atm. According to FactSage calculations'® there is lit- c 0 06 94 0
tle difference in oxygen part1a1 pressure between silica and L = Liquid, C = Cristobalite, SiO,, T = Tridymite, SiO,, P = Pyroxene, (Mg, Fe)SiO;.

olivine primary phase field in the MgO-“FeO”-SiO, sys-
tem at metallic iron saturation. It can therefore be reason-
ably anticipated that the Cr**/Cr total ratio in the
“Fe0”-MgO-Si0,—CrO, system at metallic iron saturation
will be lower than 0.1. In the present study the chromium
concentration in the slag is therefore expressed as “Cr,0,”
indicating that there are certain Cr’>* concentrations in the
slag. The presence of Cr’* in the slag can also lower the
liquidus temperature. At P =2.73X10™'"%atm," the lig-
uidus temperature in spinel primary phase field of the
MgO—-CrO,-SiO, system was decreased by approximately
250K compared with the system in air.!”

Wt % FeO

~
Py,-ox ene

EPMA measurements of the liquid and solid phases pre- e 1873K <1773K
sent under these conditions are reported in Table 5. 180K v1783K
Liquidus isotherms in the cristobalite and tridymite primary
phase fields in the MgO—FeO”-SiO, system with 2 wt%
Cr,0; were determined in the temperatures range from Fig. 6. Experimentally determined liquidus surface in the cristo-
1723-1873K (Fig. 6). It can be seen from Fig. 6 that the balite and tridymite primary phase fields in the MgO—
general shape of the cristobalite/tridymite liquidus surface “Fe0”-Si0,~“Cr,0;” system with 2wt% Cr,0; in equi-
for the slags containing 2wt% Cr,0; is similar to the librium with metallic iron using data in Table 5.
ternary system MgO-“Fe0”-Si0,."” The addition of 2 wt%
Cr,O, does not introduce any new primary phase in the The results in the multi-component system MgO—“FeO”-
range of compositions and temperatures investigated. The Si0,—Cr,0; with 2wt% Cr,0, are consistent with the
EPMA measurements show that practically no significant trends observed in the relevant ternary end-members. No
amount of Cr,0; is dissolved in the cristobalite and solubility of Cr,O; in cristobalite and tridymite was found
tridymite phases in the range of conditions investigated. It in this investigation.
can be see from Fig. 6 that compared with the MgO— Two selected compositions in the MgO—FeO”-Si0, sys-
“Fe0”-Si0, system, there is a decrease in the liquidus tem- tem (Al: 61.5wt% SiO,, 21.4wt% MgO and 17.1 wt%

perature in the cristobalite/tridymite primary phase fields in FeO; A2: 59.2wt% SiO,, 22.1wt% MgO and 18.6 wt%
the MgO-*Fe0”-Si0,~Cr,0; system with 2wt% Cr,0;. FeO at 1873 and 1823 K respectively) were used to com-
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pare the changes in the MgO-“Fe0”-Si0,—Cr,0; system
with 2wt% Cr,0O, addition with the fixed SiO,/MgO/FeO
ratios. It has been found that in the cristobalite primary
phase field 2wt% Cr,O; addition decreases the liquidus
temperature by approximately 35K, which is less than that
observed with 2 wt% AL,O,.

On a weight basis for these dilute solutions in the cristo-
balite primary phase field the effect of Cr,O; in lowering
liquidus temperature is approximately 0.6 times that of
ALO; (2wt% Al,O, lower the liquidus by approximately
60K). Since the molecular weight of Al,0,=101.96,
Cr,0,=151.99, on a mole basis 2wt% Cr,0, is approxi-
mately 0.67 that of 2wt% Al,O,. This would seem to indi-
cate that the effects of these components on the liquidus
temperature in cristobalite primary phase field on a mole
basis are near equivalent.

3.3. The MgO—“Fe0”-Si0,-Al,0,—“Cr,0;” System
To consider the simultaneous effects from minor compo-

were determined in the cristobalite primary phase field in
the system in equilibrium with metallic iron (Fig. 7).
EPMA measurements of the phases formed under these’
conditions are presented in Table 6. No Al,O; and Cr,O,
were detected in cristobalite (SiO,) solid phase in the

3
<

Wt % FeO

~
~
Pyroxene ~
~

¢ 1873K
uv 1848K
© 1823K So

© 1798K ~

R

rents AL, O3 and Cr,0;5 on the liquidus temperatures in the
¢ O [ 773_ A._.Q _ &,

.0, system he-experi 3

A1773K ~

tal results are presented in a form of pseudo ternary section
MgO—“FeO”-Si0, at fixed weight percentage of Al,O, and
Cr,0;. The liquidus temperatures from 1773 to 1873K

Fig. 7. Experimentally determined liquidus surface in the cristo-
balite primary phase field in the MgO—FeO”-SiO,-
ALO;—Cr,0;” system with 2wt%A1,0;+2 wt%Cr,0,
in equilibrium with metallic iron using data in Table 6.

Table 6. EPMA measurements of the phases formed in the silica primary phase field of the MgO-“FeO”-Si0,~A1,0,—Cr,0;” system
with 2 wt%A1,0;+2 wt%Cr,0, additions in equilibrium with metallic iron.

Phases Composition (wt%)
Experiment Temp. (K) in equilibrium MgO FeO SiO, ALO;  Cr0;
Silica primary Phase field

1600S1m1 1873 L+C 16.7 18.6 60.9 1.8 1.7
1600S2m2 1873 L+C 15.8 20.0 60.1 2.0 1.8
1600S3m3 1873 L+C 14.4 22.5 59.3 1.9 1.7
1600S4m4 1873 L+C 14.4 22.4 59.0 2.1 1.9
1600S21m1 1873 L+C 15.7 19.2 61.2 1.7 1.6
1600S22m2 1873 L+C 16.2 18.6 61.2 1.8 1.8
1600S23m3 1873 L+C 13.4 23.8 59.0 1.7 1.7
1600S24m4 1873 L+C 14.6 20.3 60.9 1.9 1.8
157585m1 1848 L+C 193 16.4 60.0 2.1 2.0
1575S6m2 1848 L+C 15.6 22.1 583 1.8 1.8
157587m3 1848 L+C 15.4 22.1 58.1 2.1 2.0 '
1575S8m4 1848 L+C 14.4 23.6 58.0 1.9 1.8
1575825m1 1848 L+C 15.6 21.5 59.4 1.7 1.6
1575826m2 1848 L+C 14.5 229 29.0 1.8 1.6
1575827m3 1848 L+C 143 23.1 58.8 1.9 1.8
1575S28m4 1848 L+C 13.5 24.5 58.1 1.9 1.7
1550S29m1 1823 L+C 139 24.7 574 2.0 1.8
1550S10m2 1823 L+C 18.7 18.0 59.1 2.0 1.9
1550S11m3 1823 L+C 16.1 21.8 57.9 2.0 2.0
1550S30m2 1823 L+C 16.8 20.4 583 2.1 2.0
155083 1m3 1823 L+C 18.5 19.3 59.1 1.9 1.9
1550S32m4 1823 L+C 16.4 21.2 58.4 1.9 1.8
1525817m2 1798 L+C 19.0 21.2 56.5 2.0 2.0
1525818m2 1798 L+C 19.7 18.5 573 2.0 2.0
1525S14m2 1798 L+C 20.0 17.6 58.1 2.0 2.0
1525S15ml 1798 L+C 14.5 26.6 55.3 1.9 1.6
1525S16m1 1798 L+C 18.8 21.0 56.0 2.0 2.0
1525833m1 1798 L+C 17.8 20.5 57.7 1.9 1.8
1525834m2 1798 L+C 145 25.7 56.1 1.8 1.7
1525835m3 1798 L+C 17.6 20.4 57.5 2.1 2.1
1525836m4 1798 L+C 18.0 19.8 58.0 2.0 2.0
1500S19m2 1773 L+C 19.7 19.8 56.2 2.0 2.0
1500S20m2 1773 L+C 19.7 18.8 56.6 2.5 2.1
1500S37m1 1773 L+C 18.2 21.2 56.5 1.9 1.8
1500S38m2 1773 L+C 18.6 19.7 57.0 2.2 2.2
1500S39m3 1773 L+C 133 29.2 54.1 1.6 1.4
1500S40m4 1773 L+C 16.7 22.8 56.5 2.0 2.0

L = Liquid, C = Cristobalite, SiO,, T = Tridymite, SiO,, P = Pyroxene, (Mg, Fe)SiOs, O

= Olivine, (Mg, Fe),SiO4
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quenched samples. There are no new solid phases formed
in the composition range investigated while 2 wt% Al,O,
and 2 wt% Cr,O, were added in the MgO—“FeOQ”-Si0O, sys-
tem.

In Fig. 7, with the fixed Si0,/MgO/FeO ratios, two spe-
cific compositions (Al: 61.5Si0,, 21.4MgO and 17.1FeO
in wt%; A2: 59.28i0,, 22.1MgO and 18.6FeO in wt% at
1873 and 1823K respectively) in the MgO—FeO”-Si0,
system were used to compare the changes in the
MgO—Fe0”-Si0,~-Al,0,—Cr,0;” system with 2wt%
AlLO;+2wt% Cr,0;. It has been found that in the cristo-
balite primary phase field with 2 wt% Al,0;+2 wt% Cr,0,
additions in the MgO—FeO”-SiO, system decreases the
liquidus temperature by approximately 75 K.

For fixed SiO,/MgO/FeO ratios in this composition
range, if there is a linear additive effect of additions, there
will be approximately 95K (60K decrease from 2wt%
Al,O; and 35K decrease from 2 wt% Cr,0;) decrease of
liquidus temperature for 2 wt% Al,0;+2 wt% Cr,0;. 2 wt%
ALO;+2wt% Cr,0,, using the molar equivalence, should

.

mary phase fields in the MgO—FeO”-Si0,-AlL,0, system
with 2, 3 and 5 wt% ALO, in equilibrium with metallic iron
have been determined in the temperatures range
1673-1873K.

(1) Each weight percent of Al,O; added to the silica-
saturated slag at fixed SiO,/MgO/FeO ratios decreases the
liquidus temperature by approximately 40K in the range of
compositions investigated.

(2) Liquidus isotherms in the cristobalite and tridymite
primary phase fields in the MgO-“Fe0”-SiO,~-Al,0,—
“Cr,0,” system with 2wt% Cr,0, and 2wt% AlLO;+
2wt% Cr,0, in equilibrium with metallic iron have been
determined in the temperatures range 1 673—-1 873 K.
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have the same effect as 3.3 wt% AlL,O; on the system The

close to that determmed for the MgO “FeO” S]O ~A120
system with 3 wt% ALO, (100K decrease in liquidus tem-
perature, Fig. 1(b).).

An important point to bear in mind is that the Al,O; and
Cr,O; concentrations in the individual samples vary slight-
ly. To obtain accurate predictions of the additive effects of
these components a more rigorous analysis of the data is re-
quired to take these variations into account.

34.

Laterite nickel smelting slag consists principally of MgO,
“FeO” and SiO,. However, other minor components are
also present including Al,0;, Cr,0;, MnO and CaO. The
present study has shown that the presence of these impuri-
ties should be taken into account for the accurate prediction
of liquidus temperatures. These new experimental data can
be used directly to predict the effect of alumina and
chromite on the liquidus temperatures in nickel smelting
slags, and in the development of more accurate thermody-
namic models of the slags.

Industrial Applications

4. Conclusions

Liquidus isotherms in the cristobalite and tridymite pri-
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