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Distribution of Ni, Cr, Mn, Co and Cu between Fe-Ni Alloy

and FeO x-MgO-SiO, Base Slags

Hector M. Henao *, Mitsuhisa Hino and Kimio Itagaki

The distribution of nickel and minor elements such as chromium, manganese, cobalt and copper between the Fe-Ni alloy and the
FeOx-MgO-SiO; base slag in a magnesia crucible was studied at 1773 and 1873 K under controlled partial pressure of oxygen in a range
between 1.8 x 1073 and 3.2 x 1072 Pa using CO-CO, gas mixtures. The effect of adding lime (Ca0O/SiO, molar ratio of about 1) and alumina
(AlO; 5/Si02 molar ratio of about 0.25) to the plain FeOx-MgO-SiO, slag was also investigated. The distribution ratios of chromium and
manganese, defined by (mass%X in slag)/[mass%X in alloy] where X is the minor element, for the plain slag at 1773 K have large values
greater than 100 and 1000, respectively. These are 4 and 5 orders of magnitude larger than that of nickel, while those of cobalt and copper are
of a magnitude similar to that of nickel. It was clarified that the addition of lime reduces the distribution of chromium and manganese into the
slag while the addition of alumina increases the dissolution of chromium though it reduces the dissolution of nickel, cobalt and copper.
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1. Imtroduction

Chromium and manganese are minor elements in the nickel
oxide ores to produce nickel or Fe—Ni alloys though they are
major in some ferroalloys. Cobalt is also associated with the
nickel ores. Although copper is normally not contained in the
oxide ores, its content in the produced ferroalloys tends to rise
due to increase in the amount of recycled materials. Hence, it
is of practical importance to investigate the behaviors of these
elements in the production of Fe-Ni alloys. !

The slag formed in the alloy production is normally
FeOx-MgO-Si0O, base because lime and alumina are minor
components in the nickel oxide ores. However, limestone is
added in some electric furnace operations to control the basic-
ity of slag. The high alumina content is also reported in the
practical slag.?) Therefore, the studies on the effect of adding
lime and alumina to the plain slag are meaningful for devel-
oping the smelting processes.

Nevertheless, there exist only few data on the phase equi-
librium and the distribution of minor elements in the smelt-
ing system to produce the Fe-Ni alloy, as was surveyed
by Terry.? Recently, Pagador ef al.*> determined the sol-
ubility of nickel in the FeOx—MgO-SiO, slag equilibrated
with the Fe-Ni alloy and the distribution ratios of mi-
nor elements such as phosphorus, cobalt, copper and anti-
mony between the Fe-Ni alloy and the FeOx—MgO-SiO,
or FeOx—MgO-SiO,—CaO slag. Following these stud-
ies, the distribution ratios of chromium, manganese, cobalt
and copper as the minor elements between the Fe-Ni al-
loy and the FeOx—MgO-SiO,, FeOx-MgO-Si0,—CaO or
FeOx—MgO-SiO,-AlO; 5 slag in a magnesia crucible was
determined in the present study. The experiments were con-
ducted at 1773 and 1873 K under oxygen partial pressures
controlled at Po, = 1.8 x 1075-3.2 x 10> Pa and the results
were thermodynamically discussed, based on the activity co-
efficient of components in the alloy and slag phases.
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2. Experimental

In the present experiments, according to the degree of free-
dom in the phase rule, (CO/CO;) ratio in the gas mixture
was chosen as a variable under specified temperature (1773
or 1873 K), total pressure (101.3kPa), (Fe/Ni) and (X/Ni)
molar ratios in the system, where X is the minor element,
(Ca0/Si0») or (AlO; 5/Si0,) molar ratio in the slag and ac-
tivity of MgO by using a magnesia crucible.

A schematic diagram of the furnace assembly is illustrated
in Fig. 1. The furnace consists of a silicon carbide heat-
ing element and an alumina reaction tube. Temperature of
a sample was controlled within 2 K by a SCR controller with
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Fig. 1 Experimental apparatus.
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Table 1 Compositions of FeO x—MgO-SiO; slag and nickel alloy melted in the MgO crucible at 1773 K and calculated activity coefficient

of MeOy and activity of FeO.

Slag Alloy
No log po, mass% YMeOy treo mass%
Fe Ni Cr Mn MgO SiO, NiO  CrOps MnO Fe Ni Cr Mn
A-1 —6.8 425 4.50 21.8 11.3 2.2 0.78 11.2 91.7
A-2 —-6.9 49.7 3.01 17.0 11.7 2.5 0.64 10.6 93.6
A-3 -7.2 48.8 1.21 18.0 13.9 4.5 0.76 15.6 86.3
A-4 7.7 49.7 0.63 17.8 18.3 1.7 0.79 242 76.1
A-5 -7.0 41.4 3.02 2.30 230 13.9 2.5 1.8 0.79 134 87.9 0.0007
A-6 -7.1 38.9 2.15 2.85 229 17.5 3.0 1.1 0.78 14.8 88.4 0.0007
A-7 —7.5 374 0.97 2.19 24.8 18.9 3.5 14 0.72 19.5 84.3 0.0053
A-8 -7.5 35.6 1.20 2.75 28.4 20.0 4.1 0.6 0.61 16.8 82.8 0.0010
A9 —7.6 31.9 0.81 1.24 299 25.6 4.0 1.7 0.88 24.6 71.7 0.0010
A-10 —8.0 38.5 0.63 2.29 21.8 23.9 2.9 0.5 0.74 30.0 72.0 0.0013
A-11 —8.4 28.7 0.16 0.66 30.8 31.9 6.4 1.5 0.68 39.9 634 0.0019
A-12 —8.5 25.8 0.36 2.33 29.0 32.0 22 22 0.68 43.6 60.8 0.0015
A-13 -9.0 219 0.12 1.59 27.2 322 2.6 0.3 0.49 49.2 48.3 0.0029
A-14 -9.5 21.7 0.03 2.58 29.2 38.1 6.0 1.1 0.28 50.8 48.0 0.0350
A-15 —8.3 36.9 0.21 3.15 21.9 275 53 0.15 0.64 353 69.2 0.0026
A-16 —8.8 332 0.12 3.62 242 289 4.8 0.12 043 40.6 65.2 0.0036
A-17 -9.3 304 0.06 3.97 25.0 33.8 4.8 0.10 0.28 443 61.2 0.0049
a Pt/Pt-Rh thermocouple. The flow rate of CO—CO, gas mix- FoOcoD 50 R
ture was regulated by using capillary flow meters. It was in- CiOAdition @
troduced into the reaction chamber through an alumina tube
with a flow rate of 1.7 x 1079 m3/s. \@Q o 8.0 o
About five grams of pre-melted slag were equilibrated with °s f,’@(, o n;E~
the nearly equal amount of Fe-Ni alloy in a magnesia cru- %,%g .
cible with an inner diameter of 1.1 x 107? m and a height of £ A
5% 1072 m. The (Fe/Ni) molar ratio in the total input was fixed '
at 0.7. For the FeOx—MgO-Si0,—Ca0 and FeOx-MgO-
Si0,-Al0 ;5 slags, the (CaO/SiO,) and (Al 5/Si0,) molar ra- V2 V2
tios were fixed at about 1 and 0.25, respectively. Each minor 0 0.4 0.6
element was put in the system with the (X/Ni) molar ratio of (2:8iféao Or) Nireq,x0n) (FeO,X0n)
about 0.15. SIO+AIO, 5

It was confirmed in a preliminary experiment that the equi-
librium in the reaction system was made in 158.4 ks. Hence,
after heating the sample for 158.4 ks, it was taken out of the
furnace and quenched in a jet stream of nitrogen. Specimens
for the chemical analysis were prepared by removing the sam-
ple from the magnesia crucible, and after grinding, by taking
away the small alloy particles from the slag phase by mag-
netic separation. The slag and alloy specimens were analyzed
for the minor elements by the inductively coupled plasma
spectrometry (ICP) and for the major elements by conven-
tional methods of chemical analysis with volumetric titration
and gravity measurements. The total content of Fe in the slag
was determined by the volumetric titration with K,Cr,O5. For
the chemical analysis of FeOx-MgO-SiO,—AlO; 5 slag, it
was preliminarily fused with NaNOs to make it amenable to
the acid dissolution.

3. Results
3.1 Compositions of equilibrated slag and alloy

From the electron probe micro analysis (EPMA) for the
solidified slag and alloy phases, it was clarified that both are

Fig. 2 Composition of slags equilibrated with the Fe-Ni alloy melted in
the MgO crucible at 1773 K.

homogeneous at the experimental temperature. A thin layer
was formed between the crucible and the slag phase, which
was found by the EPMA analysis to be magnesiowustite
(Mg, Fe)O, as was suggested by Muan and Osborn.?

The compositions of the slag and alloy phases equili-
brated at 1773 K with/without minor elements are listed in
Tables 1-3 for the plain FeOx—MgO-SiO,, FeOx-MgO-
Si0,—Ca0 and FeOx-MgO-Si0,—AlO; 5 slags, respectively.
Where, the partial pressure of oxygen is expressed as dimen-
sionless one, defined by po, = (Po,/Pa)/(101325Pa). The
summation of the analytical values for both slag and alloy are
a little more or less than 100 mass%, due to the error of the
analysis.

The slag compositions are reproduced in Fig. 2 on the
A-B-C ternary diagram with a mole fraction scale where
A corresponds to MgO, B to SiO,, (SiO; + CaO) with
NCaO/NSi02 of about 1 or (SiO, + AlO; 5) with NA101.5/NSi02
of about 0.25 and C to (FeOx + XO,,). Although the solubil-
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Table 2 Compositions of FeOx—MgO-Si0,~CaO slag and nickel alloy melted in the MgO crucible at 1773 K and calculated activity

coefficient of MeOyx and activity of FeO.

Slag Alloy
No log po, mass% YMeOy dreo mass%
Fe Ni Cr Mn MgO SiO; CaO NiO CrO;5 MnO Fe Ni Cr Mn
B-1 -7.0 249 094 3.95 20.3 194 183 8.3 1.8 064 113 921 0.0013
B-2 -7.9 30.6 040 3.37 17.6 177  16.1 49 0.6 0.84 30.8 73.8 0.0017
B-3 —8.3 25.5 021  0.98 158 252 223 49 2.7 0.80 409 63.6 0.0045
B-4 —8.8 239 0.06 1.16 17.0 240 234 54 13 0.68 559 483 0.0065
B-5 -9.4 236 <0.03 0.64 154 270 251 — 1.6 042 67.1 365 00110
B-6 —6.8 24.5 4.02 1.59 151 223 203 2.5 0.74 0.63 9.3 950 0.0032
B-7 -7.3 22.7 0.35 1.80 159 267 239 13.6 0.74 0.85 189 86.1 0.0044
B-8 -8.1 18.3 0.15 203 16.1 286 266 10.5 093 066 309 745 0.0100
B-9 —8.6 14.6 0.13 252 185 305 272 6.7 0.82 043 343 715 0.0160
B-10 -9.0 123 0.09 228 193 301 28.1 5.5 0.79 029 358 69.1 0.0220
Table 3 Compositions of FeOx—MgO-Si0,—AlO; 5 slag and nickel alloy melted in the MgO crucible at 1773 K and calculated activity
coefficient of MeOyx and activity of FeO.
Slag Alloy
No log po, mass% YMeOx . mass%
Fe Ni Cr Cu Co MgO SiO; ALO3 NiO CrO;s CuOps CoO Fe Ni Cr Cu Co
C-1 —-6.8 258 0.88 316 230 115 6.6 061 8.8 912
c2 =76 278 0.32 243 212 154 95 0.38 12.7 872
c3 -80 251 0.17 234 251 149 128 044 204 814
Cc4 -85 217 0.09 18.7 254 166 148 021 17.0 79.1
C5 87 304 0.07 243 197 158 106 0.14 159 869
C6 -93 211 <0.03 20.1 256 15.7 —— 0.10 19.6 715
C7 =97 304 <0.03 236 221 127 — 0.09 252 788
Cc-8 —-6.8 269 0.89 7.30 160 20.1 153 104 0.37 0.68 9.1 86.5 0.0003
c9 72 276 095 1.85 237 200 14.1 6.8 0.26 0.58 12.4 89.3 0.0001
c-10 -73 311 0.12 0.73 192 195 124 346 0.86 0.50 109 80.4 0.0002
C-11 -74 2064 043  6.66 16.8 243 151 1083 0.17 044 11.5 86.5 0.0004
c-12 -79 276 0.14 5.16 174 247 13.7 6.3 0.21 0.39 162 79.5 0.0008
c-13 -79 309 0.38 1.07 19.8 255 154 193 0.17 0.50 18.9 75.0 0.0001
C-14 -83 270 032 1.14 242 247 129 568 035 0.19 139 88.7 0.0006
C-15 -84 273 0.33 095 223 239 137 399 044 0.27 182 749 0.0009
C-16 -89 230 023 152 280 242 148 42 0.29 0.07 11.3 89.9 0.0019
C-17 -94 175 <0.03 074 28.1 323 154 — 0.23 0.15 29.4 69.1 0.0018
C-18 —-69 322 0.77 0.066 215 21.0 126 10.73 10.1 0.80 12.4 90.3 3.68
c-19 -75 304 0.19 0.045 19.9 248 132 215 10.7 0.61 169 84.8 3.50
C20 -81 274 0.07 0.033 20.9 28.5 14.0 2841 114 042 200 754 3.30
C21 -8.6 232 0.10 0.030 258 318 146 1154 9.2 0.21 19.0 80.2 3.23
Cc22 -9.1 225 0.05 0.017 246 306 146 128 14.7 0.19 269 73.0 2.98
Cc23 -9.1 213 0.05 0.013 277 295 115 1077 10.3 0.14 21.0 759 2.65
C24 -7.0 16.1 0.46 0.0800 319 222 154 8.5 139 059 99 858 1.63
c25 =77 170 0.18 0.0400 33.1 275 134 15 15.0 0.60 18.8 77.4 1.74
Cc-26 —-83 276 0.09 0.0210 229 26.7 11.8 781 13.5 030 184 756 1.79
C-27 -—88 17.8 0.04 0.0048 31.3 290 126 1748 124 024 237 71.1 1.58
C-28 —-9.1 183 0.03 0.0035 32.7 29,5 107 22.66 104 0.15 223 726 1.63

ity limit in the slag phase is considerably scattered, as shown
with the estimated broken liquidus lines, it is obvious that, in
the range of high FeOy content, the solubility is largest for the
plain FeOx—MgO-SiO, slag while, in the range of low FeOx
content, smallest for the CaO-added slag. The solubility in
the Al,O3-added slag is intermediate between these slags.
The liquidus line in the plain FeOx-MgO-SiO; slag is sim-

ilar to that reported by Muan and Osborn,® which is very
close to a tie line combining between FeO and MgO-SiO;.
However, the present one is located in a region between
two tie-lines corresponding to (FeOx + X0,)-MgO-SiO, and
(FeOx + X0,)-2MgO-Si0,. It is reported in a data book”
that the solubility of MgO in the FeOx—-MgO-Si0,—CaO slag
in coexistence with solid magnesiowustite changes very little
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with the FeOy content. This is in accordance with the present
result. No previous data are found for the liquidus line in the
FCOX—MgO-—Si02—A101.5 system.

Activities of FeO in the slags are shown in Tables 1-3,
which were calculated on the basis of the partial pressure of
oxygen and the iron content in the alloy from the standard free
energy change® for the reaction

1
Fe(l) + 502(g) = FeO() @

The data on the iron activity in the Fe-Ni binary alloy re-
ported by Conard et al.” were used in the calculation.

3.2 Distribution ratio
The distribution ratio of component X between the alloy
and slag phases is defined by eq. (2)

JNi (mass%X in slag)
Ly =

- 2
[mass%X in alloy] @

The distribution ratios of nickel and chromium were de-
termined at 1773 and 1873 K for the plain, CaO-added and
Al,O5-added slags, while that of manganese for the plain
and CaO-added slags at 1773 K. The distribution ratios of
cobalt and copper were measured at 1773K only for the
Al,O3-added slags because these for the plain and CaO-added
slags have been reported by Pagador et al.”

3.2.1 Nickel

L3N between the Fe-Ni alloy with the nickel content be-
tween 36.5 and 95 mass% and the FeOx—-MgO-SiO, base
slag at 1773 K are plotted against the dimensionless partial
pressure of oxygen in Fig. 3. As a general trend, a lin-
ear relationship is observed between log LN and log po,,
showing the gradient of about 0.5 with the correlation coef-
ficients of 0.96, 0.89 and 0.92 for the plain, CaO-added and
Al,O3-added slags, respectively. At a given po,, the addition
of CaO to the plain slag slightly reduces LY while the addi-
tion of alumina rather significantly. LY in the range of po,
examined in the present study represent considerably small
values of less than unity. This means that nickel is mostly re-
covered in the alloy phase. It is suggested that the addition of
alumina to the plain slag will reduce the solubility of nickel
in the slag.

3.2.2 Chrominm

LN for the plain slag at 1773 and 1873K are plotted
against the oxygen partial pressure in Fig. 4. Linear depen-
dencies showing the gradient of about 0.75 with the corre-
lation coefficients of 0.91 and 0.99 for 1773 and 1873K,
respectively, are observed between log LSC’f“ and log po,.
The distribution ratio at 1773 K and low partial pressure of
log po, = —9.5 represent a considerably large value of about
100 and it is still larger than unity at 1873 K. However, when
LSC’?H is extrapolated to lower oxygen pressure corresponding
to that in the typical Fe—Ni smelting process, it is lower than
unity. This means that chromium will preferentially remain
in the alloy phase in a strongly reducing atmosphere.

LN for the CaO and Al,O3-added slags at 1773 K are rep-
resented in Fig. 5, in relation to log po,. Both represent linear
dependencies, showing the gradient of about 0.75 with the
correlation coefficient of 0.92. When compared with the re-
sults for the plain slag, it is shown that the addition of lime
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Fig. 3 Relationships between the distribution ratio of Ni and log po,
for the FeOx-MgO-Si0,, FeOx-MgO-SiO;—CaO and FeOx-MgO-
Si0,—AlO1 5 slags melted in the MgO crucible at 1773 K.
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Fig. 4 Relationship between the distribution ratio of Cr and log po, for the
FeOx-MgO-Si0; slag melted in the MgO crucible at 1773 and 1873 K.

makes LSC’SH slightly smaller. On the contrary, the addition of
alumina obviously shifts up L‘“‘C’rNi in about one order of magni-
tude. Thus, the removal of chromium from the alloy or its loss
into the slag will be significantly enhanced by adding alumina
to the plain slag.
3.2.3 Manganese

LN for the plain and CaO-added slags at 1773K are
shown in Fig. 6, in relation to the log po,. A linear relation-
ship is found for the CaO-added slag, showing the gradient
of about 0.5 with the correlation coefficient of 0.99. Due to
inaccuracy of the ICP analysis for dilute manganese in the al-
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Fig. 5 Relationships between the distribution ratio of Cr and log po, for
the FeOx—MgO-Si0,-CaO and FeOx-MgO-Si0,-AlO; 5 slags melted
in the MgO crucible at 1773 K.
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Fig. 6 Relationships between the distribution ratio of Mn and log po, for
the FeOx-MgO-SiO, and FeOx-MgO-SiO;—CaO slags melted in the
M¢gO crucible at 1773 K.

loy phase, the data for the plain slag are reliable only for the
oxygen partial pressures less than log po, = —8. Itis clearly
shown that L;,I’Nni ata given po, decreases in about one order of
magnitude when lime is added to the plain slag. The present
result suggests that LN in a strongly reducing atmosphere
corresponding to that in the typical Fe—Ni alloy smelting pro-
cess is still considerably larger than unity and that manganese
will preferentially remain in the slag phase even if lime is
added to the plain slag.
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Fig. 7 Relationships between the distribution ratio of Co and log po, for
the FeOx—-MgO-Si0,-Al0; 5 slag melted in the MgO crucible at 1773 K.

107 T T T
/’, _-"'-. O/
a - /0/
23 102} T -
- e
0/
)
Cu00_5
A 1
4
10-3 | | |
-10 -9 -8 -7 -6
log po,

Fig. 8 Relationships between the distribution ratio of Cu and log po, for
the FeOx—MgO-Si0,-Al0; 5 slag melted in the MgO crucible at 1773 K.

3.3 Cobalt and copper

LN and L¥N for the AlOs-added slag at 1773K are
shown in Figs. 7 and 8. For comparison, the data for the
plain and CaO-added slags, reported by Pagador et al.,” are
shown in these figures with broken and dotted lines, respec-
tively. A linear relationship is observed between log L¥A' or
log LSC/lIfi and log po,, showing the gradients of about 0.5 and
about 0.25 with the correlation coefficient of 0.99 and 0.98,
respectively. LIN' and L' at a given oxygen partial pres-
sure are very close to LN and they decrease in a sequence of
the plain, CaO-added and Al,Os-added slags.
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Table 4 Free energies of formation and equilibrium constants at 1773 K.

Reaction AGO/T K at1773K Ref.
Ni() + 1/20,(g) = NiO(s) —247750 + 92.57 (T/K) 2.9 x 10% 10)
Cr(s) +3/402(g) = Cr0O15(s) —566180 + 127.5 (T/K) 1.05 x 1010 11)
Mn(l) + 1/202(g) = MnO(s) —400550 + 86.51 (T/K) 1.91 x 107 12)
Cu(l) + 1/402(g) = CuOp5(D) —60850 + 21.84 (T/K) 45 13)
Co(s) + 1/202(g) = CoO(s) —234100 + 70.49 (T/K) 1.64 x 10° 14)

4. Discussion

The experimental results were analyzed thermodynami-
cally, based on the following reaction to form a mono-metallic
oxide.

v
X + ZOZ(g) = XOy2(s,]) (€))
The equilibrium constant for eq. (3) is given by

K = axo,,/(axpg,) @

where ax and axo, j Are activities of the minor element X and
its oxide and v is valency of the oxide. By combining egs. (2)
and (4) and converting the mole fraction in the activity term
into mass%, the following equation is obtained

[yx] +log (n1)

()’XO‘,/z) [nT]

+log K

®

Where, () and [ ] denote the slag and alloy phases, respec-
tively, yx and yxo,,, Raoultian activity coefficients of X and
X0,/ and nr is the total number of moles in 100 g of each
phase, which is calculated on the mono-cation base.

It seems that the relationships between log L{N and
log po,, shown in Figs. 3-8, are expressed by nearly straight
lines with the gradient of about v/4 (v = 1 for copper, v = 2
for nickel, manganese and cobalt, and v = 3 for chromium).
This suggests that the activity coefficient ratio and the nt ra-
tio in eq. (5) will be constant at a given slag system under the
condition of the present experiments.

(nt) and [n1] can be calculated from Tables 1-3 and K
from the reported data'®'# on the free energy of formation,
which are listed in Table 4. Concerning the Raoultian ac-
tivity coefficients in the binary Ni—Fe and ternary Ni—Fe-X
systems, some reported data are available. yy; in the binary
Ni-Fe system is given by Conard et al.” The activity coef-
ficient of X in their dilute ternary solutions are reported for
chromium by Belton and Fruehan,'® cobalt by Gokcen and
Baren'® and copper by Pagador.!” Although no data are re-
ported for the Fe—Ni—Mn system, yy, can be estimated from
the data'®2% for each binary, based on the regular solution
model.

Based on eq. (5) and by using these data on [nT], (nT), K
and [yx], the Raoultian activity coefficients of NiO, CrO; s,
MnO, CoO and CuOys in their dilute solutions of the plain,
Ca0O-added and Al,O3-added slag systems were calculated
and are listed in Tables 1-3. ynio and ycro, 5 are shown in
Figs. 9 and 10, respectively, in relation to the mole fraction of
FeOy in the slag.

As shown in Fig. 9, ynio for the plain slag seems to be

log LN = % log po, + log
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Fig. 9 Relationships between the activity coefficient of NiO and Npeo, for

the FeOx-MgO-Si0;, FeOx-MgO-Si0,—Ca0 and FeOx-MgO-SiO—
AlOy 5 slags equilibrated with the Fe-Ni alloy at 1773 K.
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Fig. 10 Relationships between the activity coefficient of CrO; 5 and Nreo x
for the FeOx-MgO-SiO,, FeOx-MgO-SiO;—Ca0O and FeOx-MgO-
Si0,—AlO; 5 slags equilibrated with the Fe—Ni alloy at 1773 K.

almost constant against Ngeo, Within the scattering of data.
While, the dependency of ynio on Npeo, for the CaO-added
and Al,Os-added slags are not obvious due to the consid-
erably large scattering in the narrow range of Npeo,. It is
clearly shown that ynjo for the Al,O3-added slag is consider-
ably larger than that for the plain slag. ynjo for the CaO-added
slag is intermediate between those for the Al,O3-added and
plain slags. As shown in Fig. 10, yco, 5 for each slag seems to
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be almost constant against Nreo, . The plain and CaO-added
slags represent the nearly same ycyo, ; around 1 while ycro, 5
for the Al,O3-added seems to be smallest of these slag sys-
tems. As listed in Tables 1 and 2, yao for the plain and CaO-
added slags are considerably small at less that 1 and it is found
that y\yo is increased by the addition of lime to the plain slag.
As listed in Table 3, yco0 in the Al;O3-added slag are between
10.4 and 15, which are considerably large in comparison with
those for the plain and CaO-added slags reported by Pagador
et al.®V ycyo, s in the Al,Os-added slag is around 11, which
is also larger than those for the plain and CaO-added slags
reported by Pagador et al.?V

The effect given by the slag components to the
activity coefficients may be explained thermodynami-
cally.  According to considerably large negative stand-
ard free energy changes®*?” per one mol of cation in
the formation of complex oxides from the oxide com-
ponents at 1800K for 1/3(2Ca0-Si0,)(—46.5kN),*? 1/3
(2Mg0-Si0,)(—18.9kJ),2>  1/3(Mg0-AlL03)(—13.2k]),?»
1/4(A1,03-2810,)(—7.2kJ),?  1/3(2Mn0-Si0,)(—7.0kJ)%
and 1/3(Fe0-Al,03)(—4.9k]),%” it is considered that the
chemical affinity between basic CaO or MgO and acidic SiO,
is very strong. MnO is also basic for SiO,. Al,Oj3 is acidic
for MgO while basic for SiO,. It also has the affinity to FeO.
On the contrary, NiO, CoO and Cu,O make some complex
oxides with the main components of the slag phase such as
MgO, SiO,, FeO, Ca0 and Al,0s3, but the standard free en-
ergy changes in the formation of these complex oxides repre-
sent very small negative values. This suggests that NiO, CoO
and CuQgs have the weak affinity to both acidic and basic
oxide components.

Takeda and Yazawa®® suggested that, when the compo-
nents U and V have a considerable affinity to form a stable
solution of UV, the solution tends to repel the component W,
which has a low affinity with U and V. It was considered that
this kind of repulsion results in the occurrence of the large
activity coefficient of W at the composition around the stable
solution of UV. This suggestion may be applied to the present
slag system containing NiO, CoO and CuQy s, where U and
V correspond to MgO or CaO and SiO; as well as Al,O3 and
MgO, SiO, or FeO. Furthermore, the present result for the
Al,O3-added slag, in which the activity coefficients of NiO,
Co0 and CuOy 5 increased in comparison with the plain slag,
may indicate that the repulsion is intensified by the affinity of
Al,05 with MgO, SiO; and FeO.

It was also suggested by Takeda and Yazawa?® that the ac-
tivity coefficient of a basic component or an acidic component
increases with increasing content of another more base com-
ponent or more acidic component in the slag. This is the case
for basic MnO in the present study, whose activity coefficient
increases with the addition of more basic CaO to the slag.

It is considered that CrO;s is acidic and combines
with basic CaO and MgO because AG? at 1800K for
1/3(Ca0-Cr,03)* and 1/3(Mg0-Cr,03)*? represent con-
siderably large negative values of —20.4 and —7.3 kJ, respec-
tively. Cr,O3 makes a complete solid solution and no com-
pound with Al,03;. Nevertheless, the activity coefficient of
CrO; 5 in the Al;O3-added slag is smallest among the present
slag systems. The reason for the discordance between the
present result and the thermodynamic prediction can not be
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clarified.
5. Conclusions

As a part of the fundamental study related to the
Ni-alloy production, the phase relation between the Ni-Fe
alloy and the FeOx-MgO-Si0,, FeOx—MgO-Si0,~CaO or
FeOx-Mg0-Si0,-Al0; 5 slag and the distribution of nickel,
chromium, manganese, cobalt and copper between these
phases in a magnesia crucible were investigated at 1773 and
1873 K under controlled partial pressure of oxygen between
1.8 x 107 and 3.2 x 1072 Pa using CO-CO, gas mixture.
The results are summarized as follows.

(1) The solubility of MgO in the slag is decreased by
adding CaO or Al;O; to the plain FeOx—MgO-SiO, slag. Its
solubility in the plain and Al,Oz-added slags decreases with
increasing FeOy content while that in the CaO-added slag is
almost constant against the FeOy content.

(2) It is suggested from the values of distribution ratio
that chromium and manganese preferentially dissolve into the
slag phase while nickel, cobalt and copper mostly remain in
the alloy phase. Increase in the temperature reduces the dis-
solution of chromium into the slag. The addition of lime in
the plain slag reduces the dissolution of chromium and man-
ganese into the slag. The addition of alumina reduces the
dissolution of nickel, cobalt and copper while increases that
of chromium.

(3) Slopes of the linear relationship between the logarith-
mic distribution ratio and the oxygen potential indicate that
the predominant species in the slags are NiO, CrO; 5, MnO,
Co0 and CuOg .

(4) The Raoultian activity coefficients of NiO, MnO,
Co0 and CuQy 5, which were derived from the obtained data
on the distribution ratio, can be explained reasonably, based
on the free energy changes in the formation of complex oxides
from each oxide component. However, it is difficult to ther-
modynamically explain the behavior of CrO; s in the Al,O3-
added slag.
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