

































































































































































































































































4.6 THE 800°C ISOTHERMAL SECTION

The compositions of charges made for investigation of the 800°C isothermal section, with their

pre-reaction and tempering histories are listed in Appendix A-5. The averaged SEM analyses of

co-existing phases are presented in Table 18 and in Figure 40.

Table 18. The averaged SEM analyses (wt%) of co-existing phases at 800°C, with the
number of areas that were analysed, and the calculated standard deviations (10).

1(2,3)
No Ni S Cu __ Total Analyses
No182 659 284 2.1 96.4 4
stdev. 0.8 0.2 0.5

L2,3) 43
No Ni S Cu__ Total Analyses Ni S Cu__ Total Analyses
Nol76 584 196 206 98.6 14 622 0.1 386 1008 2
stdev. 43 15 46
Nol77 602 199 181 981 8 698 01 293 992 2
stdev. 42 2.0 5.1
Nol178 638 206 139 982 5 766 0.0 222 987 2
stdev. 1.5 0.3 12
No18) 689 199 93 98.1 7 884 02 100 986 1
stdev. 09 1.9 1.5
No181 732 198 48 979 10 926 00 53 979 2
stdev. 22.1 6.3 1.6
No199 675 207 124 1006 3 848 0.1 16.3 1012 1
stdev. 0.3 03 0.5

a u
No Ni S Cu__ Total Analyses Ni S Cu __ Total Analyses
No 121 62 00 938 1000 2 02 195 792 989 2
Nol122 135 00 873 1008 2 06 197 788 992 2
No123 197 00 80.8 100.5 2 05 197 787 988 2
Nol24 283 00 718 100.1 2 1.0 194 778 982 2

L23) 1}
No Ni S Cu__ Total Analyses Ni S Cu___ Total Analyses
Nol191 577 244 163 985 16 31 198 762 990 1
stdev. 13 0.2 14
Nol92 487 265 239 991 16 47 203 728 978 1
stdev. 2.8 0.5 33

L2,3) A
No Ni S Cu__ Total Analyses Ni S Cu  Total Analyses
No183 669 295 14 978 6 630 343 06 978 5
stdev. 1.6 0.5 1.5
Nol84 642 286 4.1 97.0 7 628 345 03 976 1
stdev. 0.7 1.0 0.6
No231 463 286 242 992 8 608 345 25 977 2
stdev. 28 0.7 34
No245 623 298 89 1010 3 639 351 12 1002 1
stdev. 08 0.5 03
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L2.3) 1] a

No Ni S Cu___ Total Analyses Ni S Cu __ Total Analyses Ni S Cu__ Total Analyses
Nol125 59.0 192 209 99.1 10 1.8 201 777 996 1 583 0.1 412 995 2
stdev. 1.1 1.6 20

No126 590 199 201 990 6 31 195 767 993 2 587 00 421 1008 2
stdev. 0.7 09 1.5

No127 583 188 218 989 5 1.7 196 782 99.6 2 587 00 411 998 2
stdev. 44 1.8 54

L2,3) n A

No Ni S Cu__ Total Analyses Ni S Cu__ Total Analyses Ni S Cu _ Total Analyses
Nol193 365 289 330 984 20 53 209 718 981 5 616 343 20 979 1
stdev. 3.6 0.7 47

Nol198 365 296 319 980 5 54 21,1 725 990 3 61.3 346 20 978 2
stdev. 1.4 04 1.5

No Ni S Cu_ Total Analyses Ni S Cu  Total Analyses Ni S Cu__Total Analyses
Nol90 54 250 684 988 6 12 216 755 983 6 419 499 56 974 5
stdev. 0.9 04 14
Nol19%6 87 265 642 994 6 28 214 752 993 3 46 496 29 971 2
stdev. 0.9 0.7 12

u
No Ni S Cu_ Total Analyses Ni S Cu __ Total Analyses Ni S Cu__ Total Analyses
Nol9%4 199 280 497 976 6 41 212 724 977 2 577 353 39 938 2
stdev. 0.7 1.0 1.8

No Ni N Cu__ Total Analyses Ni S Cu _ Total Analyses Ni N Cu__ Total Analyses

No233 215 280 495 989 6 590 352 37 979 3 462 500 13 975 2
stdev. 0.9 08 1.8

Samples containing either one of the two liquids L¢,3) or Ly in association with p and A indicates
that the liquid field splits into two separate fields at a temperature below 900°C. The boundary of
L4 towards the Cu-side was determined from analyses of the liquid phase of samples 190 and
196 containing Ls+n+u (Photomicrograph 10). The liquid + Cu,xS + NiwxS (Ls+p+A) phase
assemblage in sample no 194 is shown in Photomicrograph 11. The composition of the liquid
phase in the liquid+NiS,+Ni;,S (Ls+n+\A) phase assemblage in sample no 233 was used to
construct the boundary of L, towards the Ni side (Photomicrograph 12). A separate liquid field
similar to the L, field at 800°C was also observed by Kullerud ef al. (1969) at 780°C (Figure 18).

The Cu-rich boundary of L(;3 was determined from the composition of the liquid phase in

samples 193 and 198 containing liquid + CuS + Nij.S (LzsytutA).

82



a+“

4

M % ﬁ\\t\v + L |
u f I ™ T x
50 wt% o Ni
Figure 40. The 800°C isothermal section with phase boundaries and tie-lines between co-
existing phases. The bulk compositions of the experimental samples are shown as X’s.
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Photomicrograph 10. Typical texture found in charges containing liquid (L) + vaesite (1,
grey)+ Cuy,S (u, bluish grey). Charge 190, at 800°C, (long side of the photomicrograph is
250 pm).

Photomicrograph 11. Liquid (L4 with exsolutions, co-existing with Cu,..S (i, blue) and
NiS (4, yellow). Charge 194, at 800°C, (long side of the photomicrograph is 1.25mm).
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Photomicrograph 12. Liquid (Ly) + vaesite (1, grey) + Ni,..S (4, yellow) in charge no. 233
at 800°C, (long side of the photomicrograph is 1.25mm).

According to the Ni-S binary phase diagram (Figure 2, Lin ef al., 1978) Niz+S, (0) starts to
crystallise at ~806°C. From Figure 2 it can be seen that the initial Niz+S, composition that would
crystallise at ~806°C is more sulphur-rich than stoichiometric low-temperature NisS,. On the Ni-
S binary of the 800°C isothermal section of the Cu-Ni-S system one would therefore expect a
field of solid Niz+S,. The presence of this high sulphur 6 phase is shown in Figure 41.
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Figure 41. Portion of the 800°C isothermal section of the Cu-Ni-S system. The positions of
the NizS> (6), liquid + NisuS: (Lo3y+6), and NipS + NiswS: (A+6) fields are in
accordance with the Ni-S binary diagram (Lin et al., 1978). The liquid + Ni;..S + Ni3sS
(L.3+ A+ 6) phase field is shown schematically.

According to Cemic and Kleppa (1986), NiS, can be synthesised from NiS and sulphur as
starting materials within 48 hours at 600°C. The result was said to consist entirely of crystalline
cubic NiS,. However, this does not seem to be the case in the system Cu-Ni-S at 800°C using
the pure elements as starting materials. Two samples (no. 213 with Cu=32.3, Ni=31.9, and
S=35.8; and no. 189 with Cu=16.9, Ni=39.1, and S=44.0) were not in equilibrium after being
pre-reacted at <800°C for 22 days and tempered at 800°C for 26 days. Both contained NiS,,
NipsS, Cuz.S and liquids. Although the NiS, grains, the Cuy.S, and the liquid were in contact
with each other, Ni; xS only occurred as cores in the NiS; grains and was not in contact with the
other phases, and hence not in equilibrium. The non-equilibrium phase assemblage is shown in

Photomicrograph 13.
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The reaction between Ni and S, to form a bisulphide consists of two steps: First the

monosulphide is formed and then the disulphide forms according to the reactions:

2Ni+ S, = 2NiS (millerite)
2NiS + S, =2NiS, (vaesite)

Photomicrograph 13. Charge (no. 189) at 800 °C did not have sufficient time to reach
equilibrium. NiS, (7, grey) contains NiS cores (A, yellow) together with liquid
(intergrowths) and Cu,,S (u, not visible in this photograph) (long side of the
photomicrograph is 1.25 mm).

A possible solution to the problem might be to melt the charges before tempering. Charges

containing large quantities of sulphur, however, can not always be molten at higher temperatures

as high sulphur partial pressures can lead to the failure of the glass tubes.
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4.7 THE 700°C ISOTHERMAL SECTION

The charges made for investigation of the 700°C isothermal section and their compositions, and

pre-reaction and tempering histories are listed in Appendix A-6. The averaged SEM analyses are

listed in Table 19 and are presented in Figure 42.

Table 19. The averaged SEM analyses (wt%) of co-existing phases at 700°C, with the

number of areas that were analysed, and the calculated standard deviations (1o).

L223)
No Ni S Cu Total Analyses
No 261 69.0 23.1 58 979 1
No 262 69.0 23.1 58 979 3
Stdev. 19 02 1.0
L23) a
No Ni S Cu Total Analyses Ni S Cu Total Analyses
No 257 66.3 20.7 11.6 98.6 6 78.7 0.1 215 100.2 2
Stdev. 1.1 0.7 1.1
No 258 71.0 20.5 8.2 99.7 10 90.6 0.0 10.5 101.1 1
Stdev. 12 14 24
No259 746 219 30 99.5 4 96.5 0.1 52 101.8 1
Stdev. 0.0 0.6 0.5
n a
No Ni S Cu Total Analyses Ni S Cu Total Analyses
No 250 0.5 19.6 78.8 98.8 1 15.7 0.0 852 100.8 2
No 251 0.0 193 78.7 98.1 1 313 0.0 69.2 100.6 2
No 252 1.1 20.0 78.5 98.5 1 454 0.0 56.2 101.6 3
No253 12 193 789 98.1 1 56.2 0.0 45.1 101.3 2
123) 1}
No Ni S Cu Total Analyses Ni S Cu Total Analyses
No260 649 228 12.1 998 3 1.8 197 780 994 1
Stdev. 0.4 0.1 0.6
No 265 64.1 221 140 100.2 9 1.1 19.4 79.0 99.5 2
Stdev. 1.7 0.6 1.7
No 266 61.4 26.5 11.6 9.4 3 12 19.9 776 98.8 2
Stdev. 1.8 0.7 1.7
No270 65.2 235 11.0 99.8 2 1.8 19.7 78.6 100.1 1
Stdev. 03 0.0 1.0
A 0
No Ni S Cu Total Analyses Ni S Cu Total Analyses
No219 64.0 347 03 99.0 3 66.9 293 40 100.1 3
I A
No Ni S Cu Total Analyses Ni S Cu Total Analyses
No 268 0.9 20.2 773 98.4 1 60.4 351 22 977 2
142.3) [ a
No Ni S Cu Total Analyses Ni S Cu Total Analyses Ni S Cu Total
No256 64.5 199 15.0 99.5 6 - - - - 69.0 0.0 317 1007
Stdev. 13 2.1 1.7
No 255 64.8 202 144 9.4 5 09 194 78.0 984 1 68.2 0.0 324 100.6
Stdev. 14 1.1 13
B A n
No Ni S Cu Total Analyses Ni S Cu Total Analyses Ni S Cu Total
No 195 1.1 210 744 96.5 2 451 50.7 2.1 978 1 56.6 344 26 936
No232 07 20.7 78.0 99.4 1 60.7 36.6 26 99.9 I 46.8 509 1.4 99.1
B A 0
No Ni S Cu Total Analyses  Ni S Cu Total Analyses  Ni S Cu  Total
No 267 09 19.6 78.8 993 1 62.4 34.1 23 989 1 66.6 294 19 979
Stdev. 30 14 0.2
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Figure 42. The 700°C isothermal section of the Cu-Ni-S system with tie-lines between co-
existing phases. The bulk compositions of the experimental samples are shown as X’s.
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The liquid L, field disappears at a temperature between 800°C and 700°C, and only a small
portion of liquid L3 is present just below the Nis.S, phase field. As a result, the 700°C
isothermal section (Figure 42) contains mostly solid phase assemblages, such as
Cuz4S + Niy,S (u+A) (Photomicrograph 14), NiS; + CuasS + NijS (n+u+1) (Photomicrograph
15), and CupsS + NipyS + NizwS; (ut+A+0) (Photomicrograph 16). These observed phase
associations at 700°C (Figure 42) are in accordance with the 600°C isothermal section (Moh and
Kullerud, 1963, redrawn by Chang et al., 1979) as shown in Figure 43.

Photomicrograph 14. Cu,.S (1, grey) + Ni;..S (A, yellow) in charge no. 268 at 700°C,
(long side of the photomicrograph is 250 um).
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Photomicrograph 15. This assemblage of solid phases in the absence of a liquid phase was
observed in charge 232, at 700°C. The phases are NiS: (n, grey) + Cuz,S (1, bluish grey
in comparison) + Ni,..S (4, yellow), (long side of the photomicrograph is 250 um).

Photomicrograph 16. Intergrowth of Cu,.S (u, grey) + Ni;..S (4, light yellow) + Nis..S> (6,
darker and lighter yellow). It is not possible to distinguish between Ni,..S and Ni;..S> on

the photograph, due to their similar colours. Charge 267, at 700°C, (long side of the
photomicrograph is 250 um).
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Figure 43. The 600°C isothermal section of the Cu-Ni-S system (Moh and Kullerud, 1963,
redrawn by Chang et al., 1979).
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CHAPTERSS

DISCUSSION

The isothermal sections are combined to produce the liquidus phase diagram. The crystallisation
paths are deduced from the liquidus diagram and from the phase relations of the individual
isothermal sections.
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S. DISCUSSION

5.1 LIQUIDUS ISOTHERMS

The liquidus isotherms from the individual isothermal sections from 1200°C to 700°C were
combined to produce the liquidus phase diagram (Figure 44). The immiscible liquid field of L; +
L(23) on the sulphur-rich side of the phase diagram corresponds with the binary Cu-S (Massalski,
1986) and Ni-S (Lin ef al., 1978) phase diagrams and the 1000°C and 900°C isotherms in this
field is shown schematically. There is a miscibility gap on the Cu-rich side of the diagram with
co-existing L, + L3 above ~1000°C (Schlitt ez al., 1973). The extent of this miscibility gap at is
from Lee et al., (1980).

From Figure 44 it can be seen that the liquid field shrinks on cooling. Figure 44 can be used to
determine the liquidus temperature of the first phase that will crystallise from a Cu-Ni-S melt by
plotting the sample composition on the diagram and interpolating between the isotherms if
necessary. In order to determine which mineral phase will be the first to crystallise, the stability
fields of the minerals and the crystallisation paths of the system must be known.
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Figure 44. Liquidus isotherms of the system Cu-Ni-S from 1200°C to 700°C. The extent of
the immiscible liquid field on the Cu-side of the diagram is from Lee et al. (1978) and the
approximate position of the 1100°C monotectic line is by extrapolation from Schlitt et al.,
(1973). The immiscible liquid field on the sulphur-rich side of the diagram, and the
1000°C, and 900°C isotherms in this field are shown schematically.
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5.2 CRYSTALLISATION PATHS

At 1000°C and lower temperatures three-phase fields containing one liquid and two solid phases,
i.e. the liquid + Cup,S + alloy (L +Hp-+ot) field, were observed. Such fields of invariant equilibria
in the isothermal sections were used for construction of the crystallisation paths of the Cu-Ni-S
system (Figure 45). In effect, the change in the liquid composition with temperature for these

phase associations simulates the fractionation of the sulphide melt on cooling.

In Figure 45 the analysed liquid compositions for invariant equilibria, as determined at each
individual isothermal section, are depicted. Several reference points from the binary phase
diagrams of Ni-S (Lin et al., 1978, Figure 46, Meyer et al., 1975, Figure 47), Cu-S (Massalski,
1986, Figure 48), and Cu-Ni (Massalski, 1986, Figure 49) are shown on the axes of Figure 45.
These are points are listed alphabetically and correspond to binary liquidus compositions and
eutectic points in Figures 46, 47, 48, and 49.

It can be seen in Figure 45 that the crystallisation paths of the ternary phase diagram is consistent
with the binary phase diagrams and temary liquid isotherms. The determination of the exact
positions of the eutectic points E2, E3, and E4 was beyond the scope of this investigation, but
the approximate positions could be deduced from the information summarised in Figure 45. The
crystallisation paths on the sulphur apex of the diagram is shown schematically (J. Nell, pers.
comm., 1997).

Because of the complexity and relatively small scale of Figure 45, enlargements of different

portions of the diagram will presented and discussed separately.
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Invariant phase equilibria at:

a 700°C X
7
o 900°C /M ]

v 1000°C

Eutectic points from literature

® Késter and Mulfinger (1940)
v Kullerud et al. (1969)

a Stoichiometric mineral

Figure 45. Liquid compositions of invariant equilibria, as determined in the isothermal
sections, were used for the construction of crystallisation paths of the Cu-Ni-S system.
Several reference points from the binary phase diagrams of Ni-S (Lin et al., 1978, and
Meyer et al., 1975) Cu-Ni (Massalski, 1986), and Cu-S (Massalski, 1986) are shown
(circles, alphabetically). The compositions of the eutectic points are inferred from the
isothermal liquid fields. Eutectic points from the literature are shown, as listed. The
sulphur-rich part of the diagram is shown schematically (J. Nell, pers. comm., 1997).
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Figure 46. Ni-S phase diagram (Lin et al., 1978). Alphabetical reference points are shown

for comparison with the ternary Cu-Ni-S phase diagram.
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Figure 47. The liquidus for the Ni-S system was determined by various investigators
(summarised by Meyer et al., 1975). Alphabetical reference points are shown for
comparison with the ternary Cu-Ni-S phase diagram.
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Figure 48. Cu-S phase diagram (Massalski, 1986). Alphabetical reference points are
shown for comparison with the ternary Cu-Ni-S phase diagram.
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Figure 49. The Cu-Ni phase diagram (Massalski, 1986). Alphabetical reference points are
shown for comparison with the ternary Cu-Ni-S phase diagram.

i) Sulphur-rich portion

The retraction of the liquid field L3, from the Cu-S binary is evident from the eutectic in the
Cu-S system at 813°C (Massalski, 1986; point w in Figures 48, 45 and 50) and from the Ni-S
binary at 1022°C (Lin et al., 1978; point n in Figures 45, 46 and 50). The crystallisation paths
leading to eutectic points on the sulphur-rich side of the diagram is shown schematically in
Figures 45 and 50. For clarity on the incongruent melting of NiS; (1), the liquidus stability fields
are highlighted in Figure 50.

The intersection of the Cu,S-NiS, tie-line with the crystallisation path indicates a thermal

maximum (point M1, Figure 50). Point U1 represents the liquid composition of the invariant

equilibrium of Ly+u+n at 800°C (Figure 50, see also Table 15).
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Figure 50. Crystallisation paths in the sulphur rich portion of the Cu-Ni-S phase diagram
is shown schematically. The liquidus stability fields for NiS, (n) are highlighted.

ii) Eutectic point E2

The crystallisation path leads from the intersection with the Cu,S-NiS tie-line (point M1, Figure
51) through the 800°C liquid field (L) to point E2.

The liquid field retracts from Ni-S binary with an eutectic occurring between NiS and NiS; at
993°C (Lin et al., 1978). This binary eutectic is indicated by point 1 in Figures 46 and 51. The
crystallisation path follows through the liquid composition of the invariant L3n+A phase
equilibrium at 900°C (point U4, Figure 51, see also Table 14) and the Ls#+n+A equilibrium at
800°C* (point U2, Figure 51, see also Table 15) to point E2.

! The nomenclature for L, and L, 3, is only to distinguish the two liquid fields from one another at 800°C.
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Cu;;s 82 F
Cu

Figure 51. Portion of the Cu-Ni-S phase diagram, showing the crystallisation paths
leading to the eutectic point E2, with the position of point E2 shown schematically. The
liquid field retracts from point | on the Ni-S binary at 993°C (Lin et al., 1978).
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The invariant equilibrium in the liquid + Cup,S + NijS (L23yHt+A) phase assemblage at 800°C
(point US in Figure 51, see also Table 15) is indicated by the analysed compositions of Ly, 3 from
two samples. Point US is in close proximity to the thermal maximum (M2) at the intersection of
the Cu,S-NiS tie-line with the crystallisation path. The crystallisation path follows through these
points and through the invariant equilibrium in the Ly+u+) phase assemblage at 800°C (point U3

in Figure 51, see also Table 15) to the eutectic point E2. Point E2 is shown schematically in
Figure 51.

According to Kullerud e al. (1969), the liquid field retracts from the Cu-S binary and the
separate liquid field (L) disappears at 770°C at the ternary eutectic point with: Ni = 19 wt%; S
= 38 wt%; Cu = 43 wt% (down triangle in Figure 51). The position of this eutectic point
described by Kullerud ef al. (1969) is not in accordance with the retraction trend of the liquid
from the Cu-S binary, or the position of the liquid field L, at 800°C (Figure 51).

iii) Eutectic point E3

The binary eutectic between Ni;S; and NiS in the Ni-S system at 800°C is indicated by point i in
Figure 46 (Lin et al., 1978) and in Figure 52. The crystallisation path leads from point i on the
Ni-S binary to an eutectic point with the approximate position indicated by point E3 (Figure 52).
The other crystallisation paths that lead to point E3 in Figure 52 are from the thermal maxima at
M2 and M3.

According to the Ni-S binary phase diagram (Figure 53, Lin et al., 1978), high temperature
Niz:S, (0) can crystallise from ~806°C. The first Nis..S; (0) to crystallise (indicated by point a,
Figure 53) will have a composition more sulphur-rich than stoichiometric low temperature NizS,
(point b, Figure 53). It can also be seen in Figure 53 that with decreasing temperature the Niz.xS;
phase field spans a considerable range of compositions. The large variation in the eutectic point
determinations of the Cu,S-Nis.,S, system (as discussed in Chapter 1) can thus be explained.
Since the sulphur content of Ni;.xS; can vary considerably, the sulphur content in Nis.xS; will
depend on the experimental set-up used by the investigators, i.e. whether the sulphide minerals
used as starting materials were prepared with over-, or under-saturation of sulphur. The starting
materials produced by, for example, Hayward (1915) contained impurities, and the sulphur
content of the prepared sulphides was determined by calculating the difference between the metal
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content and 100%. It is not clear from the experimental method employed by Koster and

Mulfinger (1940) and in Sproule et al. (1960) what the actual sulphur content of the Nis.,S; used

for the experiments was.
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Figure 52. Portion of the Cu-Ni-S phase diagram, showing the crystallisation paths
leading to point E3 with the position of point E3 shown schematically. The liquid field
retracts from point i on the Ni-S binary at ~800°C (Lin et al., 1978).
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Figure 53. The Ni-S binary phase diagram (Lin et al., 1978). The Ni.,S- (6) phase will
initially (at ~806°C) contain a higher sulphur content (point a) than stoichiometric NisS;
(point b). :

Deviation from the stoichiometric Ni;S, phase composition introduces an additional degree of
freedom in the Cu,S-NisS, system, and it will cause the Cu,S-NisS, tie-line in the ternary
Cu-Ni-S system to be variable. This tie-line will only be fixed when the low temperature,
stoichiometric Ni;S, phase becomes stable. In Figure 54 the extent of the liquid L3 field at a
temperature between 700°C and 800°C is shown schematically. The crystallisation paths are also
shown to explain the development of the phase fields on cooling. Two Cu,S-NisS; tie-lines are
shown in Figure 54 (dashed lines, Cu,S - a, and Cu,S - b). Point a and b corresponds,
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respectively, to a binary thermal maximum and the stoichiometric Ni;S; phase composition in the
Ni-S system (Figure 53).

With cooling below 800°C the liquid L2, field in the Cu-Ni-S system is expected to split into
two different fields Lio3) and Ls. If the Cu,S-Ni;S, system was a pseudo-binary system, the
intersection of line Cu,S - b with the crystallisation curve would have been a temperature
maximum (Figure 54). However, with the Cu,S-Ni;S, system not being a pseudo-binary, the
temperature maximum is unlikely to be on the Cu,S - b tie-line. The two liquid fields L, 3, and Ls
are shown in Figure 55. The most likely position for the ternary thermal maximum (point c) is
indicated on the dashed line Cu,S - a.

The disappearance of the Ls field with further cooling to 700°C and the consequent formation of
the Cup,S + NijS + Niz.S; (u+A+0) phase field (Figure 56) is in accordance with the 600°C
isothermal section from Moh and Kullerud (1963) (redrawn by Chang et al., 1979) as shown in
Figure 43.

LAn+A

wt% Cu Ni

Figure 54. Portion of the Cu-Ni-S phase diagram at a temperature below 800°C. The
extent of the liquid field L3 is in accordance with the 800°C and 700°C isothermal
sections and the crystallisation paths.
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Figure 55. Portion of the Cu-Ni-S phase diagram above 700°C. The liquid field L 3 splits
into two fields, and the L 3 and Ls fields are shown schematically.
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Figure 56. Portion of the Cu-Ni-S phase diagram at 700°C together with the

crystallisation paths.
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iv) Eutectic point E4

There is a binary eutectic point at 1085°C in the Cu-S phase diagram, indicated by point q in
Figure 48 (Massalski, 1986). The liquid field retracts from point q on the Cu-S binary in Figure
57, and the liquid composition follows the crystallisation path described by the liquid + CuyS +
alloy (L3+ut+o) phase assemblage at 1000°C, 900°C, 800°C, and 700°C. This path leads to the
eutectic point E4 at 575°C (Sproule et al., 1960)

The binary eutectic between Ni and Ni;S, at 637°C is indicated by point g in Figure 46 (Lin ef
al., 1978) and Figure 57. The liquid field retracts from point g to point E4. The third
crystallisation path that leads to point E4 indicates the retraction of the liquid field from the
thermal maximum at the intersection of the Cu,S-Ni;S, tie-line (point M3) as discussed earlier.

There is some discrepancy between the temperature of the binary eutectic in the Ni-S system
determined by Lin et al. (1978) with the data of Kullerud e al. (1969) and Késter and Mulfinger
(1940). Lin et al. (1978) reported the binary eutectic at 637°C, while Kullerud et al. (1969)
reported the retraction of the liquid field from the Ni-S binary at 24.2 wt% S at 553°C, and
Koster and Mulfinger (1940) found that the liquid field retracts from the Ni-S boundary (and
Ni;S, + Ni becomes stable) at 645°C. The composition of the eutectic point E4 by Koster and
Mulfinger (1940) differs from the other previous investigations, and it is not consistent with the

crystallisation paths and liquidus isotherms of this investigation (Figure 57).

To summarise the discussion of the crystallisation paths, the phase diagram of the Cu-Ni-S
system is presented in Figure 58. The solidus diagram below the E4 eutectic point at ~575°C is
shown in Figure 59. The solidus diagram that includes the ternary component CuNi,Ss at 500°C
is shown in Figure 20 (after Kullerud et al., 1969).
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Figure 57. Portion of the Cu-Ni-S phase diagram

leading to the eutectic point E4.
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10

Figure 58. Liquidus isotherms and crystallisation paths of the system Cu-Ni-S, showing the
approximate positions of the eutectic points. The sulphur-rich portion of the diagram could
not be determined due to experimental difficulties and is shown schematically.
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Figure 59. Portion of the Cu-Ni-S solidus phase diagram below the eutectic point E4 at
~575°C.
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CHAPTER 6

IMPLICATIONS

Applications of the experimentally determined phase diagrams are discussed, with implications
for the slow cooling process of PGE beneficiation. The effect of Fe on the phase relations and

formation temperatures of phases in the Cu-Ni-S system is evaluated.
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6. IMPLICATIONS

6.1 CRYSTALISATION SEQUENCE OF SLOW-COOLED MATTE

The liquidus temperatures and the phase formation sequences of slow-cooled matte can be
determined using the Cu-Ni-S phase diagram as an approximatiohf@xamples of possible
converter matte compositions (Cu/Ni ratios of 0.8 and 0.4, and S contents of 18 to 22 wt% S)
are plotted on the Cu-Ni-S phase diagram (Figure 60). The converter matte compositions with
Cu/Ni ratios of 0.8 and 0.4 plotting in the primary Cu,S field will start crystallising Cu,S at
temperatures between ~950°C and ~850°C respectively. Samples with Cu/Ni ratios of 0.4
plotting in the primary alloy field will crystallise alloy as the first phase, with liquidus
temperatures of ~900°C (18 wt% S) or ~850°C (19 wt% S). Samples with these compositions
will contain alloy (CuxNigo, Sproule et al., 1960), Cu,S and Ni;S; after solidification, as shown
in Figures 61 to 64.

On evaluation of the possible phase formation sequence of slow-cooled matte, it was found that
the sulphur content is very critical and that only a 1 wt% change in the sulphur content of the
matte in the range from 18 to 22 wt% will lead to different crystallisation sequences. There is a
certain critical sulphur content that will cause the composition of the liquid to fractionate directly
to the eutectic point E4: higher sulphur contents will cause crystallisation of the alloy phase only
at the eutectic point, and lower sulphur contents will lead to the formation of alloy before the
eutectic point. The critical sulphur content is shown in Figure 60 as a straight line between Cu,S
and E4 (with point E4 from Sproule ef al., 1960). The critical sulphur content of the sample
depends on the Cu/Ni ratio of the bulk sample composition. The exact composition of the first
phase that will crystallise (usually a Cu,S-type phase) will influence the critical sulphur content,
as the phase composition will determine the composition of the liquid during fractionation. The
exact position of the eutectic point E4 is also important, but previous investigations showed

disagreement (Table 3).
Using the stoichiometric Cu,S phase as the composition of primary Cu,S and the eutectic point
from Sproule et al. (1960) as point E4, the theoretical crystallisation paths that can be expected

for mattes with different sulphur contents are illustrated in Figures 61 to 64.
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Figure 60. Examples of possible converter matte compositions (shown as x’s) with Cu/Ni

ratios of 0.8 and 0.4 and S contents ranging from 18 to 22 wt% S are projected on the

Cu-Ni-§ phase diagram. The eutectic point E4 is from Sproule et al. (1960).
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i) Path A

Matte containing < 18 wt % S (with Cu/Ni ratio =0.8) or < 19.5 wt% S (Cuw/Ni ratio of 0.4),
plots in the primary alloy field, and alloy will be the first phase to crystallise. The crystallisation
path of such mattes is shown in Figure 61, using as an example a sulphur content of 18 wt% and
a Cu/Ni ratio of 0.6. The liquid composition will change with cooling, following a straight line
through the alloy and the matte composition (x, Figure 61), until the Cu,S - alloy eutectic line is
reached (d, Figure 61). From point d onwards, Cu,S will start to crystallise and liquid + Cu,S +
alloy will co-exist until the liquid composition reaches the eutectic point E4. At point E4, Ni;S,
will start crystallising and Ni;S; + Cu,S + alloy will crystallise simultaneously until the matte is
solidified, before the temperature can drop below the eutectic temperature (575°C, Sproule et
al., 1960).
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Figure 61. The crystallisation path of a sample with 18 wt% S and a Cu/Ni ratio of 0.6
(marked with X). Alloy crystallises first, causing the liquid to fractionate from point X to d,
where Cu,S and alloy crystallise simultaneously (d-E4), until the eutectic point E4 is
reached, where Cu.S, alloy, and Ni;S; crystallise until the sample is solidified. Point E4 is
JSrom Sproule et al. (1960).
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ii) Path B

Mattes plotting in the primary Cu,S field (Figure 60) with S contents between 18 and 21 wt % S
(Cu/Ni ratio of 0.8) or between 19.5 and 21.3 wt% S (Cu/Ni ratios of 0.4) will form Cu,S first.
An example of the crystallisation path that such mattes will follow is shown in Figure 62, using a
matte composition of 20 wt%S and a Cu/Ni ratio of 0.6. The liquid composition will follow the
path determined by a straight line from the Cu,S composition through the point representing the
matte composition (x, Figure 62), until the Cu,S - alloy crystallisation path is reached at point a.
From point a on alloy will start crystallising and liquid + Cu,S + alloy will co-exist until the
liquid reaches the eutectic point E4. At the eutectic point NizS; will also start to crystallise, and
the temperature will stay at the eutectic temperature while Cu,S + alloy + Ni3S, crystallise until

the matte is solidified, before the matte can cool below the eutectic temperature.
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Figure 62. The crystallisation path of a sample with 20 wt% S and a Cu/Ni ratio of 0.6
(marked with x). Cu,S crystallises first, causing the liquid to fractionate from X to point a,
where Cu,S and alloy crystallise simultaneously (a-E4), until the eutectic point 4 is
reached, where Cu.S, alloy, and NisS, crystallise until the sample is solidified. Point F4 is
Jfrom Sproule et al. (1960).
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iii) Path C

As shown in Figure 60 the critical sulphur content is 21 wt % (Cu/Ni ratio of 0.8) or 21.3 wt%

(Cu/Ni ratios of 0.4). With such compositions the matte will follow the crystallisation path as

shown in Figure 63, using a sulphur content of 21.2 wt% and a Cu/Ni ratio of 0.6. The matte

will crystallise Cu,S first and the liquid composition will change directly to the eutectic point E4,

where Ni;S; and alloy will also start to crystallise. At the eutectic point Cu,S + Ni;S; + alloy will

crystallise until the matte is solidified.
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Figure 63. The crystallisation path of a sample with 21.2 wt% S and a Cu/Ni ratio of 0.6
(marked with x). CuS crystallises first, causing the liquid to fractionate from X to the
eutectic point E4, where Cu,S, alloy, and NisS, crystallise until the sample is solidified.

Point E4 is from Sproule et al. (1960).
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iv) Path D

With sulphur contents >21 wt % (Cu/Ni ratio of 0.8) or >21.3 wt% (Cu/Ni ratios of 0.4) Cu,S
will crystallise first followed by Nis;S, (Figure 60). An example of the crystallisation path that
such mattes will follow is shown in Figure 64, using a sulphur content of 22 wt% and a Cu/Ni
ratio of 0.6. Cu,S will crystallise first and the liquid composition will follow a straight line from
the matte composition (x, Figure 64), directly away from the Cu,S phase, until the Cu,S - Ni;S,
eutectic line is reached at point h. At point h, NizS, will start to crystallise and from this point
onwards liquid + Cu,S + NizS, will co-exist until the eutectic point (E4) is reached, where alloy
will start to form. Cu,S + Ni;S; + alloy will crystallise at the eutectic temperature until the matte
is solidified.

— Cu/Ni=0.6
22%S—w

Figure 64. The crystallisation path of a sample with 22 wt% S and a Cu/Ni ratio of 0.5
(marked with x). Cu,S crystallises first, causing the liquid to fractionate from point X to h,
where Cu,S and NisS crystallise simultaneously (h-E4), until the eutectic point E4 is
reached, where Cu,S, alloy, and NisS; crystallise until the sample is solidified. Point E4 is
Jfrom Sproule et al. (1960).
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6.2 PHASE SEGREGATION THROUGH AN INGOT:

The typical phase segregation found in slow-cooled matte is Cu,S enfichment at the top of the
ingot, and Ni;S, and alloy at the bottom of the ingot, and this was widely accepted to be due to
gravity separation during cooling (Sproule et al., 1960). In this s{udy, however, Cu,S crystals
were not observed to ‘float” when equilibrated in the presence of a liquid, but rather for liquid to
form a sphere in the centre of the sample, surrounded by Cu,S. In contrast, gravity segregation
of alloy in equilibrium with a sulphide melt was observed frequently in this investigation. The
theory of gravity separation in the system Cu-Ni-S can thus not be excluded completely, but it

was not observed for any phase association other than liquid + alloy.

Hayward (1915) reported the specific gravity of Cu,S and NisS; to be very similar, (Cu,S = 5.76
and Ni;S, = 5.84), while the specific gravity of the metallic alloy phase is much higher (CuxNiso
= 8.82). Although sulphide melt has a low viscosity which could facilitate gravity segregation in
a largely molten ingot, the gravity segregation model does not explain why NizS; and Cu,S with
such similar relative densities are not found at the same level in the ingot, while NizS, and alloy
with very different densities are found together. Furthermore, it must be kept in mind that
gravity segregation can only occur if there is only a small amount of solid phases present in the
melt, in order to facilitate movement. It is quite possible that certain phases can float or sink in an
association of a solid phase + liquid, but the segregation of all the phases in an ingot due to

gravitation is unlikely.

The cooling paths shown in Figures 62, 63, and 64 indicate that for normal matte compositions
high temperature Cu,S crystallises early in the crystallisation sequence. This phase forms
predominantly in the top region of the ingot (Sproule ez a/., 1960). With continued crystallisation
of Cu,S the molten matte becomes depleted in the Cu,S component and the composition of the
liquid fractionates towards relative enrichment in alloy and Ni;S;, which have the lowest
formation temperatures. The alloy and Ni;S, is found in the bottom of the ingot (Sproule et al.,
1960). It seems therefore that the segregation found in slow-cooled ingots is rather due to
fractional crystallisation caused by disparate phase formation temperatures than gravity

segregation.
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6.3 AMOUNT OF ALLOY

For economic reasons the amount of alloy formed during slow-cooling must not exceed 15 to 20
volume % of the total ingot (Sproule et al, 1960). Changes in the matte composition are related
to the proportions of phases that will form. If the composition of the matte is plotted onto the

Cu-Ni-S phase diagram, the lever rule can be used to give an indication of the amount of alloy
that will form.

The wt % of alloy that forms when the sulphur content and the Cu/Ni ratio is changed is shown
in Figure 65. With the higher S content at 22 wt % and the lower S content at 18 wt% the
amount of alloy that will form, varies from 8 to 23 wt % respectively for a Cu/Ni ratio of 0.8.
The relative change in sulphur content from 22 wt% to 18 wt% leads to a change from 12 to 27
wt % alloy at a Cu/Ni ratio of 0.4. If one were to compare two samples with a similar sulphur
content but different Cu/Ni ratios, it can be seen in Figure 65 that more alloy will form at lower
Cu/Ni ratios.
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Figure 65. The wt % of phases that the solidified sample will contain can be determined by
plotting the sample composition (X) on the phase diagram. The examples shown here plot
in the Cu,S-Ni;Sy-alloy stability triangle. A line through the sample composition and the
eutectic alloy composition CuxNisy (Sproule et al., 1960) can be used for alloy wt %
determinations by means of the lever rule. Samples being compared are those with similar
Cu/Ni ratios (0.8) and sulphur contents of respectively 22 and 18 wt% S, as well as
samples with a Cu/Ni ratio of 0.4 and 22 and 18 wt% S. The wt % of alloy that will form
increases when the sulphur content decreases (with constant Cu/Ni ratios). The amount of
alloy also increases with decreasing Cu/Ni ratio (at a constant sulphur content).
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6.4 THE EFFECT OF Fe ON THE PHASE RELATIONS

The major components of converter matte are Cu, Ni, and S, with small amounts of Fe, PGEs,
Co and trace amounts of other elements. These elements may cause differences in the phase
diagram of the Cu-Ni-S system. The effect of various PGEs on the phase relations in the Cu-Ni-
S system have not yet been systematically investigated (Nell, 1987), and their effect in
combination with that of the other mentioned elements in a matte is not known. The largest
effect of a single element on the system Cu-Ni-S will probably be that of Fe, because
approximately 3 wt% Fe (Mostert and Roberts, 1973) is usually present in converter matte that
undergoes slow cooling. It was therefore necessary to estimate what the effect of small amounts

of Fe would be on the phase relations of the Cu-Ni-S system.

As can be seen on the schematic Cu-Ni-Fe-S diagrams (Figures 66_and 67) by Craig’ and
Kullerud~(1969), the Fe-containing system is very complex and it is vastly different from the
Cu-Ni-S system. This is mainly due to the presence of the monosulphide solid solution field
which dominates the phase relations at high temperatures. Converter mattes typical for slow-
cooling, however, contain only approximately 3 wt% Fe (Mostert and Roberts, 1973) and it
should not contain enough sulphur for the formation of a monosulphide phase. Pentlandite can
occur (Lindsay and Sellshop, 1988), but it probably becomes significant only when the Fe
content of the matte is higher than usual. The presence of pentlandite is detrimental as PGMs
have a high affinity for the (Fe or Ni) monosulphide phase (Distler et al., 1977). The small
amounts of Fe that is typical for converter matte (<3 wt%) is thus expected to have minor

influences on the phase relations of the system.
In slow-cooled matte Fe occurs mainly in the form of Cu-Ni-Fe alloy, with some Fe present in

the Cu,.,S-CusFeS, (chalcocite-bornite) solid solution (Lindsay and Selishop, 1988) as well as in
the (Fe,Ni)s.,S; phase (as observed in experiments by Craig and Kullerud, 1969).
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wt%
Figure 66. Schematic Cu-Ni-Fe-S diagram at 1000°C by Craig and Kullerud (1969).(Mss -

monosulphide solid solution; vs - vaesite; bn ss - bornite solid solution).
S

wt% Fe
Figure 67. Schematic Cu-Ni-Fe-S diagram at 850°C by Craig and Kullerud (1969). Mss -
monosulphide solid solution; vs - vaesite; bn ss - bornite solid solution; cp ss -
chalcopyrite solid solution.
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i) The effect of Fe on Cu-Ni alloy

Cu-Ni alloys are ferromagnetic if the Ni content is above ~35 wt% (Ko6ster and Mulfinger,
1940). The magnetism of Cu-Ni-S samples was also observed when positioning the samples with
a pair of metallic tweezers for mounting in a polished section. Small amounts of Fe in the alloy
will probably increase the ferromagnetism of the alloy and facilitate better magnetic separation of
slow-cooled matte. It is known that PGEs have very high partition coefficients for Fe-containing
metallic phases (Fleet and Stone, 1991).:Investigations by Merkle and van den Berg (1996)
showed that Pt will be concentrated in a Cu-Ni alloy containing virtually no Fe. 'The importance
of Fe in the alloy is still unclear and it is being investigated further (R. Merkle pers. comm.).

It must be kept in mind that the concentration of Fe in the alloy phase is not only dependent on
the amount of Fe in the matte, but also on the amount of alloy that forms. With small amounts of

alloy the Fe concentration in the alloy will be higher than with large amounts of alloy.
ii) The effect of Fe on the Cu,,S - type phase

The presence of Fe in the Cu,S - CusFeS, solid solution will cause the sulphide phase to have a
higher sulphur content than stoichiometric Cu,S. This can be seen from the extent of the
Cu,,S-CusFeS, phase field in the Cu-Fe-S system (Figure 68, Chang et al., 1979). If the bulk
composition of the matte is such that Cu,,S-CusFeS, is the first phase to crystallise then the
higher sulphur content of the phase will influence the crystallisaticn paths that the matte will
follow. The high sulphur content has a leverage effect on the composition of the fractionating
liquid and the liquid will become more metal rich as the Cu,,S-CusFeS, phase crystallises,

causing earlier crystallisation of alloy.
iii) The effect of Fe on the Ni;S,-type phase

It is not certain what the effect of Fe in the (Fe,Ni)s..S, phase (Craig and Kullerud, 1969) would

be on the phase formation temperatures.
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Figure 68. Phase boundaries and tie-lines in the system Cu-Fe-S at 1000°C (Chang et al.,

1979), showing that the Cu,S-CusFeS, solid solution contains more sulphur than the iron-
Jree Cus,S phase.
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6.S PARTITIONING BEHAVIOUR OF PGEs:

If it is assumed that all platinum group elements (PGEs) occur in a dissolved state in molten
converter matte, then the partitioning behaviour of the PGEs will depend on the crystallisation
sequence of the phases. It was shown earlier that the sequence of phase formation depends on
the composition of the matte. During the slow-cooling of the matte, the PGEs will either
partition into a specific solid phase (i.e. Cu-Ni alloy or a sulphide phase) or stay dissolved in the
melt until it solidifies. It is, however, important for recovery that the PGEs are accommodated in

the magnetic Cu-Ni alloy.

Studies by Distler ef al. (1977) on the distribution of Pd, Rh and Ru in the Fe-Ni-S system
showed that Pd preferentially partitioned into the liquid (of a composition close to M;S;), while
Ru and Rh preferentially partitioned into the early crystalline phase, namely monosulphide solid
solution (Fe or Ni mss). The experimental charges contained high S values with S = 33.3 -
33.8%; Fe = 41%; Ni = 24.7% and Pd = 1%, Rh = 1% and Pd = 0.5%. After cooling and
solidification, the solid sulphide phase was enriched in Rh and Ru, while Pd resided in the
solidified residual melt. The distribution coefficients from the sulphide melt to the solid sulphides
was 1.18 for Rh and 1.22 for Ru. Furthermore it was found that there was virtually no Rh in the
sulphide phase that formed in the final stages of crystallisation. All the remaining Rh in the liquid
partitioned into the solidifying metallic phase, and this small amount of alloy contained up to 8%
Rh. This confirms that even though the partition coefficients of PGEs from a sulphide melt are
much higher for the metallic phases (with the exception of Pd, Fleet and Stone, 1991), in the

absence of metallic phases some of the PGEs can partition into early forming sulphide minerals.

By analogy it can be assumed that PGEs in the Cu-Ni-S system may react in the same manner. If
one would consider the equilibrium cooling path of converter matte using the Cu-Ni-S system as
an approximation (Figures 61 to 64), it is evident that the crystallisation sequence and the
partitioning behaviour of PGEs into these crystallising phases in the presence of liquid, are very
important. There is, however, no information available for the behaviour of PGEs in the presence
of only liquid + Cu,S, or liquid + Ni;S,, or liquid + Cu,S + Ni;S,. Even though the partition

coefficients for PGEs into sulphide minerals are quite small in comparison to those for alloy, it
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must be kept in mind that in the case where only liquid + a sulphide mineral is present in a matte,
some PGEs can favour the solid sulphide phase instead of the sulphide melt. It is therefore
possible that some of the PGEs will partition into a sulphide phase during the slow-cooling of
matte. The presence of Pd in Ni;S, (Merkle and van den Berg, 1996) is evidence for this.

The early formed sulphide phases can contain large amounts of other elements, as can be seen by
the large amount of NizS; exsolutions in Cu,S and the large amount of Cu,S exsolutions in Ni;S;
of the quenched minerals. On cooling, these elements will gradually exsolve from the sulphide
phases and occur at the grain boundaries if given sufficient time, or form small exsolution phases
if cooled too rapidly. It is evident that the presence of these early formed, non-magnetic sulphide
phases and their ability to accommodate PGEs at an early stage of cooling will have a negative
influence on the beneficiation process.

If alterations to the slow-cooling process are to be made, it is recommended that the matte
composition be adjusted so that alloy forms early in the phase formation sequence. Since Pt has a
very high affinity for the metallic phase all the Pt will concentrated in the first formed alloy. In
addition, alloy will crystallise from a higher temperature which will ensure longer crystallisation

times. This can lead to larger alloy grain sizes for easy liberation and magnetic separation.

If alloy is the first phase to form, and there is indeed the tendency for alloy crystals co-existing
with a liquid to sink due to density differences (as observed in this investigation), the PGE-
containing alloy could be collected in an easily separable form at the bottom of the ingot. Settling
alloy will press the remaining liquid out of the lower portion of the ingot, similar to filter pressing
due to gravity settling in magma chambers. This may possibly lead to the elimination of the need
to separate the matte magnetically, which would solve the associated problems, such as grain

sizes, correct crushing and milling and magnetic properties of the alloy.
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CHAPTER 7

CONCLUSION

The overall results and implications for the study are summarised. Possible future investigations

are briefly discussed.
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7. CONCLUSION

7.1 EXPERIMENTAL AND ANALYTICAL TECHNIQUES

Phase relations in the ternary system Cu-Ni-S were investigated in six isothermal sections using
275 charges in evacuated quartz-glass tubes. The samples were investigated microscopically for
verification of equilibrium conditions. It was decided that micro-beam techniques are more
suitable for analysing quenched sulphide phases than separating the phases for chemical analyses.
The micro-beam techniques that were investigated were SEM analyses of areas, EMP analyses
of large number of spots in a grid, and defocused beam EMP spots. The technique using
averages of defocused beam EMP spots (similar to the technique employed by Fleet and Pan,
1994), were found to give too low totals, possibly due to scattering of the beam.

A comparative statistical evaluation was made between analysed areas (0.12 mm’) with a SEM
and spot analyses with the EMP in a grid pattern. Analyses of areas were found to give more
reproducible and statistically meaningful results. It was also found to be the better method for
revealing anomalies in heterogeneous phases, like quenched sulphide liquid. Averaged SEM
analyses of as many areas as possible of phases in equilibrium phase assemblages were used for

construction of the 1200°C, 1100°C, 1000°C, 900°C, 800°C and 700°C isothermal sections.

Microscopic investigation of the phases obtained in the immiscible liquid field at 1200°C, showed
that techniques which require that the two immiscible liquids (L, + Ls) are quenched while in
contact can lead to the physical mixing of the phases before quenching. Other methods, were the
liquids are sampled individually at the working temperature (e.g. Lee et al., 1980; Schlitt et al.,

1973), are less prone to such errors.
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7.2 RESULTS

The 1200°C, 1100°C, 1000°C, 900°C, 800°C and 700°C isothermal sections were determined
in this investigation. At 1200°C the largest portion of the phase diagram is liquid (L(23)), and on
the Cu-side of the diagram there is a two liquid immiscible field (L, + L3). On cooling, the
immiscible liquid fields retracts from the Cu-S binary and Cu, S is solid. There are fields
surrounding Cu, S at 1100°C where L3+ Cu, S and Ls + Cu, S exist. The position of the L,
+L; + Cu, S field could be deduced using the monotectic reaction temperatures of Schlitt et al.
(1973). Below 1067°C (Massalski, 1986) the liquid field retracts from the Cu-S binary and
Cu,_S coexists with Cu-rich alloy. The three-phase field of co-existing L3, + Cu, S + alloy, as
well as a two phase field of Cu, S + alloy, extends to the metal-side of the Cu, S field at
1000°C, 900°C, 800°C, and 700°C. These phase fields expand with cooling to the Ni-rich side of
the diagram and at 700°C they cover the largest part of the metal-rich side of the diagram.
Between the 900°C and 800°C isothermal sections the liquid field (L,3) splits into two different
liquid fields. L, and L3 were observed separately at 800°C. The separation of the liquid field is
in general accordance with the schematic 780°C isothermal section of Kullerud e? al. (1969).

From the combined results of the isothermal sections, the liquidus phase diagram could be
determined. This diagram, together with the liquid compositions of invariant phase equilibria
from the isothermal sections, were used to determine the crystallisation paths of the Cu-Ni-S

system.

7.3 IMPLICATIONS

Converter matte that is slow-cooled in the beneficiation process of Cu, Ni, and PGE usually
contains elements other than Cu, Ni, and S in small amounts, but it is reasonable to assume that
the Cu-Ni-S phase diagrams represents converter matte composition sufficiently well. The phase
diagrams of the Cu-Ni-S system could be used to describe the crystallisation path of slow-cooled
matte. From these phase diagrams it could be deduced that the previously thought explanation
for phase segregation in the ingot is probably not gravity separation (Sproule ef al., 1960).
Instead, it could be concluded that the segregation is due to the crystallisation of early formed
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high temperature Cu,S in the top portion of the ingot and the subsequent fractionation of the

liquid towards relatively more Ni3;S, and alloy rich in the central and bottom portion of the ingot.

It was found from results obtained in this study and a combination of previous investigations
(Sproule et al. 1960, Koster and Mulfinger, 1940), that matte composition has an impact on the
crystallisation of slow cooled matte. The S-content of the matte is crucial for determining not
only the liquidus temperature, but also the sequence of phase crystallisation and the amount of
alloy in the matte. Slight changes of ~1wt% in the region from 18 to 22 wt % S can lead to a
variety of crystallisation sequences. There is a critical sulphur-content of ~21 wt% (depending on
the Cu/Ni ratio) at which both Ni;S; and alloy will start to crystallise only at the eutectic point. If
the sulphur content is higher, Cu,S forms first followed by NiS, and alloy is the last phase to
crystallise at the eutectic point. With lower sulphur contents alloy crystallises first, followed by
Cu,S, while Ni;S; crystallises only at the eutectic point.

The crystallisation temperature of the phases and the sequence of crystallisation can possibly
influence the partitioning behaviour of PGEs. Pt has a high affinity for alloy, but in some cases
the matte composition is such that for a large temperature interval during solidification there will
be no solid alloy present in the ingot. Because the affinity of some PGEs for solid sulphide
phases is higher than for the sulphide melt in the absence of alloy (i.e. Distler ef al., 1977), it is
possible that some of the PGEs will preferentially partition into the sulphide phases. These
elements can later exsolve from the sulphide minerals (Merkle and van den Berg, 1996) at lower

temperatures and form late generation phases.

By crystallising alloy at an early stage, there will be rapid diffusion and sufficient time for most of
the PGEs (with the possible exception of Pd; Fleet and Stone, 1991) to partition into the metal
phase. Furthermore, alloy will form at higher temperatures and longer crystallisation times will
probably lead to larger alloy sizes, facilitating easy liberation and magnetic separation. The
sulphur content of the matte will determine the phase formation sequence, and it will have an

influence on the texture of alloy crystals and the amount of alloy that forms at the eutectic point.
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7.4 RECOMMENDATIONS FOR FURTHER INVESTIGATIONS

i) Related quaternary systems

The Cu-Ni-S phase diagrams can be used as a basis for investigations of related quaternary phase
diagrams such as the Cu-Fe-Ni-S system. A detailed experimental investigation of the Cu-Fe-Ni-
S system would be extremely valuable not only for explanations of ore formation processes in a
wide variety of geological settings, but also for explanations of pyro-metallurgical extraction

processes.

Small amounts of other elements, such as PGEs, Co, etc. can also be added to the system to
determine their effect on the phase relations of the terary system. This could be directed

towards a better understanding of the of slow cooling process of PGE beneficiation.

ii) Slow-cooling

Experiments with different matte compositions, and various cooling procedures can be
conducted to determine their effect on the textures (size) of the forming phases, and on the

partitioning behaviour of PGEs.

iii) Partitioning behaviour of PGEs in matte

In order to determine the optimum phase crystallisation sequence, the partitioning behaviour of
PGE:s in the Cu-Ni-S system (in the presence, and absence of small amounts of Fe) will have to
be determined systematically. The partitioning of PGEs in certain phase assemblages will have to
be determined. These phase assemblages will have to include the most likely phase assemblages
that can coexist during cooling, such as: liquid + Cu,S, liquid + Cu,S + Ni3S,, and liquid + Cu,S

+ alloy.

132



iv) Surface and intersurface tensions

The intersurface tension in matte-slag systems have been investigated (Ip and Toguri, 1993) and
can be used for understanding immiscibility between matte and slag in furnace and converter
situations. The effect of surface tensions on phases associations in matte will yield a better
understanding of the mechanism of separation of certain phases. Associations such as liquid +

Cu,S, liquid + alloy, liquid + Ni;S,, or liquid + Cu,S + alloy could be studied.

v) Gravity settling

In this investigation it was found that gravity segregation can occur in certain phase assemblages,
such as liquid + alloy. The possibility of gravity segregation can be investigated in detail to
determine the temperature and time dependency of the process. Experiments on the tendency of
layering in matte conducted by Hayward (1915) were inconclusive due to the experimental set-
up that was used. Solids of the sulphide minerals were heated and it was found that the liquid
phase always collected at the bottom of the crucible. Hayward (1915) concluded that the liquid
collected at the bottom of the crucible because of the porous texture of the sulphide minerals
which allowed the liquid to settle through. To prevent this, the sample should be heated to a
higher temperature, where it is certain to be molten, then the temperature should be lowered.
This way, the possibility of gravity settling in certain phase assemblages can be investigated.

vi) Fractionation through a slow-cooled ingot

The fractionation through a slow cooled ingot, and especially the non-equilibrium path that the

matte follows can be investigated in more detail.

vii) Temperature-composition diagram

The three-dimensional temperature-composition model of the Cu-Ni-S system can also be

investigated. This would require a suitable plotting program.
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viii) DTA experiments

DTA can be a useful tool for determining the exact temperatures of the various eutectic points of
the Cu-Ni-S system. The experimental set-up and the aim of the present investigation did not

include this aspect, but it proved to be useful for narrowing down the areas that need to be
investigated using DTA.
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9. APPENDIX A: EXPERIMENTAL CHARGES

Tables 20 to 25 contain information about the composition, pre-reaction, tempering and
quenching of charges made for the investigation of the 1200°C, 1100°C, 1000°C, 900°C, 800°C

and 700°C isothermal sections.

All charges were sealed in quartz glass tubes with 6 mm outer diameter and 4 mm inner diameter
unless the tube size is specified in the Remarks' column. The starting materials of all charges

were similar as given in the experimental procedure.

'Cu wire' of 99.98% purity, and Cu and Ni wire and S powder of unknown purity (‘impure

starting materials’) were also used in a few cases as indicated in the Tables.

Other abbreviations used in the Tables:
med. = quenching medium

W = water

WI = water and ice

WIS = water, ice and NaCl

N /N2 = liquid nitrogen

Dupl. = duplicate charge

fc. = furnace cooled*

Q = quenched (in water unless specified)
min = minutes

vis = visible macroscopically

eq = equilibrium

* unless the cooling is specified as furnace cooled, quenched, or some quenching medium is

given, the ampoules were cooled in air.
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Table 20. A-1 Composition of charges, and their pre-reaction, tempering and quenching

histories for investigation of the 1200°C isothermal section.

Weight measured (g) Total Weight % Pre-reaction Tempered Quench Remarks
Nr Cu Ni S (g) Cu Ni s °c days °c days days med. Date
1 U.1540 0.0245 0.0221 0. 2006 6. 77 T2.21 T1.02 300 ) 700 ] 7 Wis 10704731
2 0.1624 0.0316 0.0042 0.1982 81.94 15.94 2.12 300 5 400 8 4 WIS 12/04/94
3 0.0981 0.0817 0.0189 0.1987 49.37 41.12 9.51 300 5 400 8 - - damaged
4 0.1078 0.0842 0.0093 0.2013 53.55 41.83 4.62 400 8 - - 4 WIS 12/04/94
5 0.0503 0.1257 0.0239 0.1999 25.16 62.88 11.96 300 5 400 8 4 WIS 12/04/94
6 0.0566 0.1324 0.0146 0.2036 27.80 65.03 7.17 400 8 - - 4 WIS 12/04/94 ,
7 0.0865 0.0544 0.1080 0.2489 34.75 21.86 43.39 300 5 400 8 - - 8/4 mm Failed '
11 0.0769 0.0477 0.0195 0.1441 53.37 33.10 13.53 400 12 - - 9 WIs 29/04/94 |impure starting materials
46 0.1460 0.0278 0.0256 0.1994 73.22 13.94 12.84 600 90 - - 4 N2 26/8/94 IMINTEK
49 0.1550 0.0078 0.0401 0.2029 76.39 3.84 19.76 600 90 - - 4 N2 26/8/94 IMINTEK
69 0.0212 0.2568 0.0229 0.3009 7.05 85.34 7.61 800 27 - - 14 WIS 19/09/94
70 0.0452 0.2337 0.0210 0.2999 15.07 77.93 7.00 800 27 - - 14 WIS 19/09/94
71 0.0755 0.2097 0.0158 0.3010 25,08 69.67 5.25 800 27 - - 14 WIS 19/09/94
72 0.1139 0.1738 0.0121 0.2998 37.99 57.97 4.04 800 26 - - 14 WIS 19/09/94 {Dupl 101,102
73 0.1408 0.1527 0.0084 0.3019 46.64 50.58 2.78 800 27 - - 14 WIS 19/09/94
101 0.1143 0.1742 0.0126 0.3011 37.96 57.85 4.18 800 26 - - 14 WIs 19/09/94 JDupl 72,102
102 0.1521 0.2322 0.0158 0.4001 38.02 58.04 3.95 800 26 - - 14 WIs 19/09/94 |Dupl 72,101
103 0.2628 0.1328 0.0058 0.4014 65.47 33.08 1.44 800 26 - - 14 Wis 19/09/94
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Table 21. A-2 The compositions, pre-reaction and tempering histories of charges for
investigation of the 1100°C isothermal section.

Welght measured (g) Total Welght % Pre-reaction Temper Quench Remarks

Nr Cu Ni S {9) Cu Ni S °C days °C cooled days days med Date

] TOT07 01580 00387 | 0.205% 521 76.92 1787 0 28 | 1200 Tc. £ TEI05/94

9 0.0374 0.1360 0.0193 0.1927 19.41 70.58 10.02 400 29 | 1200 fc. 16 16/05/94

10 0.0813 0.1034 0.0181 0.2028 40.09 50.99 8.93 400 29 | 1200 fc. 16 16/05/94 break on quenching

12 0.1635 0.0074 0.0416 0.2125 76.94 3.48 19.58 400 29 | 1200 fc. 16 16/05/94

13 0.1628 0.0255 0.0156 0.2039 79.84 12.51 7.65 400 29 | 1200 fc. 16 16/05/94

14 0.1624 0.0075 0.0325 0.2024 80.24 3.71 16.06 400 29 | 1200 fc. 16 16/05/94

15 0.1386 0.0078 0.0604 0.2068 67.02 3.77 29.21 400 21 1200 f.c. 16 16/05/94 8/4 mm visible §2

16 0.0773 0.0388 0.0825 0.1986 38.92 19.54 4154 400 21 | 1200 fc. - - 8/4 mm failed on melting
17 0.0665 0.0716 0.0594 0.1975 33.67 36.25 30.08 400 21 | 1200 fc. 16 16/05/94 impure , failed on melting
19 0.0109 0.0985 0.1016 0.2110 517 46.68 48.15 400 21 750 2 - - 8/4 mm, failed

20 0.2073 0.0227 0.0609 0.2909 71.26 7.80 20.94 400 21 | 1200 fc. 16 16/05/94 impure starting materials
21 0.2350 0.0491 0.0141 0.2982 78.81 16.47 473 400 21 | 1200 fc. 16 16/05/94 impure starting materials
22 0.1552 0.0412 0.0053 0.2017 76.95 20.43 263 400 21 | 1200 fc. 16 16/05/94

23 0.1140 0.0709 0.0125 0.1974 57.75 35.92 6.33 400 21 - - 16 16/05/94

47 0.1955 0.0276 0.0274 0.2505 78.04 11.02 10.94 600 8 - - 10 N 22/8/94 MINTEK
129 0.0083 0.2286 0.0383 0.2752 3.02 83.07 13.92 800 2 13 w 22/12/94 Separated into drops
130 0.0239 0.2139 0.0357 0.2735 8.74 78.21 13.05 800 2 13 w 22/12/94
131 0.0364 0.1645 0.0253 0.2262 16.09 72.72 11.18 800 2 13 w 22/12/94
132 0.0653 0.1393 0.0202 0.2248 29.05 61.97 8.99 800 2 13 w 22/12/94
133 0.0836 0.1233 0.0176 0.2245 37.24 54.92 7.84 800 2 13 w 22/12/94
134 0.1005 0.1098 0.0131 0.2234 44.99 49.15 5.86 800 2 13 w 22/12/94 Break on Q non equilibrium
135 0.1164 0.0931 0.0145 0.2240 51.96 41.56 6.47 800 2 13 w 22/12/94
136 0.1414 0.0752 0.0087 0.2253 62.76 33.38 3.86 800 2 13 w 22/12/94 Break on Q
137 0.1937 0.0715 0.0101 0.2753 70.36 25.97 367 800 2 13 w 08/02/95
138 0.2225 0.0455 0.0068 0.2748 80.97 16.56 2.47 800 2 13 w 08/02/95 separated non equilibrium
139 0.2394 0.0319 0.0040 0.2753 86.96 11.59 1.45 800 7 13 w 08/02/95
140 0.2589 0.1510 0.0013 0.4112 62.96 36.72 0.32 800 7 13 w 08/02/95 Polished out
141 0.2361 0.0055 0.0333 0.2749 85.89 2.00 12.11 800 7 13 w 08/02/95 Polished out
142 0.2310 0.0117 0.0333 0.2760 83.70 4.24 12.07 800 7 13 w 08/02/95
143 0.2232 0.0160 0.0360 0.2752 81.10 5.81 13.08 800 7 13 w 08/02/95 Separate non equilibrium
144 0.2141 0.0217 0.0388 0.2746 77.97 7.90 14.13 800 7 13 w 08/02/95 Dupl. 151
145 0.2060 0.0244 0.0440 0.2744 75.07 8.89 16.03 800 7 13 w 08/02/95 Separate non equilibrium
146 0.1978 0.0306 0.0462 0.2746 72.03 11.14 16.82 800 7 13 w 08/02/95 Dupl. 222
147 0.1930 0.0299 0.0520 0.2749 70.21 10.88 18.92 800 7 13 w 08/02/95
148 0.1987 0.0220 0.0522 0.2729 72.81 8.06 19.13 800 7 13 w 08/02/95 Oxidized
149 0.2129 0.0030 0.0591 0.2750 77.42 1.09 21.49 800 7 13 w 08/02/95 Oxidized
150 0.2099 0.0072 0.0596 0.2767 75.86 2.60 21.54 800 7 13 w 08/02/95 Oxidized
151 0.2143 0.0218 0.0386 0.2747 78.01 7.94 14.05 800 7 13 w 08/02/95 Oxidized ,Dupl. 144, C/N wire
222 0.1978 0.0300 0.0464 0.2742 72.14 10.94 16.92 750 8 4 w 10/07/95 Dupl 146
223 0.1832 0.0349 0.0516 0.2697 67.93 12.94 19.13 750 8 4 w 10/07/95 Dupl. 224
224 0.1836 0.0349 0.0517 0.2702 67.95 12.92 19.13 750 8 4 w 10/07/95 Dupl. 223
225 0.2063 0.0246 0.0438 0.2747 75.10 8.96 15.94 750 8 4 w 10/07/95 Dupl. 145
226 0.1013 0.1104 0.0131 0.2248 45.06 49.11 5.83 750 8 1100 4 4 w 27/09/95 Dupl. 134. poss. crack, new tube
227 0.1172 0.0948 0.0132 0.2252 52.04 42.10 5.86 750 8 4 w 10/07/95 Dupl. 135
238 0.1806 0.0537 0.0357 0.2700 66.89 19.89 13.22 750 3 4 w 19/09/95 IMINTEK
239 0.1672 0.0656 0.0376 0.2704 61.83 24.26 13.91 750 3 4 w 27/09/95
240 0.1565 0.0729 0.0408 0.2702 57.92 26.98 15.10 750 3 4 w 27/09/95 possible crack, new tube
241 0.1511 0.0697 0.0481 0.2689 56.19 25.92 17.89 750 3 4 w 19/09/95 ImiNTEK
242 0.2396 0.0061 0.0040 0.2497 95.96 2.44 1.60 750 3 4 w 27/09/95
271 0.1806 0.0542 0.0350 0.2698 66.94 20.09 12.97 750 2 5 w 11-10-95 Dupl. 238
272 0.1673 0.0640 0.0379 0.2692 62.15 23.77 14.08 750 2 5 W 11-10-95 Dupl. 239
273 0.1560 0.0737 0.0409 0.2706 57.65 27.24 15.11 750 2 5 w 11-10-95 Dupl. 240
274 0.1517 0.0702 0.0487 0.2706 56.06 25.94 18.00 750 2 5 w 11-10-95 Dupl. 241
276 0.2402 0.0068 0.0043 0.2513 95.58 271 1.71 750 2 5 w 11-10-95 Dupl. 242 Dropped
277 0.2361 0.0054 0.0327 0.2742 86.11 1.97 11.93 750 2 5 w 11-10-95 Dupl. 243
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Table 22. A-3 The compositions, pre-reaction, and tempering of charges for investigation
of the 1000°C isothermal section.

Weight measured (g) Total Weight § Pre-reaction Mialt Temper Quench Remarks I
Nr Cu Ni S {g) Cu Ni E] °c days °c days °c days Temp C cooled days days med . Date
18 0.0375 0.0716 0.0922 0.2013 18.63 35.57 45.80 400 21 750 2 600 60 - 18 19/07/94 8/4 mm S2 after Q; possible non eq.
34 0.0760 0.0610 0.0545 0.1915 39.69 31.85 28.46 600 59 1000 18 - - - 45 WIS 02/09/94 Visible S
35 0.1038 0.0297 0.0637 0.1972 52.64 15.06 32.30 600 24 1000 22 - - - 28 N2 26/09/94 MINTEK
37 0.0092 0.1448 0.0477 0.2017 4.56 71.79 23.65 400 8 600 29 - - - 22 WIS 01/07/94
38 0.0481 0.1092 0.0496 0.2069 23.25 52.78 23.97 400 8 600 29 - - - 22 WIS 01/07/94
39 0.0656 0.1074 0.0257 0.1987 33.01 54,05 12.93 400 8 600 29 - - - 22 WIS 01/07/94 Dupl 110,111
40 0.1159 0.0731 0.0135 0.2025 57.23 6.10 6.67 400 8 600 29 - - - 22 WIS 01/07/94
41 0.1293 0.0435 0.0285 0.2013 64.23 21.61 14.16 400 8 600 29 - - - 22 WL 01/07/94
42 0.1505 0.0424 0.0080 0.2009 74.91 21.11 3.98 400 8 600 29 1000 22 - i8 WIS 18/07/94
43 0.1821 0.0185 0.0021 0.2027 89.84 9.13 1.04 400 8 600 29 1000 22 - 45 WIS 02/09/94
a4 0.0859 0.0755% 0.0392 0.2006 42.82 37.64 19.54 600 62 - - - - - 28 N2 26/10/94 MINTEK
a5 0.1765 0.0107 0.0142 0.2014 87.64 5.31 7.05 600 37 1000 18 - - - 28 N2 26/09/94 MINTEK
48 0.1515 0.0044 0.0452 0.2011 75.34 2.19 22.48 600 37 1000 18 - - - 18 WIS 19/07/94 $2 after Q
52 0.0747 0.0500 0.0757 0.2004 37.28 24.95 37.77 800 63 - - 1100 - - - - pupl 104,105 8/4mm. Failed
55 0.0080 0.1223 0.0703 0.2006 3.99 60.97 35.04 600 63 - - - 45 WIS 02/09/94 visible S2
56 0.0043 0.1150 0.0824 0.2017 2.13 57.02 40.85 €00 63 - - - - - 28 N2 26/10/94 MINTEK separated
57 0.0050 0.1174 0.0780 0.2004 2.50 58.58 38.92 600 63 45 Wis 02/09/94 Visible S2 separated
58 0.0065 0.1228 0.0740 0.2033 3.20 60.40 36.40 €00 37 1000 18 200 f.c. 8 28 WI 25/10/94 Glass re-crystallized
59 0.0039 0.1267 0.0707 0.2013 1.94 62.94 35.12 600 37 - - - - - 18 WIS 19/07/94 52 after Q
60 0.0045 0.1316 0.0672 0.2033 2.21 64.73 33.05 600 37 - - - - - 18 WIS 19/07/94
61 0.0128 0.1385 0.0537 0.2050 6.24 67.56 26.20 600 37 - - - - - 18 WIS 19/07/94 Dupl 106/107
62 0.0295 0.1288 0.0442 0.2025 14.57 63.60 21.83 600 37 - - - - - 18 WIS 19/07/94
63 0.0144 0.1572 0.0330 0.2046 7.04 76.83 16.13 600 37 - - - - - 18 WIS 19/07/94
64 0.0076 0.1638 0.0303 0.2017 3.77 81.21 15.02 600 23 - - - - - 18 WIS 19/07/94
65 0.0168 0.1725 0.0125 0.2018 8.33 85.48 6.19 600 23 1000 18 - 28 N2 26/09/94 MINTEK
66 0.0528 0.1387 0.0103 0.2018 26.16 68.73 5.10 600 23 1000 18 - 28 N2 26/09/94 MINTEK
67 0.1353 0.0158 0.0482 0.1993 67.89 7.93 24.18 600 48 - - - - - 28 N2 26/10/94 MINTEK
68 0.1333 0.0255 0.0400 0.1988 67.05 12.83 20.12 600 48 - - - - - 28 N2 26/10/94 MINTEK Dupl 108, 109
100 0.1230 0.1486 0.0266 0.2982 41.25 8.92 49.83 600 31 1000 22 1000 45 1200 f.c. 1 28 WI 25/10/94 Impure starting materials
106 0.0132 0.1385 0.0539 0.2056 6.42 67.36 26.22 800 22 - - - - - 18 WIS 19/07/94 Dupl 61,107
107 0.0253 0.2769 0.1071 0.4093 6.18 67.65 26.17 600 23 - - - - - 18 WIS 19/07/94 bupl 61,106
108 0.1331 0.0260 0.0400 0.1991 66.85 13.06 20.09 800 23 1000 22 - - 1200 fc. 8 28 WI 25/10/94 Dupl 109,68
109 0.2670 0.0508 0.0800 0.3978 67.12 12.77 20.11 500 23 - - - - - 18 WIS 19/07/94 Dupl 108
110 0.0654 0.1081 0.0261 0.1996 32.77 54.16 13.08 800 27 - - - - 1100 fe. 1 29 W 20/01/95 Homogenized
111 0.1311 0.2148 0.0508 0.3967 33.05 54.15 12.81 600 7 1000 22 - - - 28 N2 26/09/94 Dupl 39, 110 MINTEK separated
152 0.2127 0.0032 0.0320 0.2479 85.80 1.29 12.91 800 18 - 28 N2 26/09/94 Oxidized
153 0.2108 0.0085 0.0314 0.2507 84.08 3.39 12.52 800 18 45 N2 21/04/95 MINTEK
154 0.2065 0.0164 0.0271 0.2500 82.60 6.56 10.84 800 18 45 N2 21/04/95 MINTEK
155 0.1993 0.0238 0.0273 0.2504 79.59 9.50 10.90 800 18 45 N2 21/04/95 MINTEK
156 0.1908 0.0282 0.0312 0.2502 76.26 11.27 12.47 800 18 45 N2 21/04/95 MINTEK
157 0.1742 0.0402 0.0347 0.2491 69.93 16.14 13.93 800 18 - - - - Ozidized
158 0.1526 0.0675 0.0298 0.2499 61.06 27.01 11.92 800 36 - - - - Oxidized
159 0.1271 0.0974 0.0247 0.2492 51.00 39.09 9.91 800 36 1100 fc. 1 29 w 03/04/95 cracked
160 0.1153 0.1103 0.0258 0.2514 45.86 43.87 10.26 800 18 1100 fe. 1 29 W 03/04/95
161 0.1053 0.1202 0.0240 0.2495 42.20 48.18 9.62 800 18 1100 fc. 1 29 W 03/04/95 see 159
162 0.0922 0.1333 0.0258 0.2513 36.69 53.04 10.27 800 18 1100 fc. 1 29 W 03/04/95
163 0.0784 0.1460 0.0250 0.2494 31.44 58.54 10.02 800 18 1100 f.c. 1 29 w 03/04/95
164 0.0700 0.1551 0.0244 0.2495 28.06 62.16 9.78 800 18 1100 fc. 1 29 W 03/04/95
165 0.0519 0.1721 0.0241 0.2481 20.92 €9.37 9.71 800 18 1100 fc. 1 29 W 03/04/95
166 0.0397 0.1847 0.0243 0.2487 15.96 74.27 9.77 800 18 1100 fc. 1 29 W 03/04/95
167 0.0275 0.1965 0.0245 0.2485 11.07 79.07 9.86 800 18 1100 fc. 1 29 w 03/04/95 Separated
168 0.2055 0.0083 0.0567 0.2705 75.97 3.07 20.96 800 3 - - 20 N2 15/05/95 MINTEK
169 0.2048 0.0180 0.0572 0.2800 73.14 6.43 20.43 800 3 - - 20 N2 15/05/95 MINTEK
170 0.0076 0.1302 0.1122 0.2500 3.04 52.08 44,88 750 14 1100 - - - - Failed
171 0.1447 0.0752 0.0299 0.2498 57.93 30.10 11.97 800 3 - - - - 10 N2 15/05/95 MINTEK
173 0.0029 0.1483 0.1287 0.2799 1.04 52.98 45.98 750 14 750 12 - - - Failed
174 0.1828 0.0441 0.0532 0.2801 €5.26 15.74 18.99 800 3 - - 20 N2 15/05/95 MINTEK separated
175 0.0020 0.1722 0.1062 0.2804 0.71 61.41 37.87 800 3 - - 20 N2 15/05/95 MINTEK, homogenize new tube.
220 0.1625 0.0513 0.0564 0.2702 60.14 18.99 20.87 750 14 1000 12 14 w 26/07/95
221 0.1484 0.0727 0.0486 0.2697 55.02 26.96 18.02 750 14 - - - - 1100 - - - - Failed
234 0.1482 0.0728 0.0483 0,2693 55.03 27.03 17.94 750 12 1000 12 14 w 26/07/95 Dupl 221
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Table 23. A-4 Compositions, pre-reaction and tempering of charges for investigation of
the 900°C isothermal section.

—Welght measured (g) Total Welght % Pro-reaction WMokt Temper Quench Remarks
Nr Cu Ni S {9) Cu Ni S vC days “C days °C days Temp. duration cooled days med. Date
VT | 0010 01555 00265 52010 3. ; T3.18 500 2 1100 3d Tc W “ood
75 0.0337 01377  0.0279 0.1993 16.91 69.09 14.00 800 2 1100 3d fc 49 w 9/12/94
76 0.0510 0.1210 0.0279 0.1999 2551 60.53 13.96 800 2 1100 3d fc 49 w 9/12/94
77 0.0717 00093 00296 0.2006 3574 49.50 1476 800 2 1100 3d fc 49 w 9/12/94
78 0.0935 0.0981 0.0243 0.2159 4331 4544 1.26 800 2 1100 3d fc. 49 w 9/12/94
79 0.1242 0.0538  0.0200 0.1980 6273 27.17 10.10 800 2 1100 3d f.c. 49 w 9/12/94
80 0.1464 0.0312 0.0233 0.2009 72.87 15.63 11.60 800 2 1100 3d fc. 49 w 9/12/94
81 0.1581 00138  0.0280 0.1999 79.09 6.90 14.01 800 2 1100 3d fc. 49 w 9/12/94
82 0.1473 0.0060 0.0472 0.2005 73.47 299 2354 750 8 - - - 42 N2 13/12/94 MINTEK
83 0.1270 0.0300  0.0455 0.2025 62.72 14.81 22.47 750 8 - - - 42 N2 13/12/94 MINTEK separated
84 0.1222 0.0243 0.0515 0.1980 61.72 12.27 26.01 750 8 - - - 42 N2 13/12/94 MINTEK
85 0.1153 0.0247 0.0591 0.1991 57.91 12.41 2968 750 8 1000 9 1000 1100 15 min 9 w 28/09/85
86 0.0874 0.0499 0.0624 0.1997 4377 24.99 31.25 750 8 - - - 42 N2 13/12/94 Non equilibrium MINTEK
87 0.0918 0.0542 0.0535 0.1995 46.02 27.17 26.82 750 8 - - - 42 N2 13/12/94 MINTEK
88 0.0590 0.0810 0.0571 0.1971 29.93 41.10 28.97 750 8 - - - - - - Cracked pre-reaction 1050C
89 0.0201 00964 00828 0.1993 10.09 48.37 41.55 750 8 - - - 58 N2 03/03/95 MINTEK vis S2 separated
90 0.0086 0.1279 0.0664 0.2029 424 63.04 3273 750 8 - - - 58 N2 03/03/95 MINTEK
91 0.0183 01207  0.08% 0.2046 894 58.99 3206 750 8 - - - - - Cracked pre-reaction 1050C
92 0.0216 01202  0.0590 0.2008 10.76 59.86 29.38 800 17 - - - 58 N2 03/03/95 MINTEK
93 0.0192 01120  0.0683 0.1995 9.62 56.14 34.24 800 17 - - - 58 N2 03/03/95 MINTEK separated
94 0.0067 00580  0.0480 0.2027 4171 28.61 23.68 800 17 - - - 58 N2 03/03/95 MINTEK separated
95 0.0351 0.1402 0.0945 0.2698 13.01 51.96 35.03 750 1 1100 20 min Q - - - Dropped broke
97 0.0592 01134  0.0969 0.2695 2197 4208 35.96 750 2 1000 1 900 7 1100 15 min Q 9 w 28/09/95
98 0.1783 0.0269  0.0646 0.2698 66.09 9.97 23.94 750 2 <1000 1 fc. 7 w 15/09/95 MINTEK
99 0.1463 0.0566  0.0675 0.2704 54.11 2093 24.96 750 2 <1000 1 fc 7 w 15/09/95 MINTEK
188 0.0536 0.1187 0.0975 0.2698 19.87 44.00 36.14 750 35 1100 15 min Q 9 w 28/09/95
228 0.1192 0.1105 0.0405 0.2702 44.12 40.90 14.99 750 1 * 7 w 28/10/95
235 0.1231 00700  0.0773 0.2704 4553 25.89 28.59 750 1 * 7 w 28/10/95
236 0.1146 00725 00822 0.2693 4255 26.92 30.52 750 2 1000 1 900 7 1100 15 min Q 9 w 28/09/95
237 0.1184 00949  0.0566 0.2699 43.87 35.16 2097 750 2 <1000 1 fc. 7 w 15/09/95 MINTEK
243 0.1026 00726  0.0944 0.2696 38.06 26.93 35.01 750 1 1100 20min Q Cracked
244 0.0834 0.0944 0.0918 0.2696 30.93 35.01 34.05 750 1 1100 20 min Q 7 w 05/10/95 MINTEK, vis §2
248 0.1296 00673 00729 0.2698 4804 2494 27.02 750 1 * 7 w 28/10/95

.

nrs. 228, 235, 248 : 750°C 1d; 1100°C 20 min; 900°C 7d; 1050°C 20 min; 800°C 1d;
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Table 24. A-5 The compositions, pre-reaction and tempering histories of charges for
investigation of the 800°C isothermal section.

‘measui Total Weight % TPre-reaction Wkt Tomper Tuench
Ne Cu N S () Cu N s “C days G days “C days oooled G days cooled “C days cooled | days | med Date
™ 02685 00128 00188 T 3010 iR % XL B0 7 TI00 < Te. 110 w 2
12 0.2562 0.0234 0.0247 0.3043 84.19 7.69 8.12 800 4 1100 2 f.c. 110 w 03/04/95
123 0.2415 0.0423 0.0193 0.3031 79.68 13.96 6.37 800 4 1100 2 fe. 110 w 03/04/95
124 0.2288 0.0453 0.0277 0.3018 75.81 15.01 9.18 800 4 1100 2 fe. 110 w 03/04/95
125 0.1502 0.099 0.0511 0.3003 50.02 32,97 17.02 800 4 1100 2 f.c. 63 w 08/02/95
126 0.1471 0.1294 0.0249 0.3014 48.81 4293 8.26 800 4 1100 2 fe. 110 w 03/04/35
127 0.1168 0.1515 0.0326 0.3009 38.82 50.35 10.83 800 4 1100 2 fe. 10 w 03/04/95
128 0.0816 0.176 0.0431 0.3007 2714 58.53 1433 800 4 1100 2 fe. 110 w 03/04/95 |Cracked, Oxidized
176 0.0702 0.151 0.03 0.2512 27.95 60.11 11.94 750 1 - - - 24 w 10/07/95 |MINTEK
177 0.0559 0.1628 0.0311 0.2498 238 65.17 1245 750 1" - - - 24 w 10/07/95 MINTEK
178 0.0456 0.1751 0.0306 0.2513 18.15 69.68 12.18 750 1 30 w 10/08/95
179 0.0377 0.1797 0.0326 0.2500 15.08 71.88 13.04 750 1 800 30 1100 2 fec. 1000 4 f.c 14 w 04/09/95 |Non eq. dupl. 199
180 0.0251 0.1951 0.0302 0.2504 10.02 77.92 12.06 750 1 800 24 1000 9 * 1000 7 fc. 2 w 14/09/95 Imelted several times
181 0.0153 0.2429 0.0422 0.3004 5.09 80.86 14.05 750 11 - - - 24 w 10/07/95 |MINTEK
182 0.0081 02037 0.0882 0.3000 270 67.90 29.40 <800 2 - - - 26 w 08/06/95
183 0.0078 0.1987 0.0928 0.2993 261 66.39 31.01 <800 2 - - - 26 w 09/06/95 |Separated
184 0.0002 0.1943 0.0955 0.2990 3.08 64.98 31.94 <800 2 - - - 26 w parated
185 0.0228 0.1832 0.094 0.3000 7.60 61.07 31.33 <800 2 - - 26 w 09/06/95 |Separated
186 0.0283 0.1375 0.0855 0.2513 11.26 54.72 34.02 <800 22 - - 26 w 09/06/95 |Separated
187 0.0212 0.1379 0.1112 0.2703 7.84 51.02 4114 <800 2 - - - 26 w 09/06/95 | Separated Non equiibrium
189 0.0457 0.1061 0.1193 02711 16.86 39.14 44.01 <800 2 - - 26 w 09/06/95 |Non-equitibrium
190 0.0688 0.0963 0.1347 0.2998 295 3242 44.93 <800 2 - - 26 w  09/06/95 |Visible S2
191 0.1298 0.0648 0.0557 0.2503 51.86 25.89 2225 <800 2 - - 26 w 09/06/95
192 0.1328 0.0612 0.0598 0.2538 52.32 24.11 23.56 <800 2 - - - 26 w 09/06/95
193 0.431 0.0548 0.0658 0.2516 52.07 21.78 26.15 <800 22 - - - 26 w 09/06/95 |dupl. 198
194 0.1301 0.0502 0.0701 0.2504 51.96 20.05 28.00 750 1 800 24 1000 9 1100 2 1000 4 f.c 14 w 04/09/95
196 0.1299 0.04 0.0801 0.2500 51.96 16.00 32.04 750 7 800 30 1000 4 fc 14 w  04/09/95
197 0.1329 0.0441 0.0994 0.2764 48.08 15.96 35.96 - - - - - - Failed
198 0.1432 0.0602 0.0715 0.2749 52.09 21.90 26.01 750 7 1000 9 800 30 1100 2 1000 4 fe. 14 w 04/09/95 |dupl. 193
199 0.0453 0.2157 0.0393 0.3003 15.08 71.83 13.09 750 1 1000 9 1100 1 fc. 8 w 20/10/95 |dupl. 179
213 0.1065 0.1053 0.1181 0.3299 32.28 31.92 35.80 <800 2 - - - 26 w 09/06/95 | Non-equilibrium
231 0.059 0.1295 0.0807 0.2692 2192 48.11 29.98 750 127 30 w 10/08/95
233 0.0864 0.089 0.0945 0.2699 32.00 32.98 35.01 750 127 800 30 1000 4 fe. 14 w 04/09/95
245 0.0228 0.1827 0.0939 0.2994 7.62 61.02 31.36 750 1 1100 1 f.c. 8 w 20/10/95 |Dupl. 185
275 0.1932 00142 0.0632 0.2/06 71.40 525 23.36 750 1 1100 1 t.c. 8 w 20/10/95

* 1100 2d; 1000 4d; 800 14d;
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Table 25. A-6 The compositions, pre-reaction and tempering histories of charges for
investigation of the 700°C isothermal section.

T [Welght measured (g) Total Welght % Pre-reaction ) T Melt’ oa T::'P:r Q;O.n:ﬁ Date Remarks
Nr Cu NI S @) Cu NI S “C days °C days (] days “C days “c day§ C days  coole y! bt

12 02163 0.0028 0.0607 0.2798 77.31 100 2169 800 3 B B 1100 5min | 1050 1T fc 6 x ggm’gs
195 0.1299 0.0450 0.0753 0.2502 51.92 17.99 30.10 750 7 800 30 1000 4fc 800 14 1100 15min | 1050 1 fc g w prid
219 0.0024 0.1807 0.0981 0.2812 0.85 64.26 34.89 750 7 1000 30 1100 15min | 1050 1 fc e w osrores
230 0.0214 0.1727 0.0751 0.2692 7.95 64.15 27.90 750 12 800 30 1100 15min | 1050 1 fe w oohores
232 0.0806 0.0970 0.0915 0.2691 2995 36.05 34.00 750 12 800 30 1000 4 800 21 1100 15min | 1050 1 fc :1 w o MNTEK
250 0.2216 0.0216 0.0271 0.2703 81.98 7.99 10.03 o w 31/08/95 MNTER
251 0.2001 0.0430 0.0267 0.2698 7417 1594 9.90 51 w 31/08/95 |MINTEK
252 0.1803 0.0630 0.0270 0.2703 66.70 2331 999 51 W 31/08/95 |MINTEK
253 0.1563 0.0863 0.0269 0.2695 58.00 202 9.98 ! ! X N o on mit
254 0.0077 0.1372 0.0356 0.2705 36.12 50.72 13.16 750 51 . 1000 w 08110195
256 00648 0.1590 0.0459 0.2697 2403 58.95 17.02 750 12 1100 15min | 1050 1 fe 6 w oartors
256 0.0544 0.1756 0.0406 0.2706 20.10 64.89 15.00 750 12 1100 15min | 1050 1 fc 6 w gehares
257 0.0410 0.1884 0.0400 0.2694 15.22 69.93 14.85 750 12 1100 15min | 1050 1 fc 6 w os/iares
258 0.0227 0.2074 0.0401 0.2702 8.40 76.76 1484 750 1 1100 15min | 1050 1 fc 6 osharss
259 00109 0.2190 0.0405 0.2704 403 80.99 14.98 750 12 1100 15min | 1050 1 fe 6 w 0ar10/8
260 0.0436 0.1649 0.0621 0.2706 16.11 60.94 2295 750 12 1100 15min | 1050 1 fc 6 w 057105
261 00183 0.1892 0.0635 02710 6.75 69.82 23.43 750 1 1100 15min | 1050 1 fc 6 w 0a/10195
262 0.0256 0.1818 0.0632 0.2706 9.46 67.18 23.36 750 12 1100 15min | 1050 1 fc 6 w 0a/10/5
265 0.0706 0.1422 0.0583 02711 26.04 5245 21.50 750 12 1100 15min | 1050 1 fc 6 w o
266 0.0780 0.1241 0.0673 0.2694 2895 46.07 24.98 750 1 1100 15min | 1050 1 fc 6 w w:wgs
267 0.0673 0.1218 0.0809 0.2700 2493 4511 29.96 750 1 1100 15min | 1050 1 fc 6 w 05/ 5
268 0.0672 0.1163 0.0866 0.2701 24.88 43.06 32.06 750 1 1100 15min | 1050 1 fc 6 w 05/1335
270 0.0684 0.1388 0.0622 0.2694 25.39 51.52 23.09 750 12 1100 15min | 1050 1 fc 6 w 05/1
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10. APPENDIX B: SULPHUR PARTIAL PRESSURE

There are different reasons suggested for the failure of the evacuated quartz glass tubes:
1) Sulphur liquid expands thermally to up to 50% of its original volume when heated from 100°C
to 1100°C (Amold, 1971).

i) Sulphur can reach partial pressures far in excess of 12 MPa at 1200°C (Kullerud and Yoder,
1959).

10.1 Thermal expansion of sulphur liquid

During an investigation of the FeS-S system Arnold (1971) reported the failure of tubes which
contained virtually no open spaces. In these experiments only S were used, and it was found that
S liquid expands by 50% when heated from 100°C to 1100°C. It was concluded that the failure
of the tubes were due to the thermal expansion of S liquid.

During this investigation it was found that as soon as the starting material reacted during pre-
reaction it occupied much less space than the loose powder that was weighed in. There were
always voids in the tubes before tempering and the thermal expansion of sulphur-rich liquid
could not have had a large influence on the walls of the tubes, since there was enough space for

expansion.

10.2 High partial pressure of sulphur

S reaches very high partial pressures at high temperatures (Figure 69), and the extremely high
partial pressures of sulphur gas are more likely to be the cause of the failure of tubes. Free S, can
be present in the charges under various conditions. Firstly the composition of the sample lies
above the Cu,S-NiS,; line and is oversaturated in sulphur. Unreacted sulphur can also be present

when the reaction between the metals and sulphur to form sulphide minerals is not completed.

151



T T T T T T T

Critical
point

to
T

S
]

Pressure, MPa

1 Boiling
point

1 ! ! !
300 400 500 600 700 800 900 1000 [100

Temperature, °C

Figure 69. The temperature-pressure curve for liquid and vapour sulphur (Kullerud and
Yoder, 1959).
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APPENDIX B-1 :The internal pressure that a quartz glass tube can withstand, from Merck.
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11. APPENDIX C: SELECTED FURNACE TEMPERATURE PROFILES

See Figure 23 for the positions of the tubes.

154



Temperature in °C

Furnace set at 1250°C

1220

TUBE 1

1210

1200
1190 4

1180

1170

0

10

20
TUBE 2

23 30

1220

1210

1200

1190 3=

1180
1170

0

1220

10

15

20

TUBE 3

55 30

35

40

1210
1200

1190 3=

1180

1170

1220

10

20

TUBE 4

25 30

1210

1200

1190

1180

1170

1220

10

15

20

TUBE 5

25 30

35

40

1210

1200

1190

llBOw,’

1170

10

15

20
TUBE 6

25 30

1220

1210

1200

1190 (////

11807

1170

10

15

20

25 30
Distance from back of furnace (cm)

35

40

155



Furnace set at 1000°C
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Furnace set at 1140°C
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