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Equilibrium Diagram

The equilibrium phases of the Cu-S system shown in Fig. 1
are:

© The liquid, L, that manifests two miscibility gaps,
namely (a) between the liquids L, and L above 1105 °C
at Cu-rich compositions and (5) between the liquids Ly
and Ly above 813 °C at higher S compositions

® The fce terminal solid solution based on Cu, with re-
stricted solubility of S amounting to 0.023 at.% at
1067 °C

® The orthorhombic terminal solid selution based on S,
stable up to ~115 °C and with presumably negligible
solubility of Cu

® The monoclinic low-chalcocite (a«Ch), stable up to
103.5 = 0.5 °C at stoichiometric composition Cu.S, and
upte 90 = 2°C at 33.41 at.% S

® The hexagonal high-chalcocite (8Ch), stable from
103.5 % 0.5 °C at the Cu-rich limit of stoichiometric
Cu,$, and from 90 + 2 °C at 33.44 at.% S to 435 °C at
3334 at% S

® The fee digenite (Dg) with a broad phase field, whose
Cu-rich boundary is approximately at Cu,S stmchl—

® The orthorhombie djurleite (Dj) of nominal eomposition
Cuy 968, stable up to 72 + 3 °C at Cuy934S and up to
93 £ 2°C at 33.99 at.% S

® The orthorhombic compound anilite (An) of stoichi-
ometry CuysS (36.36 at.% S), stable up to 75 = 3 °C

# The hexagonal compound covellite (Cv) of stoichiometry
CuS, stable up to 507 + 2°C

Numerous studies have been reported on the Cu-S binary
system. Uncertainty, however, persists regarding phase
equilibria, because of a strong tendency for forming sev-
eral metastable phases in this system. The phases formed
often possess X-ray diffraction and optical properties simi-
lar to those of equilibrium phases, making phase iden-
tification difficult. Marked thermomechanical history
dependence is exhibited by many of the phases. Ex-
treme sensitivity to applied pressure has been known to
cause a phase transformation during specimen prepa-
ration by grinding.

The crystal structures of the intermediate phases and com-
pounds in this system are characterized by either hexa-
gonal or cubic close-packing of S atoms, with Cu atoms
pasitioned at the interstices. The transformation involv-

ometry between 435 and 1130 + 2 °C; the C
boundary extends to form the defect compou.nd Cus; S,
which is stable up to 507 + 2 °C at 36.60 at.% S and
down to 72 = 8 °C at 35.65 at.% S

ing rear t of S atoms from cubic to hexagonal
close-packing, or vice-versa, is extremely sluggish (par-
ticularly at low temperatures). This has been primarily
responsible for the large number of metastable phases in

Fig. 1 Cu-S Equilibrium Phase Diagram
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Fig. 2 - Enlarged View of Cu-S Equilibrium Diagram from 0 to 160 °C and from Cu:$S Ratio 1.7 to 2.1 (32
to 37 at.% S)
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this system. In contrast, a transformation that does not
require rearrangement of S atoms can be extremely rapid,
and the regulting phase cannot be retained by quenching
from high temperatures, necessitating in-situ studies,
such as X-ray and metallography, at high temperatures.

Certain binary nonequilibrium phases are also stabilized
in this system by impurities in amounts often present in
naturally-occurring minerals, or that are introduced in
laboratory specimens during experimental work. Thus,
one such metastable phase is stabilized at room tem-
perature by the presence of iron and another by the pres-
ence of oxygen. Most of the early studies were conducted in
an open atmosphere. This resulted not only in con-
tamination by oxygen but also in changes of composition
of the samples, such as conversion of chalcocite (Ch) to
higher S-containing digenite (Dg), observed on heating
samples in air by [41Buel, 42Bue2]. Even at ambient
conditions, such gradual shift of composition to higher
S levels occurs continuously. Thus, in natural minerals
exposed to atmosphere, Ch is often found to be replaced
by minerals of higher S content.

The Cu-S system is characterized by the occurrence of
miscibility gaps in the liquidus at two ranges of com-
position. Also occurring are the intermediate phases Dg,
stable over a wide composition range; aCh, Ch, and Dj,
with narrow phase fields; and stoichiometric compounds
An (Cu,S,) and Cv (CuS}. Dj is in equilibrium with An at
room temperature {77Pot] and not with the low-digenite
phase, considered for a long time as the low-temperature
equilibrium modification of Dg. Earlier observations of Dg
at room temperature could be related to the effect of im-
purities such as Fe [71Mor] or to the conversion of An to
Dg-during specimen grinding [70Mor]. Cv is in equilib-
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rium with the terminal solid solution of Cu in S, (S), indi-
cating the absence of further intermediate phases at
>50at.% S [64Gat].

The provisionally evaluated Cu-S equilibrium diagram is
presented in Fig. 1. An enlarged diagram between 0 and
160 °C, and between Cu:S atomic raties 1.7 and 2.1 (37 to
32 at.% S), based largely. on the very detailed studies by
Potter [77Pot], is presented in Fig. 2. The work was based
on the electromotive force (emf) measurement with aque-
ous electrolyte. The investigator utilized high-purity
materials (99.999% spectrographic-grade S, 99.975% Cu
containing 100 ppm Fe and 100 ppm Ni as major impuri-
ties) and took precautions against contamination by
oxygen. Information on much of the solidus and liquidus,
apart from the miscibility gaps, is derived from Cook
[72Co0}, and that on the Dg and Ch boundaries largely
from Roseboom {66Ros] and Cook [72Coo). The experi-
mental methods employed were X-ray at high tempera-
tures by [66Ros] and X-ray, differential thermal analysis
(DTA), and high-temperature phase equilibration by
metal whiskers growth by [72Cool. The purity of the
materials used by both authors was similar to or better
(e.g., 99.999% Cu by {72Coo0]) than that of [77Pot], and
precautions against contamination by oxygen at high
temperatures also were taken.

The equilibrium temperatures, compositions, and co-
existing phases for the different invariant reactions, ac-
cording to different authors, are presented in Table 1. The
accepted data are shown-in boldface type.

Liquidus and Solidus

As previously stated, the Cu-S system is characterized by
the presence of two large regions of liquid immiscibility.
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Table 1 ‘matlon Te and Compositions in the Cu-S System
Temperature, °C
Transformation Compasition, at.% S Composition Reference(h)
mode and phase (Cu/8) reference(a) |Hansen]  [72Cool  168Ros| {77Pot]  [60Joh] [47Jen}
Congruent (1.994), 33.40-33.49 [72Co0] 1129 1302 o 1129 1129
L=Dg -, 33.46 [47Jen]
++v, 33.32 (60Jch}
-, 33.40-33.49 [15Pos] 1130 % 1
[15Pos]
@© 1131(c)
Monotectic [60J0h] 1105 1104 o - 1105 1105
=L + Dg [47Jen],
[Hansen], -+
[72Co0}
-, 2.6, [79Mou}
32.82, 1.7, 33.35 © 1105(c)
Eutectic 148, +--, (2.00025) [60Johl, -, ~ 1067 1067 1066
L= (Cu) + Dg 172€00} 147Jen,
L L5, e, [Hansen] 79Mou]
1.52, 0.0225, 33.35 (© 1067(c)
Monotectic 41, ~36.4, - [T1Van]@), - 812 95 813
L=Dg + L [67Rau, 74Rau), [67Rau, [74Rau,
71Van]  60Kull,
60Kul2}
[72Co0]
{71Van]
(c) 812()
Peritectoid [77Pot] 105 1035 1035 105 104
(Cu) + ACh = aCh ~33.33 £ 0.02, +15 =05 [41Bue] [67Rau]
s+, 33,44 * 0.03 [66Ros] 1003 110
(2.000 = 0.002) [60Kull}" [58Dju,
51Hir]
+33.44 £ 0.0
Eutectoid 8344 = 0.06, 33 41 x 002 {77Pot] 91=1 93 902 89.56)
BCh = aCh + Dj 33.78 % 0.02 (60Kul1]
3347 + 0.02, [66Ros]
3341 £ 0.02, -
Peritectoid 0, 33.344, 33.340 [72Co0] 435 435 4358 43510 470
(Cw + Dg = gCh [73Bar]  [58Dju,
1Hir,
Eutectoid -+, 3334, () 435(c) 49Ued]
Dg=Dj + An - 8565 = 003, 8408 + 003, - [77Pot) 72£3
36.36 =
(1.805 * 0.002),
(1.934 + 0.002), [77Pot]
{1750 = 0.003)
Peritectoid 93.47 £ 0.05,35.29 +0.03, [77Pot] 91+1 93x2 93x2 90[72Luql
BCh + Dg=Dj 33.99 + 0.02
Peritectoid 36.17 = 0.02, 5000 %002, [77Pot] 753 103
Dg + Cv = An 36.36 = [70Mor]
(1.765 = 0 002) [77Pot]
(1.000 + 0.001,
(1.750 = 0.003)
Peritectic 36.60 £ 0.07, -, [77Pot], 507  507+3 5072 508
Dg +L=Cv 50.00 £ 0.02 - ++s [77Pot] [66Ros, [77Pot,  [67Raul
{1732 + 0. 005) [77Pot] 58Kull . 65Kul]
(2.000 = 0.0
36 59, [66Ros, 67Raul
36.73, r+v, 00 (72Co0]
36.46, 99.98, - © 507(c)
Eutectic/Peritectic
=0v + (9 «+-, 50, ~100 ~115.22
Cv+L=2G) - [81BAP]

Note: Accepled values shown in holdface type.

(a9 Rofevences scparatad by comnia pertain t espectivo comipositions in provious soluma. () Temperaturs datum rolates fo eference shown on top of
that column unless otherwise noted. . . () Caleulated vatues fram gby [80Shal. (e Fr idus data at higher
temperatiires down to 813 °C.  (e) At 33.48 ati% S.

The boundary of the Cu-rich higher temperature mis- 528mi, 54Kri, 60Joh, 74Bur, 76Bal, 79Jud]. The results
cibility gap, between the liquids L; and Ly, has been stud- from figures and tables of different works, presented in
ied extensively [06Hey, 13Bor, -13Fri, 38Smi, 51Sch, Fig. 3, indicate fair agreement with one another and de-
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Fig. 3 Liquid Miscibility Gap. Boundaries Be-
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pict gap boundaries that are nearly vertical up to the high-
est measured temperature (~1350 °C). In contrast, the gap
boundaries reported by [79Mou], presented in Fig. 4, slope
rapidly inward with increasing temperature, reaching the
critical point at about 1510 °C.

The reason for the difference in the gap shape between
{79Mou] and the other works is not clear. Material purity
does not appear to be very critical in view of the fair agree-
ment between data from diverse sources, as shown in
Fig. 3. The purity of material used by [79Mou] was
99.9996% Cu and 99.5% Cu sulfide. [79Mou] used speci-
men sampling from the liquid and chemical analysis of the
entire solidified mass. The same technique was also
adopted by [79Jud] and {13Fri] in Fig. 3, whereas the al-
ternative approach of rapid freezing of the equilibrated
layers of liquid alloy, followed by specimen sampling from
the solid and chemical analysis, was tried by Johannsen
and Volimer [60Joh] and several others. The latter tech-
nique can lead to erroneous results, unless care is taken in
specimen sampling to avoid the effect of segregation dur-
ing solidification. However, good agreement between the
tesults of {60Joh] and [79Jud] and of several others on
either side of the gap boundary (see Fig. 3) preclude the

Fig. 4 - Llquid Miscibility Gap Boundary Be-:
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i 1 techni being ible for the differ-
ence in the results shown in Fig. 3 and 4.

The boundary of the same miscibility gap was calculated
by Sharma and Chang [80Shal, based on the associated
solution model for the thermodynamic behavior of the lig-
uid and optimization of the parameters with'the known
phase’diagram data and thermodynamic values of other
phases in the system. The results from the caleulated
boundary, shown for selected temperatures in Fig, 3, are
consistent with those of [79Jud] and others, within the
limits of experimental error, but they do not agree with the
results in Fig. 4. The internal consistency in the model for
the liquid (as also for other phages) adopted by [80Sha] is
evident by their ability to predict other invariant tem-
peratures and phase equilibria that are in good agreement
with the experimental ones. In another caleulation, by
[79Lar], the same miscibility gap was shown not to.close,
even at 1927 °C. Because of ‘the fair-to-good agreement
between the various experimental determinations and the
calculations, the miscibility gap given in Fig. 3 is consid-
ered more reliable, and it is accepted asrepresentative for
this evaluation.

The eutectic temperature is accepted to be 1067 °C, and
the monotectic témperature, 1105 °C, based on the precise
determinations by [06Hey, 13Bor, 60Joh] and {47Jen,
80doh], respectively. The eutectic composition of the liquid
is taken at 1.48 at.% S, following the results of [60Jch,
06Hey), and that of Dg at Cus.onezsS, based on the precise
determination by. [72Coo}; see Fig. 5. The accepted com-
positions of the phases in equilibrium at-the monotectic
temperature are: CuzoneS for Dg, according to [72Coo];
32.9 at.% S for liquid, L, according to precise thermal
analysis by [47Jen, 60Johi, and 1.96 at.% S for the liguid,
L, accordmg to [60Joh]. The latter valué, though some-
what lower than that of [13Fri] and | 76Bal), is more consis-
tent with other-data at higher temperatures.

The congruent melting point of CusS occurs at the off-
ichiometric Cu-deficient iti S

1990 5, at
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1130 = 1.°C, according to [15Pos], and Cus seeS at 1129 °C,
according to the precise DTA by [47Jen]. The DTA studies
by [72Co0) confirmed these results and gave the value
1130+ 2 °C, corre ding to the ition on the
higher Cu side of the range, Cui90.S t0 Cuy s (33.40
to 33.49 at.% S). The DTA results of [60Joh] indicated the
maximum melting point at 1129 °C to occur at Cu,S com-
position and were not supported by the above studies. The

d congruent ure and ition are
taken at 1130 * 2°C and at ~33.40 at.% S from Cook
[72Coo0].

Part of the boundary of the Dg plus L two-phase field was
investigated by several authors [13Fri, 15Pos, 47Jen,
29Jou, 69Joh, 67Rau, 72Co0, 74Rau]. The results showed
considerable scatter. The measurements were not con-
tinued to low enough temperature to ascertain the com-
position of the hquld at the monotectic temperature,
813 °C. No d. ination of the miscibility gap bound-
aries between L and Ly, or of the composition of the liguid
at different invariant reactions at further lower tem-
peratures, is available. The accepted monotectic tempera-
ture is taken at 813 °C and the corresponding Dg
composition at 36.4 at.% S, according to [60Kull, 60Kul2,
74Rau] and [67Rau, 74Rau, 72Cool, respectively. The
compositions of L, and L, at 813 °C are taken tentatively
to be 40.1 and 99.83 at.% S, respectively, and of L at
the peritectic invariant at 507 °C to be 99.98 at:% S, based
on the calculations of [80Shal, The composition of Dg
at 507 °C is accepted from [77Pot] to be 36.60 at.% S. At
approximately 115 °C, the liquid undergoes a eutectic/
perltectlc transformatwn with Cv of 50 at % S and the

1 solid solution, (S, g but
negligible Cu.

Terminal Solid Solubility

The terminal solid solution fields are extremely narrow.
The solid solubility of S in Cu determined by electrical
conductivity measurements [46Sma] and of S in Cu of two
different purities by the radioactive tracer method
[590ud] are presented in Table 2. The solubility of 8 de-
creases with increasing purity of Cu.

In the absence of experimental data, the calculated maxi-
mum solubility of S in Cu &t the eutectic temperature,
1067 °C, according to [80Sha] is accepted to be 0.023 at.%.
No data regarding solubility of Cu in S are available.

Intermediate Phases

Of the several intermediate phases discussed previously,
all ‘except the SCh and Dg.occur as minerals in nature.

Chalcocite (Cu,8) is a well-known compound that has
been recognized for a long time to exist in two polymorphic
forms, with the transformation temperature at 100 = 3°C
(Ref 15 of {Hansen]).

Low-Chalcocite {(aCh). The solubility figures from differ-
ent authors, presented in Table 3 show that the Cu:S ratio
at maximum extension of the phase field on the S-rich side
varies from 1:991 to 1.995 (3343 to 33.89 at.% S), with the
exception of the data of [72Coo0] and [60Kull]. On the Cu-
rich side, there is no. reported deviation from stoichi-
ometz'y ’I‘he polymorphu: transformatwn temperature of
(oCh) d

p on and -oceurs
over-the temperature range of 90 to 103.5 °C (see Table 1
and Fig. 2). The transformation on the Cu-rich side occurs

Provisional

Table2 Solid Solubility of $in Cu

Composition, at.% § in Cu

Temperature, [580ud](a)
°C 99.999% Cu  OFHC Cu(b) [46Smal(c)

0.0170
0.0092 -
0.0046 ¢.004
0.0022 0.002
0.0008 0.0004

{a) i tracer {b) 01 free high

Cu. * (c) Electrical conductivity measurement.

Table3 Homogeneity Ranges of « Chalcocite

Temperature,
Cu/S ratio °C Reference
Cu-deficient limit
1.993 = 0.002(a) . .90 x2 [77Pot]
9 [66Ros]
[66Ros]

{74

[72Mat, 72Luq]
{72C00]
[60Ku11]

Cu-rich limit

2000 £ 0.002(0b) .............. All

Note: Accepted values'shown in boldface type.
(213341 £ 0.03at.%S.  (b) 33.33 = 0.03 46.% S.

[77Pot]

via a peritectoid reaction to form Ch and (Cu) (terminal
solid solution of S in Cu) at 103.5 = 0.5 °C [77Pot). For
transformation of the Cu-deficient -aCh, confusion persists
regarding the invariant temperature and the transformed
products, due to the proximity of the temperature to that
for the decomposition of Dj. The unresolved temperature
for the two reactions was cited at 93 = 2 °C by [66Ros]. On
the basis of the careful studies by [77Pot], the trans-
formation temperature in this evaluation is accepted at
90 % 2 °C, corresponding to the eutectoid phase_equi-
librium involving «Ch at 33.41 +-0.02 at.% S, BCh at
38.44 + 0.06 at.% S, and Dj at 33.78 + 0.02 at.% S. The
a — § transformation temperature was reported to be
91 °C by [15Pos]. Apparently, this work was performed on
the Cu-deficient composmon The a->f transltlon tem-
perature at Cuy ith

with an initial slope of 0.5 °C/kbar [7OCIa]

High-Chalcocite (8Ch). The Cu-rich boundary of this
phase lies at CusS stoichiometry up to at least 300 °C,
above which it grows deficient in Cu reaching the value
Cu:8 = 1.9994 (33.340 at.% S} at 435 °C [72Coo] (see
Fig. 5). On the Cu-deficient side, the narrow phase field
reaches 33.47 at.% S at 93 °C [77Pot, 66Ros] (see Fig. 2).
With further increase in temperature, the phase field
shrinks to-Cu,S composition between 180 °C [66Ros] and
~200 °C [74Dum]. According to (72Coo]; the Cu-deficient
boundary of SCh lies between Cu:S ratio of 1.9988 and
1.9994 (33.347 and 33.340 at.% S, respectively) at tem-
peratures between 200 and 435 °C. A further extension of
the boundary at still high temperatures to 33.67 at.% Sat
about 315 °C was reported by {74Dum] based on. solid-
electrolyte galvanic cell and electrical conductivity mea-
surements (see Fig. 6). No other studies corroborating
these observations are available, so the result must be
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Fig. 5 Enlarged View of Cu-Saturated Boundary of Digenite
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Table 4 Homogeneity Ranges of 8 Chalcocite

Fig.6 S ies of B Chal
Temperature,
Cu/S ratio “C Reference
T T
o [66Rod Cu.deficient limit
b {72C00] 1.990 £ 0.005(a) .. [77Pot]
. 1.988 = 0.005(h) = 2 [77Pot]
s [aDund 1,988 = 0.002. . ~93 [66Ros, 74Dum}
1.990 = 0.003 to 2.000 [66Ros]
480~ © [76va]) - [66R0s)
o N [74Dum]
A ‘E@.:géé N [74Dum]
5 PGBty °
g ook Do Feup [72Coo, 74D}
& 3201 : [72€00]
g . -' "" 1.9703 [74Dum]
8 . 315°C 1 9996 +0.0002 B - [5TWag}
bl Note: Accepted values shown in boldface type.
k. ach +p (2)33.44 + 0.06 at %S, eutectoid. (b)33.47 = 0.06 at.%S, peritectoid.
N e (c) 33.340 6t.% S, peritectoid.
160 \, -
103.5°| BCh N considered tentative. The 8Ch phase-field determinations
03. R e 83 according to several authors are presénted in Table 4. The
«cri/ho93 90° data for the Cu-rich and Cu-deficient boundaries are
b accepted from the works of Cook [72Co0] and Potter
| \ [77Pot], respectively.
oot Y e o5 The transformation of 8Ch to Dg. is sluggish, as it in-
volves the structural change from a hexagonal to a cubic
Cuys close-packing of S atoms. Presence of oxygen further
. promotes the sl [66Ros]. A
_ . o . merits by [72Cool, free from oxygen contamination effects,
2"3'ezfgs‘:;"]ﬁ;oumilecmcal condustivity data {74Dum}, indicated BCh to undergo a peritectoid decomposition
D.J. Chakrabarti and D. E. Laughlin, 1983, at 435 °C, at composition 33.34 at.% 8, to form (Cu) and
9 Dg of 33.344 at% §
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Because the & — B transformation of Ch does not alter the
hexagonal close-packing of S atoms, the transformation is
very rapid. However, the SCh could be bly cooled

Provisional

Table5 Selected Values for Solid Solution Limits
of Digenite

18 to 20 °C below this transformation temperature [73Mul,
77Pot}.

Digenite (Cu,-;S). This phase, synthesized at the com-
position CueS; [36Rah] and identified with the mineral
digenite [41Buel, 42Bue2], was studied extensively and
was believed to exist in two polymorphic forms. They were
the high-digenite (Dg), which is the high-temperature poly-
morph, and its ordered modification at low temperatures,
the so-called low-digenite (eDg). The X-ray superstructure
reflections of aDg were noted to correspond to lattice mul-
tiplicities 5.0 to 6.0 of the Dg subcell [52Ruh, 58Dju,
58Don, 63Mor, 70Mor]. The aDg — Dg transition. tem-
perature was quoted between 73 and 83 °C depending on
composition [63Moh, 63Mor], and the stability range of
aDg at room temperature was quoted between Cuy 7,8 and
Cuy 7653 [66R0s, 77Pot]. However, subsequent works con-
firmed that eDg is not an equilibrium phase [69Mor], and
that, at room temperature, a two-phase field of An and Dj
exists at the supposed aDg composition [69Mor, 70Mor,
T1Mor, 73Bar, 77Pot].

The homogeneity range of Dg was studied extensively by
various methods at different temperature intervals ex-
tending over the entlre phase ﬁeld Some of the methods
used on-the Cu-d were: ric ti-
tration {60Weh], X-ray [57Ruh, 66Ros], specimen quench-
ing [66Ros], vapor pressure [67Rau, 74Rau], emf {77Pot],
and DTA {15Pos, 47Jen, 60Joh, 71Van, 72Coo]. On. the
Cu-rich side, in addition to the above techniques [57Ruh,
60Weh, 66Ros, 67Rau, 72Lug, 72Coo, 77Pot), the very sen-
sitive technique involving metal whiskers was used
[72Co0). This enabled the delineation of the phase bound-
ary between 435 and 1130 °C with extreme precision and
congistency, Based on these works, an enlarged view of the
Dg phase field is presented in Fig. 7. The Cu-rich bound-
ary, based on [72Co0], is shown in Fig. 5. Selected data
from different works are presented in Table 5.

Dg is stable over an extensive composition field between
33.31 at.% S (Cu:8 = 2.002) at 1105 °C [72Co0] and
36.60 at.% S (Cu:S = 1.732) at 507 °C [66Ros, 77Pot]. It is
stable from 1130 + 2 °C, where it is formed by congruent
reaction from the melt [15Pos, 47Jen, 72Co0] to 72 = 3 °C,
where it eutectoidally decomposes into Dj and An [77Pot].
The composition of the Cu-deficient boundary is nearly
constant up to about 200 °C [57Ruh, 66Ros], whereas the
Cu-rich boundary rapidly approaches the CusS stoichi-
ometry. The latter at still higher temperatures deviates
from stoichiometry, first becoming Cu deficient and then,
above ~1060 °C, enriched in Cu, approaching 33.31 at.% S
at 1105 °C [72Co0]. Works of [74Rau] and [80Sha] agree
qualitatively with the unusual shape of the boundary de-
termined by [72Coo). The congruent melting composition
of Dg deviates from stoichiometry to Cu:S ratio of 1.994
(33.40 at.% 8) [72Coo] (see Fig. 8).

Djurleite (Cu.es0 2 0.0158). This phase was first observed by
Djurle [58Dju] in synthetic samples near the composition
Cuy 68, but it .also occurs in mineral deposits.[62Mor,
62Ros]. Its X-ray pattern was confused with that of aCh,
which led to the earlier erroneous conclusion that the
aCh phase field extended from Cu,S to ~Cuye6S at room
temperature [41Bue, 52Ruh], Single-phase Dj was syn-
thesized by [66Ros] at the composition Cty.ees « 0.0045.
Careful studies by {77Pot], however, revealed that Dj isnot

o —
Cu/$ ratio at% S “C Reference
S-enriched limit
1102 172Coo]
1087 [72Co0]
1050 [72Co0]
951 [72Co0]
813 Selected
812 [72Co0)
721 [72Co0]
690 [66Ros]
640 [66Ros]
600 166Ros|
507 + 3 {66Ros]
507 [72Co0]
507 =2 [77Pot, 67Rau]
407 [66Ros]
305 [57Ruh]
200 [68Ros|
200 [77Pot]
150 [77Pat]
105 [77Pot]
B=3 [77Pot}
1130 [72Co0]
1120 [72Co0]
1104 [72Co0]
1067 + [72€C00]
1028 [72Ca0]
948 [72Cos)
640 [72Co0]
435 [72Co0]
300 172Co0]
200 [66Ros}
200 [77Pot]
150 [77Pot}
150 [66Ros)
100 [77Pot}
93 =2 Selected
72£3 [77Pot]

Note: Accepted compositions at invariant points shown in boldface type.

a line compound, but a solid solution with Cu:S ratio be-
tween 1.965 and 1.934 (33.73 to 34.08 at.% S).

The decomposition temperature of Dj was considered to lie
between 90 and 93 = 2 °C [66Ros, 72Co0, 72Lugq], but the
precise details of the equilibrium were not known until the
definitive study of Potter [77Pot]. The results are shown in
Fig. 9 and Tables 1 and 6.

" Anllite (Cu,+8). Although An was discovered first as a

natural mineral by Morimoto et al. [69Mor], it also was
synthesized in the laboratory [69Mor, 77Pot]. Thus, the
doubts raised regarding the stability of this phase by
[72Co0, 72Ric] are unwarranted. The formation tem-
perature. and composition of An obtained by [77Pot] on
synthetic samples are 75 = 3 °C and Cu/S = 1.750 =
0.003 (36.36 at.% S), respectively. The: solid solution field
of An, if it exists, is very narrow and could be contained.
within the composwwmal uncertainty stated by [77Potl.
Other. of the 1 limits of An
correspond to 175 by [70Mor], 1.75 = 0,06 for the natural
An by [73Gob] and 1.75 * 0.05 by [71Cla2], in-agreement
with the accepted results of [77Pot].
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Fig. 8 Enlarged View of Digenite Field near Congruent Point
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aDg was ‘mistaken for An as the room

o 11 toichi 1

P
equilibrium phase in the past for two reasons: (1} anilite
transforms into aDg on grinding (such as during specimen
preparation), and (2) the X-ray refléctions from An often
coincide with the-positions of the supposed superstruc-
ture reflections of «Dg.
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lHite (Cu$) is
with a very narrow solid solution field [72Mat] The Cu:8
Tatio is determined to lie within +0.01:{58Kul], £0.002
{65Kul] of stoichiometry, based -on-lattice parameters,
and £0.001 [77Pot] on emf measurements, respectively.
The e of Cv .ig at
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Fig. 9 Enlarged View of Djurleite Fleld in Equilibrium with « and g Chalcocites
Atomic Ratio, Cu/S
22 20 199 195 197 185 160 196 199 1@ im
- iSeatas " . "
wsss0s%c [T BCh + Dg
13347 3399 8342%
90 A a E
mal s
Bk 0w2T |97
aCh| Dj + Dg
& - 72:3%C
s 70 34.08 3
g
E 4
9
a :’: o0 7zCoo
£ =0l T X 72lug L
B e & 7Me
4 v mPat
¥
=
a0] (Cw) + ath Dj Di+ An L
a
-
3525 2550 EA 3425 3450
“atomic Percent Sulfur
D.J. Chakrabarti and D.E. Laughlin, 1983,

Table 6 Composition and Upper Temperature
Limits of Stability of Djurleite

Composition ‘Temperature,
Cu/S ratio at.% § “C Reference -Method
..83.73-34.08 932 [77Pot] a
338 =75 [58Dju] b
9B +2 [66Ros] b
20 {72Luq] s
[72Mat] d
[69Cav] a
91=x1 [72Ca0] e
[67Tak] b

Note: From Potter (77Pot], with values reported by (72Lug) and [66Ros]
‘modified by him.

() emf by aqueous electrolyte celf.
ture Xeray. () Differential thermal ay.\alysxs

i deal cell.

{b) High-tertip
{d) emf by solid elec-
in |

equilibrium

507 £2 °C; in good agreement among different mea-
surements (see Table 1)} [58Kul, 65Kul, 66Ros, §7Rau,
72Co0, 77Pot). The cubic form of Cv reported by (70Kaz]
has not been confirmed as an equilibrium phase in any
other study.

Metastable Phases

A number of metastable phases occur in the Cu-S system
because of the slow kinetics of these transformations that

with different stacking sequences are sluggish, often lead-
ing to the occurrence of metastable phases. Figure 10
maps the regions in which the various metastable phases
have been observed experimentally.

Low-Digenite (aDg). Digenite phase is not stable in the
Cu-S binary system below 72 °C, where it occurs as a meta-
stable phase. This phase is designated as aDg. However,
alg is stabilized at room temperature in the presence of
Fe in the range of 0.4 to 1.6 at,%, together with 36.15 to
36.55 at.% S and the remainder Cu [71Morl].

Dg samples (of unspecified composition) brought down to
© °C by rapid cooling (10 °C/miin) were found to trarisform
within a few hours, first to oDg and, in turn, to stable An
[77Pot). The degree of metastability of eDg varied with the
composition in «Dg and .increased with. the Cu content:
For a CuysS sample, the transformation of aDg to An
in a rapidly cooled Dg sample occurred on prolonged hold=
ing (several months) at room temperature whereas, for
the Cuy 758 sample, transformation requ1red slight heating
[70Mor].

aDg was found to be metastable with respect to An
plus Dj by a free energy difference of 670 J/mol at 25:°C,
and its limits at 25 °C were estimated to be between the
Cu:$ ratio of 1,790 and ~1,766(35.84 to ~36.15:at.% S)
by [77Pot], in reasonable agreement for the latter with
[66Ros].

require structural alterations in the stacking of
the close-packed planes. The «Ch, gCh, Dj, and Cv have
structures with hexagonal close-packing of § atoms
[320ft, 63Bue, 63Wue, 67Tak, 71Eval, wheréas Dg
[63Mor] and An [69Mor, 70Mor} exhibit cubic close-
packing of S atoms. Thus, transformations between phases
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Phase. The 1 phage was ized a
a metastable polymorph of Dg by [58Djul. Both [72Coo]
and [72Lug], however, incorrectly identified the phase to
be stable and indicated the homogenéity range to éxtend.
from: Cui 068 to Cug0S at 91 to 140 * 5°C [72Co0).and
from Cuiy gs8 to Cua oo at up to 175 °C [72Luq). The presence
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of a tetragonal phase in natural deposits was reported by
[71Cla1].

The tetragonal phase-was recognized to be metastable at
ambient pressure by [77Ros] and was confirmed to be
formed at room temperature only under pressure (amount-
ing to a few kilobarg) by [70Skil. The telatively small
transformation pressure required explains the formation
of this phase on grinding Ch [64Jan] and its observation in
X-ray powder diffraction or metallographic studies.
[77Pot] observed the formation of this phase in electrodes
of electrochemical cells at Cu:S ratio of 1.85 to 1.99 and
between 115 and 145 °C, but the resultant assemblage was
always measured to have higher free energy than that for
the stable phases SCh plus Dg. The rate of transformation
to the stable phases is variable and is dependent on com-
position and temperature {66Ros].

Protodjurleite. A phage similar to Dj but at a higher Cu
level, which varied between a Cu:8 ratio of 1.961 at 93 °C
and 1.970 at 75 °C, was observed to form when samples of
composition (CwS) between 1.960 and 1.990 were cooled
from above 100 °C [73Mul). This phase was termed proto-
djurleite by [73Mul] and was considered to be a metastable
Cu-rich form of Dj. This' was confirmed by [77Pot] by emf
measurements, showing that protodjurleite had a free en-
ergy approximately 250 J/mol of Cu-,eS greater than
that of the equilibrium two-phase mikture of Dj plus aCh.

Blaubleibender Covellite (BI-Cv). Blaubleibender or “blue
remaining” covellite phase has somewhat differént X-ray
pattern and optical properties from Cv and contains 2 to
8 at.% mare Cu than does Cv (Cu:S = 1.1 to 1.4). It i
formed as a product of oxidation synthesis of Dg and Ch'at
room temperature [59Fre, 61Fre], or by heating Dg and Ch

in excess S [63Moh]. The phase is metastable below
157 + 3 °C with a natrow homogenéity range of 47.7 to
48.8 at.% Cu (Cu:S = 1.1 to 1.05) at 50 °C, according to
[63Moh]. The phase is also present i m abu.udance in natu-
ral minerals that were subj d to & ic

and progressive degeneration to lower Cu-bearing sulfides
[698il]l. Two distinct types of BI-Cv were recognized
[63Gob] and, on the basis.of X-ray and optical properties,
their compositions in terms of Cu:S§ ratio are given as
1.1+ 0.land 1.4 + 0.1by[77Pot]and as 1.1 to 1:2and 1.1
to 1.4, respectively, by [71Moh].

BI-Cv is absent in equilibrium structures [71Moh} and was
confirmed by both the emf |77Pot] and E-pH measure-
ments (i.e., measurements of the type shown in “Pourbaix”
diagrams) [72Ric) to be metastable with respect to the
equilibrium Cv plus An mixture. The reported similarity
in the structures between Cu-rich Bl-Cv (BI-Cv II) and Dg,
and between S-rich BI-Cv (Bl-Cv I} and Cv [77Pot], ex-
plains the preponderance of BI-Cv in nonequilibrium
phases. Because the Dg to Cv transition involves a change
from cubic to hexagonal close-packing of 8 atoms, transl»
tiong to.Bl-Cy phases (pr bly with i

structures) are possibly favored kinetically.

CuS,, synthesized first by [66Mun], is formed under high

and pressure. A ding to'[71T4y], the phase
is stable at 25 °C above 8 kbar, buf can exist métastably
for long periods of time, reportedly up to 4 months, st
180 °C and 1"atm.

Disputed Phases

Phase. A “pseudohexagonal”
[70Co0} tetragonal phase, with Cu:8 ratm between 1.75
and 1.93, was reported by several workers [69Cav, 79Fla,
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Table 7. Crystal Structure and Lattice Parameters of Equilibrivm Phases
Approximate
. composition, Pearson Space Lattice parameiers, nm
Phase at% S symbol group Prototype a b Comment  Reference
©Cw.......c.. ~0 oF4 Fm3m Cu 0.36147 @ = [Landolt-
Bornstein]
a chaleocite .. ~33.33 mPL4 () P2i/c 15246 1.1884 3494 &) [71Eval
(oCuS) * 00004 =0.0002 = 0.0003
 chaloacite - . ~33.3 hP6 - PBi/mmc(c)  InNi 0.395 75 @ - [63Wue]
33.7-34.1()  oP380 ()  Pmam 2695 1571 1.356 ®  [67Takl
2, (7) £0005 - =0003  x0.003
Pmn2,
35.5-36.2(g) cF12  Fm3mt)  CaF: 05567 G- 163Mor]
Anilite. ... 3636+ 0.04 oP44(?) ' Prma 0.789 0.784 1101 &  [69Mor,
(€, £0016  =0016  *0.022 T0Kot]
Covellite . 50 hP12 - P&y/mmec(m)  CuS 03794 . 16332 @) " [68Djul
(CuS) * 0.0003 +0.001 )
........... ~100 oF128 Fddd oS 104646 '1.28660 244860  (p,q,v) (B1Coo]
mPAS P2,/a £S 1.092 1.098 1104 (q;8,8) - [Pearson]
hR6 R3 5 0.646 (q;0,v). [55Don]
(a) At 18 °C s Cu metal. {b) B = 118.35 + 0.01°% () From [63Buel. {d) At 125 = 5.°C on aingle crystal of natural chalcocite. ie) At 72 °C.
@) On single crystal of mineral from Neugorf, Getmany. {g) At 80 °C. {h) From [63Mor]. () At 80 = 3 °C on single erystal of mineral from Butte,
MT. {l) On synthetic. crystal, (m). From [320ft]. {n) On_synthetic sample: {p) On single crystal at room temperature. {q) On ale-
‘mental 8. (r) Stable form at room temperature and 1 atm. {(s) p.= 83° 16", (t) Formed from melt by recrystallization at 1 atm. () a = 115° 18"
for unit.cell. 1) ized from cold toluene.
Table 8 Crystal Structure and Lattice Parameters of Metastable Phases
Approximate
compasition, “
at.% 8 Pearson ~ Space Latti¢e parameters, nm
Phase {Cu/8) symbol group Prototype a c Comment Reference
Protodjurleite 33.741.97) (75 °C) () [73Mul]
33.8(1.96)(93 °C)
Tetragonal 33.8 P12 P22 GeDIHP) - 0.39962 1.1287 [64Jan]
(1.96)
Hexagonal-tetragonal Cu,8 341 to 36.4 15475 = 13356 = (b) [70Coc]
(1.93.to 1.75) _ 0.0001 0.0001
Low Digenite (aDg) 35.84 to 36.15 R3m 1.616 © {58Don]
. (1790 to 1.766)
at 25 °C[77Pat]
Blavbleibender covellite I~ 417 = 1.7 @  [77Pot]
(14 = 0.1
Blaubleibender covellite I+ - 47.7 + 2.3 . . . (e [77Pot]
(L1 = 0.1)
CuSy 66.67 w Pa3(O® 057897 = At22°C(g [71Tay]
0.5) 0.00002

{a) A Cu-rich form of djurleite,
CugSy. (d) X-ray diffraction pattern similar to digenite [77Pot].
[Landolt-Bomsteinl. * (g) Pseudocubic,pyrite-Like structnre.

(b) Hexagonal or tetragonal; structure stabilized in presence of oxygen.

{(¢) Rhombohedral, & = 13°56’; on synthehc
(e) X-ray. diffraction pattern.similar to covellite [77Pat]: . ) Fros

72Cla, 73Flal. However; the phase could be formed by oxi-
dation synithesis of Ch or Dg.[72Co0] o by reacting An and
Dg-in the presence of oxygen at 60 °C [77Pot]. Thus, the
phase is apparently stable in the Cu-5-O ternary system,
although its occurrence as a metastable phase in the Cu-S
binary system has not been confirmed [72Coo, 77Pot).

Cu-_1s8. The existence.of a phase below 25 °C with a hex-
agonal structure and with a narrow homogeneity range
near Cu,sS was reported by [72Mat], based on electro-
chemical measurements, and by [64Eli], based on X-ray
meagurements. Both [72Coo] and [76Vai] failed to observe
the phase; however. Also, the data by 72Mat] do not sup-
port the claimed existence of the phase Cu, ¢S [77Pot), and
the X-ray data by [64Eli] could be identified as a mixture
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of An and Dj [76Pot], the stable phases at room tem-
perature. Apparently, the Cu.., oS phase does not exist in
the Cu-S system.

Crystal Structures and Lattice Parameters

The crystal structure and accepted lattice parameters of
equilibrium phases and component ¢léments are pre-
sented in Table 7, and those for the metastable phases are
presenited in Table 8. For structural notation, the Pearson
symbol [Pearson; 81Hub] is used and, in its abseénce, the
corresponding crystal/Bravais lattice type is indicated.

B Chalcocite. Based on the studies at 112 °C onsingle crys-.
tals of natural chalcocite, the crystal:structure of SCh is
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represented by hexagonal close-packing of S atoms having
two formula units (CuzS) per unit cell [42Buel, 42Bue2].
The four Cu atoms are distributed in the approximate
ratios of 1.24:1.63:1.13 over the sites 2b, 4f, and 6g in the
interstices between the S atoms, corresponding to three-
fold, four-fold, and two-fold coordinations, respectively
[63Bue]. The Cu atoms are in a highly mobile fluid-like
state in the lattice, presumably because of their ability
to assume tetrahedral, trigonal, or linear coordination
[63Bue, 655ad].

The lattice parameters of synthetic Ch [58Dju] and of the
mineral chalcocite [42Buel, 63Wue] are presented in
Table 9. The results of [63Wue), based on the pure, single
crystal of natural chalcocite, are accepted for Table 7.

« Chal€ocite. The rapidity of transformation between aCh
and BCh'and the close similarity in their X-ray patterns
led [42Buel, 44Bue] to conclude the existence of a simple
lattice periodicity relation between them and a small
structural displacement on phase inversion: The «Ch was
considered to form a superstructure based on the basic
structure of Ch, having the cph symmetry of 8 atoms,
with the unit cell: A-centered orthorhombic of 96 formula
units (CusS) and of space group Ab2m. According to
(63Bue], the Cu atoms occupied the trigonal and tet-
rahedral sites and were less mobile than in the SCh be-
cause of the lower available thermal energy.

Acecording to [71EV8] however, X- -ray data from the above
studies showed d from ortk

and, besides, aCh was often contaminated with ortho-
rhorabic Dj phase. Careful X-ray studies by these authors

Cu-S

Digenite. The X-ray powder patterns of a synthetic CusSs
sample were indexed by [36Rahl, based on the model of fcc
close-packing of S atoms. The positiens of the Cu atoms,
however, could not be ascertained.

Investigation of single crystals of both synthetic and natu-
ral digenite samples by [63Mor] confirmed the fec close-
packing of S atoms and suggested the statistical distribu-
tion of 9/10 of the Cu atoms over 24 equivalent sitesin each
of the S tetrahedra. This amounts to 192 sites in a unit cell.
The coordinates given were: x = 0:310, y = 0.300, 2=
0.290 for 7.2 Cuandx = y = 2z = 0for4 Satoms. The unit
cell of Dg contains 4 Cu, 58 [58Djul.

The lattice versus ition and ¢

ture values for Dg from different works are presenﬁed in
Table 11. The accepted values in Table 7 are taken from
[63Mor].

Djurleite. Because single-phase Dj ishard to find in nature
or to form aynthetically, most samples of Dj studied were
mixed with other phases that produced complex X-ray
patterns. A-complex structure with. low. symmetry was
proposed. by [58Djul. However, studies by {67Tak] on
single-phase, synthetic Dj and on untwinned single crys-
tals from masswe natural DJ mdlcated the structure to be
orth thorhombic”. The lattice para-
meters are presented in Table 7, as are the space groups
compatible with the structure. The: S atoms. are in cph

Table 11 Lattice‘ Parameter of Digenite (Cu,_;S)

on a natural crystal fragment of «Ch free of Dj i Deviation from T Lattice om
a monoclinic symmetry with 48 Cu,S/cell and the space composition, & oo a Réference,
group P2y/c, having the lattice
Table 7. The present structure- also dlsplays hexagonal 0.5567()  [63Morl(h)
0.5725 + 0.001 - [58Djul(c)
close-packing of 8 atoras, with the exception that the Cu 0. 5735 + 0,001 [58Djulte)
atoms are in triangular coordination with respect to them, 573 [75Gor]
Lattice parameter results from different works are 82%3; :ggggg‘ [5[22%;3]('1)
presented in Table 10. 0.5577 +0.0006 - [58Djul
Table® Lattice Parameters of 8 Chalcocite 0:5593 £ 00006 . - [58Djul
05610 +0.0006 - [58Dju]
(BCu,S) 0.563 [58Djul
Lattice parameters, nm Temperature, 0 55355;9210016 136Rah]
Reference a c °C o
[68Wucl(a) : . 0.395 0.675 126 £ 5 0.56383 .
[42Bugel}.... 0.389 = 0:004 0.668 + 0.007 112 055776
{58Djul(h) ... 0.3961 + 0.0004 0.6722 * 0.0007 152 0.56872
0.3981 + 0.0004 0.6761 * 0.0007 300 . 0.57260
0.4005 = 0.0004 0.6806 = 0.0007 460 )
(75Gor)...... 0.396 0672 300 and 400 {a) Av. 0.5570 % 0.0005. - (b) On single crystal of natural digenite from
Butte, M. _ (c) Reported for On,S having fec structure, - (d) Reported
(a) On sirigle crystal of natural chaleocite. . * (b) On posidered synthetic for Oty 8 having foc structure.  (ey Composition at digenite phase
sarple. boundary based on synthetic and hatural samples.

Table 10 Lattice Parameters of a Chalcocite {aCu,S)

Lattico parameters, nm
b

Reference 2 c
[71Eval(a). ... 15246 + 0.0004 1.1884 = (.0002 1.3494 + 0.0003
[36Rah] . N 1.18 2.69 1.34
[42Buel] B 1.190 . 2728 : <1341
[58Djulfb). - - 11881 *0.0004 27323 = 0.0008 1.3491 = 0.0004
[63Wi1](c) . 1.182(= 3a") 2.700(=4b") 1:340(="2 ¢").

P10Cool. . 7711848 + 0.0002

(a)Based on monaclinic symmetry; 8 = 116.35° % (.01,
determined by electron diffraction on surface film.

(b) On powdered synthetic sample at Foom temperdture.

2.7330 =+ 0.0005 1.3497 + 0.0003

© ¢, ¥, ¢ are subcell dixensiors
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Table 12 Lattice Parameters of Covellite (CuS)

Lattice parameters, nm
a c

Reference

[68Djul. . .. 0.3794 + 0.0003 1.6382 * 0.001
[320ft] 0.375 1.623
[64Ber]. 0.3796 1.636
{76Pot, T6Eva, 0.37938 1.6341

Table13 Subcell Edge Dimension of « Digenite

Provisional

Table 14 Variation of N with Composnlon in
« Digenite

Lattice multiplicity
Cu/8 ratio factor, N

175..%

Note: According to Morimoto and Koto [70Mor].

Lattice
Subceledge  multiplicity
Cu/8 ratio dimension ('), nm factor, N Reference
5.0 [70Mor]
5.0 (58Don]
5.0 {66Ros].
5.0 (58Dju]
5.0 (66Ros]
5.0 [63Mor]
521 [71Mor]

arrangement and the unit cell content is CusszSias,
representing 128 formula units.

Anliite. The crystal structure is orthorhombic with the
space group Prma, in which the S atoms approximate the
fec arrangement and the Cu atoms are ordered in the inter-
stices in tetrahedral and triangular coordination [69Mor,
70Kot]. The lattice parameters measured on synthetic
crystals by the Weissenberg method by the above authors
are presented in Table 7.

Covellite. The crystal structure of CuS, according to
(320ft), is hexagonal, with 6 CuS/cell and the atoms in the
following positions:

2Cuin (d) at}, 3, % 4 Cuin () at 4, %, 0.107
28in(c) at$, 4% 4Sin (o) at 0, 0, 0.0625

Studies on the single crystals of CuS from Leonard Mine,
Montana by [54Ber] confirmed the above structute; except
for the slight modification in the 4 S atom site (e} to
0, 0, 0.064. Lattice parameter results are presented in
Table 12. Those given by (58Dju] were baséd on synthetic
samples of defined composition and are accepted as repre-
sentative in Table 7.

Metasiable Phases

Low-Digenite (aDg). The crystal structure of aDg was
thought to be a supercell of cubic symmetry, with the cell
edge five times that of Dg {58Don, 70Mor]. The subcell
edge dimension (¢) varied with composition, from 0.5542to
0.5568 nm, as shown in Table 13, The lattice multiplicity
factor. (V) varied with composition, from'5.0 at-Cu, +5S to
6.0 at Cuy0; see Table 14. All oDg in equilibrium with
Cv were found to be Lhe 5.2a type, and with Dg the 5.7a
type [70Mor].

[58Don] ascribed the apparent cubic symmetry in aDg to
thie complex effects of twinning. He deduced the true sym-
metry from his X-ray data to be rhombohedral, with one
CusS; per unit cell. The lattice parameter results are
presented in Table 8.

Tetragonal Phase. A tetragonal metastable modification
of Dg having the lattice parameters, a = 0.4008 =
0.002 nm and ‘¢ = 1.1268 = 0.0006 nm, at room tem-

Table 15 Lattice Parameter of CuS,
Latiice parameter, nm
a

Reference Comment
[69Hin] ... 0.564 ‘At'25 °C and B4 kbar
[66Mun]. 0.5796
[7iTay].. . .0.57897 = 0.00002 At 22°C

perature and the cell content of 4Cu..ecS was reported by

[58Djul. The detailed results from the careful studies by

[64Jan] are presented in Table 8. The structure consists of
d

d K

S atoms in a slightly defc lose-p:

Protodiurlelte No structure or lattice parameter data are
available.

Blaubleibender Covellite. No lattice parameter data are
available. According to [77Pot], the X-ray diffraction pat-
tern of BI-Cv I ig similar to that of Cv, and of Bl-Cv II to
that of Dg.

CusS;. The lattice parameter determined by [66Mun] based
on a cubic pyrite-type structure, space group Pa3, isin fair
agreement with other reported results, as shown in
Table 15. However, the presence of strong anisotropy “in
optical. properties is indicative, aecording to [71Tay), of
a “pseudocubic structure” having lower symmetry than
that-of pyrite. The accepted lattice parameter value (in
Table 8). is taken from [71Tayl, in view of their use of
high-purity materials (99.99+ purity Cu. and S} and of
precise measurements.

Thermodynamics

Expressions for the standard Gibbs energy of formation of
the Cu-S intermediate phases, derived from the emf mea-
surements from 0 to 250 °C and from the Cu:S rstio 0:95
t0 2.10 by Potter [77Pot], are presented in Tables 16 and 17
for the -equilibrium and metastable phases, respectively.
The values of standard Gibbs energy, enthalpy, and en-
tropy of formation of aCh from calorimetric and other
thermochemical measurements, and from third law evalu-
ations of equilibrium data, are presented in Table.18. Also
included in Table 18 are the selected values of AH® and AS°
at 298 K from [74Mil] and [61Kel], respectively. The stan-
dard Gibbs energies of formation of BCh at two tem-
peratures, of Dg at Cu-saturated composition and of Cv,
together with the enthalpy of formation at 298.15 K; are
presented in Tables 19, 20, and 21, respectively. The val-
ues of AHSs for Cv, estimated from Gibbs-Duhem integra-
tion-of data by [60Weh], and from dissociation pressure
data by the third law method [74Mil] are somewhat higher
(55.64 and 57.32 kJ/mol of CusS, respectively)-and are not.
included in Table 21. The results by [77Pot]for the differ-
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Table 16 - Standard Gibbs Energy and Enthalpy of Formation of Cu-S Intermediate Phases
Enthalpy of
Gibbs energy Gibbs energy formation
of formation of formation (-AH %), Temperature
Phase Formula (AG"), J/mol (—AG34.15), ke /mol KeF/mol range of AG% K
a Chaleocite. Cty oo ~80442 — 17.2 T % 502 85.57 = 0.50 80.71 + 0.50 273,15 10 376.65
8 Chalcocite. CuselS  —76927 — 25.15 T ~ 0.004 T + 1255 84.78 . 37665070815
Djurleite Cus0sS -79760 — 13.72 T = 418 83.85 + 0.42 79.75 + 0.42 273.15 to 345.15
Djurleite CuyesS —80241 ~ 14.77 T + 418 84.64 + 0.42 80.25 = 0.42 273.15 to 363.15
Anilite Cuzsagoas —76019 — 8.45 T = 293 78.53 x 0.4 76.02 = 0.4 273.1510'348.15
Covellite CuS ~53246 — 2.26 T = 209 53.93 = 0.21 53.26 = 0.21 273.15 to 388.36
Covellite CuS —56684 + 6.64 T+ 209 388.36 to 717.75

Note: From Potter [77Potl.

The elementaxy entity for “mol” used in this table is the corresponding formula unit of the respective compound.

ion of M bl

Table 17  Standard Gibbs Energy and y of F Cu-S Comp
Enthalpy of

Gibbs energy Gibbs energy formation

of formation of formation {(~AH%g,5), Temperature
Phase Formula {AG"), J/mol (=46 %q,15), ke /mol kJ/mol range of AG% K
a Digenite <+ Cul pegaocns -76843 — 4.90 T = 418 78.32 % 0.42 76.84 273.15 to 348.15
Blaubleibender covellite I . 1204 —56329'~ 1.88 T + 418 56.90 = 0.42 273,15 to 423.15
Blaubleibender covellite I Citgz01S ~61400 — 9.87 T = 418 64,35  0.42 273.15 to 423.15.

Nots: From Potter |77Pot].

The elementary entity for “mol” used in this table is the corresponding formula unit of the respective compound.

Table 18 Standard Gibbs Energy and Enthalpy of
Formation of « Chalcocite at 298.15 K

Table 19 Standard Gibbs Energy of Formation of
B Chalcocite

Standard Gibbs Enthalpy Eniropy Gibbs enérgy of formation Temperature,
energy of ion  of i o ? (=AG), kI /mol of Cu,S X Reference
(~AG"); kd/mol (~AH), kd/mol - (8%, 3/mol K YR TPt
85.56 = 0.50. . .80.71 = 0.50 [77Pot}(a) 9456 + 4.2 [57Wagl(b)
88.70 = 2,1 .83.55 = 2.1 1720 [53Broib) 9519 + 4.2 [73Bar}
84.10 = 78,66 =21 - [55Ric](b) 9832 + 4.2 [73Bar]
86.61 = (8012 * 2.1 [68Rob] 96.69 = 1.3 [77PotI(a)
x x

gg:g ® i [gﬂ‘g':ﬁj (@) Electromotive force with aquedus electrolyte. (b Electromptive
8798 + 8117 = 13 [73Kin] forcs with solid electrolyte.
89.08. .. 8343 [50Sudl,

795 [5502%‘;‘;2}55; Table 20 Standard Gibbs Energy of Formation of

80.48 [50Tan] Digenite at Cu-Saturated Composition(a)

;g’z:; [ggé‘"%]]((b; Gibbs energy of formation Tehiperature,

g [157ng} (:) (4639, J/mol of Cu8 K Refeverice
PAENS e A LS SR Wikl isiod s semT S0t la0p  fosm)

.9 = 2.1 o - . R
SN -128449 + 26.99 T .960 t0 1180, . [68Sod]

Note: The term "mal” in thi table stands for g-mole of CisgS. Z131461 + 3075 T "800 t5 1313 5 Rie]

(2 Electromotive: force.  (b) Vapor pressure for the reaction 2Cu(s)
+ H,8 = CuyS(s) + Hp” - (e) In the revised compilation [79Kub], the
authors give the AH® and AS® values that were taken from [74Mil].

ent phases cotrespond closely to literature values and are
of relatively higher precision.

The variation of heat capacity (C,) with temperature for
aCh, BCh, and Dg of Cu,S composition, according to
[80Kel], [69Kel], and [74Mil] and the corresponding
free energy function, (G° — Hue)/T, standard entropy,
8°, heat increments, (Hr — Hayg), and equilibrium con-
stant, log K, data for the reaction, 2 Cu(s) + H.S =
Cus8(s) + Hs,. after Kellog {69Kel] are presented in
Table 22. Heats of transition and heats of fusion for aCh
and Dg phases are presented in Table 23. Variations of C,
with temperature for aCh, SCh, Dg, and Cv. are presented
in Table 24, after Mills [74Mil].
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() From teaction equilibrium for: 2 Cufs) + 3858 = Cu,8tex:

Table 21 “Standard Gibbs Energy and Enthalpy.of
Formation of Covellite at 298.15:K

Enthalpy of

Gibhs energy of formation  formation (—AH3,s),

(~AGY,g), kd/mol of CuS kJ/mol of CuS Reference
4853 + 4.2 [68Rob]
53.14'+ 2.1 [69Wag]
523 +.42- {74MiH
52.7. 4 2.1 [73Kin]
53.26 + 0.21 [77Pot]

[72Mat]

For data.on activity of 'S in Cu-S ‘melts, refer to 179Lar,
808ha] and the references therein, and to [74Mil] for other
partial molar quantities.
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Table 22 Thermodynamic Properties of Allotropes of Cu,$
Free energy Heat
Heat capacity(a) Entropy funetit increments Equilibrium
'nemperame, % 3 ((G" HM)/T), Hy — Hyg),  comstant(b),
Phase J/mol - K J/mol - K /mol log K
298.15 . 763 118:38 118.38 ) 15.627
376 . 196
(82.5)
876 ..o BCh 90.0 . - . .
(100.5)
4000 £Ch 90.0 152.26 122,06 12075 11.948
99.7)
500 ...veeeeiineneeiennns BCh X 172.33 130.19 21071 9.837
98.7)
X 188.73 138.62 30066 8.420
(93.6)
90.0 202.60 146.79 39062 7418
(90.5)
90.0 .
84.9 -
(85.0)
84.9 215.17 154.63 48434 7.019
84.9 225.18 161.93 56928 6048
849 234.13 168.71 65421 5.277
84.9 242.22 175.03 73915 4649
849 249.61 180.94 82408 4131
849 256.41 186.49 90902 3.694
1400 .. 84.9 262.71 191.71 99395 3322
(85.0)

Note: From Ketlog [69Kel]. The elementary entity for “mol” used in this table is thé corresponding formula unit of the respective phase. Reference state for

CuyS: oCh at 298 K, Ch at 400
at 208 K; liquid, 400 to 700 K; Sy(g), 800 to 1400 K.

(@) C, values in from [74Mill. - (b)

0 700 K, Dg at 800 to 1400 K. Reference state for Cu: erystal at all

Reference state for S

constant for reaction: 2Cu(s) + HyS = Cu,S(e) + Hy.

The thermodynaric properties of the Cu-S liquid were
analyzed by Kellog {76Kell and by Larrain et.al. [79Lar]
using an associated sofution model that postulated the
species CuzS and CuS.in equilibrium in the liquid and a
regular solution behavior: The model accounted for the
boundaries of the metal-rich miscibility gap consistent
with the phase diagram data, but the application was re-
stricted to limited composition ranges. Sharma and Chang
[80Shal also applied the associated solution model, but
assumed the existence of only Cu.S in addition to Cu and
S in the liquid. Based on the above model for the liquid, a
statistical thermodynamic model for the digenite phase
after [798hal, and appropriste thermodynamic equations
for other phases, the calculated phase boundaries were in
good accord with khown phase diagram data and thermo-
dynamie properties of other phases (see Table 1). Several
crmca] ally are

it f romi the calculations of {80Shal
and are mdwated within parentheses in Fig. 1.
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Table 23 Heats of Transition and Fuslon for Allotropes of Cu,S
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of Tetragonal Chaleocite”, Neues Jahrb. Miner. Monatsh, 2,
418:424 (1971). (Meta Phases; Experimental}

71Cla2: A.H. Clark and R.H, Sillitoe, “Supergene Anilité from
Mina Estrella (Salado), Atacama, Chile”, Neues Jahrb. Miner.
Monatsh, 2, 515-5623 (1971). (Equi Diagram; Experimental)

71Eri: G. Eriksson, "“Thermodynamic Studies of High Tempera-
ture Equilibrium: I. Calculation of Free Energy Function and
Heat Content Function for Solid (Cu, S, O) Substances”, Acta
Polytech. Scand., 99, 19-32 (1971). (Thermo; Experimental}

*71Eva: H.T. Evans, Jr., “Crystal Structure of Low Chalco-
cite”, Nat. Phys. Sei., 232(29), 69-70 (1971). (Ciys Structure;
Experimental)

71Moh: G. H. Mch, “Blue-Remaining Covellite and Its Relations
to Phases in S-rich Portion of Cu-S System at Low Tempera-
tures”, Miner. Soc. Jpn. Spec. Paper 1, 226-232 (1971). (Meta
Phases; Experimental)

71Mor: N. Morimoto and A. Gyobu, “Composition and Stability of
Digenite”, Am. Miner., 56, 1189-1909 (1971). (Equi Diagram,
Meta Phases, Crys Structure Experimental; #)

71Tay: L. A. Taylor and G, Kullerud, “"Pyrite Type Compounds”,
Carnegie Inst. Wash. Yearbook, 69, 322-325 (1971); Neues
Jahrb. Miner. Monatsh, 10, 458-464 (1972). (Meta Phases, Crys
Structure; Experimental)

7tVan: A.V. Vanyukov, V.P. Bystrov, and V.A. Snurnikova,
“Phase Equilibria in Cu-S System”, Tovet. Metal., 44(31), 11-15
1971)in Russian; TR: Sov. J. Non-Ferr, Met, 44(11), 11-14
(1971). (Equi Diagram; Experimental).

720]8 ‘A.H. Clark, “Natural Oceurrence of Hexagonal Cu; S in

X-ray Studies of Cuprous Sulfide, Cu-Selenide and Cu e
at Pressures up to 80 Kilobars”, Naturwiss., 56(3), 136 (1969) in
German: (Crys Structure; Experimental)

*69Kek: H. H. Kellog, “Thermochemical Properties of the System
CuS at Elovated Tomperature”, Can. Met. Quart., 8(1), 3-23
(1969). (Thermo; Experimental)

*69Mor: N. Morimoto, K. Koto, and Y. Shimazaki, “Anilite,
Cu,S,, a New Mineral”, Am, Miner., 54, 1256-1268 (1969). (Equi
Diagram, Crys Structure; Experimental; #)

698il: R.H. Sillitoc and A, H. Clark, “Cu and Cu-Fe Sulfides as
Tnitial Products of Supergene Oxidation, Copiapoe Mining Dis-

ict, Northern Chile”, Am. Miner., 54, 1684-1710 (1969). (Meta
Phases; Experimental)

69Wag: D. D. Wagman, W. EL Evans, V. B. Parker, . Halow, 8. M.
Bailey, and R. H. Schumm, “Selected Values of Chemical Ther-
modynamic Properties”, U.S. Nat. Bur. Stand. Tech. Note
270-4, 141 (1969). (Thermo; Compilation)

70Cla: J. B. Clark and E. Rapoport, “Effect of Pressure on Solid-
Solid Transitions in Some Ag and Cuprous Chalcogenides”, J.
Phys. Chem. Solids, 31, 247-254 (1970). (Equi Diagram, Pres-
surs; Experimental)

70Co0: W.R. Cook, Jr., L. Shiozawa, and F. Augustine,
“Relationship of Cu-Sulfide and Cd-Sulfide Phases”, J. Appl.
Phys., 41(7), 3058-3063 (1970). (Meta Phases, Crys Structure;

Experimental)
70Fla: A, Flamini and O. Grubessi, *.. Digenite, Cu, S,
Chaleocite”, Period. Miner, Spec. Vol, 394, 243-263 (1370)

quoted in [77Pat]. (Meta Phases; Experimental)

70Kaz: M. M. Kazinets, “Structure of Some Phases of a Cu-S
System”, Kristallogr., 14(4), 704-706 (1970) in Russian; TR:
Sov. Phys.— Crystall., 14(4), 599-600 (1970). (Crys Structure;
Experimental)

70Kot; K. Koto and N. Morimoto, “Crystal Structute of
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Chile®, Nature, 238(86), 123-124 (1972). (Meta
Phases; Experimental)

#72Co0: W. R. Cook, Jr., “Phase Changes in Cu,S$ as a Function of
Temperature”, Natl. Bur. Stds. (U.S.A.) Spec. Publ, 364,
703-712 (1972); Ph.D, thesis, Case Western Reserve University,
Cleveland, OH; Gould Labs Univ. Microfilm Order No. 72-27
(s (Equi Diagram; Experimental; #)

Lug: H. Luquet, F. Guastavino, J. Bougnot, and J. C, Vaissiere,
“Stady of GaS Systers betwoon Ot o6 ey by Differential
Thermal Analysis”, Mater. Res. Bull, 7, 955-962 (1972) in
French. (Equi Diagram, Meta Phases; Experimental)

72Mat: H.J. Mathieu and H. Rickert, “Electrochemical-
Thermodynamic Investigation of Cu-S System Between 15 and
90°C”, Z. Phys. Chem. N.F., 79, 315-330 (1972) in German.
(Thermo, Equi Diagram; Experimental)

72Ric: D.T. Rickard, “Covellite Formation in Low Temperaiuss
Aqueous Solutions”, Miner. Depos., 7(2), 180-188 (1972);
Tscheermaks Miner. Petrog. Mitt,, 19(1), 60-75 (1973), quoted
in (77Pot]. (Equi Diagram, Meta Phases; Experimental)

73Bur: P.B, Barton, Jr., "Solid Solutions in System Cu-Fe-S.
Part I The Cu-S and CuFe-S Joins”, Econ. Geol., 68, 466-465
(1973). (Equi Diagram; Experimental}

73Fla: A. Flamini, G. Graziani, and O. Grubessi, “A New Syn-
thetic Phase in Cu-S System”, Period. Miner., 42, 257-265
(1973). (Meta Phases; Experimental)

73Gob: R, J. Goble and D.G. W. Smith, Can. Miner., 12, 95-103
(1973; . Equi Dlagram Meta Phases; Experimental)

L. A.D, Mah, and L.B. Pankratz, “Thermo-
dynamnc Proporties of Ou and Tis Tnorganic Compounds”,
Indl. Copper Res. Assoc., Mon., No. 11, 257 (1973), (Thermo;
Compilation)

73Mul: B.J. Mulder, “Protodjurleite, a Metastable Form of Cup-
Tous Sulfide”, Krist. Tech., 8(7), 825-832 (1973). (Meta Phases;
Experimental)
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74Bur: B, P. Burylev, N.N. Fedorova, and L.Sh. Tsemekhman,
“Phase Diagrams of Cu-8, Cu-Se _and Cu-Te Systems”, Zh.
Neorg. Khim., 19, 2283-2285 (1974) in Russian; TR: Russ.
J. Inorg. Chem 19(8), 1248-1250 (1974). (Equi Diagram;
Experimental)
4Dum: A. Dumon, A, Lichanot, and 8. Gromb, “Study of Cu-S
Phase Diagram in Compositional Area CuzoS-CuyeeS”, o.
Chim. Phys., 71(3), 407-414 (1974) in French. (Equi Diagram;
Experimental; #)

74Mik: K. C, Mills, Th ic Data for I
Selenides and. Tellurides, Butterworths, London (1974).
(Thermo; Compilation)

*74Rau: H. Rau, “Homogeneity Range of Cubic High Tempera-
ture Cuprous Sulfide (Digenite)”, J. Phys. Chem. Solids, 35,
1415-1424 .(1974). (Equi Diagram, Thermo; Experimental; #)

76Gor: 8.8. Garelik, A.N. Dubrovina; R.Kh. Leksina, T,
Turdaliev, and Yu. M. Ukramsku, “Dilatometric and X Ray

of Copper at 20-700 °C”, Izv. Akad.
Nouk SSSR, Neorg. Mater 11(1), 28 32 (1975) in Russian; TR:
Tnorg. Mater., 21(1), 2124 (1975), (Crys Structure; Experi-
mental)

76Bal: C.W. Bale and J.M. Toguri, “Thermodynamics. of.Cu-S,
Fe-8 and Cu-Fe-S Systems”, Can. Met. Quart,, 15(4), 305-318
(1976). (Equi Diagram, Thermo; Experimental)

76Eva: H.T. Evans, Jr. and J.A. Konnert, “Crystal Structure
Refinement of Covellite”, Am. Miner., 61, 996-1000 (1976).
(Crys Structure; Experimental)

*76Kel: H.H. Kellog, “Thermochemical Modelling. of Molten
Sulfides”, Physical Chemistry: in Metallurgy, R.M. Fischer,
R.A. Oriani, and E.T. Turkdogan, Ed., U.S. Steel Res. Lab.,
Monroeville, PA, 49 (1976). (Thermo; Experimental)

76Nag: M. Nagamori, “A Thermodynamic Study of Digenite Solid
Solution (Cu,-,8)-at 600 to 1000 °C and a Statistical Thermo-
dynamic Critique on General Nonstoichiometry”, Met. Trans.,
7B, 67-80 (1976). (Thermo; Experimental)

76Pot: R.W. Potter, Il.and H.T. Evans, Jr.,, “Definitive X- -ray
Powder Data for Covellite, Anilite, Djurleite and Chalcocite”

Tuati

Cu-S
Al-in

U.S. Geol. Survey J. Res., 4, 205-212 (1976). (Crys. Structure;
Experimental)

76Vai: J.C. Vaissiere and F. M. Roche, “Contribution to Study
of Phase Diagram of Cu,8 (1.75 < x < 2) Between 10 and
200 °C”, Mater. Res Buil,, II{7T), 851-856 (1976). (Equi Dia-

-am; Experimental

‘77Pct' R. W. Poiter, II “An Electrochemical Investigation of the
System Cu-8”, Econ. Geol., 72(8), 1524-1542 (1977). (Equi Dia-
gram, Meta Phases, Thermo, Experimental; #)

78Jud: V.P. Judin and E. Eerola, “Thermodynamics of Metallic
Impurities in Cu-Saturated Cu-Sulfide Melts”, Scand. J. Met-
all.,, 8, 128-132 (1979). (Thetmo, Equi Diagram; Experi-
mcntal #)

79Kub: 0. Kubasch ki and E. L. Evan: Thermo-
chemistry, 6th ed., Pergamon Press, NY (1979). ('['hermo,
Compilation)

79Lar: J.M. Larrain, L.L. Sang, and H.H. Kellog, “Thermo-
dynamic Properties of Cu-S Melts”, Can. Met. Quart., 18,
395-400 (1979). (Thermo, Equi Diagram; Theory)

79Mou: M. Moulki and J. Osterwald, “Miscibility Gap between
Liquid Cu and Liguid Cu-Sulfide”, Z. Metallkd., 70(12), 808-810
(1979) in German. (Equi Diagram; Experimental)

798ha: R.C. Sharma and Y. A. Chang; “A Thermodynamic Equa-
tion of State for Digenite, Cup_,S”, Chin. J. Mater. Sci., 11(1),
58-62 (1979). (Thermo; Theory)

#80Sha: R.C. Sharma and Y.A. Chang, “A Thermodynamic
Analysis of Cu-8 System”, Met. Trans., 11B, 575-583 (1980).
{Thermo, Equi Diagrdm; Theory; #

81BAP: Bull. AllayPhaszDuzgrams,Z(l), 145-148 (1981), quoting
‘melting points of éleniénts on the 1968 temperature scale. (Equi
Diagram; Compilation; #)

81Hub: C.R. Hubbard and D. L. Calvert, "The Pearson Symbol”,
Bull: Alloy Phase Diagrams, 2(2), 153-157 (1981). (Crys Struc-
ture; Review)

“Indicates key paper.
#Information from this paper used in drawing evaluated phase diagrams.
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