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Abstract—Phase equilibria in the Cu,S—Cu3AsS,—S system were studied by differential thermal analysis and
X-ray powder diffraction. Important plots characterizing this system were constructed, namely, the 7—x dia-
grams of the lateral quasi-binary systems Cu,S—Cu3;AsS, and Cus;AsS,—S, some internal sections, the iso-
thermal section of the phase diagram at 300 K, and the projection of the liquidus surface. The fields of pri-
mary crystallization of phases and the types and coordinates of in- and monovariant equilibria were found. A
wide region of separation of liquid phases was detected in the system.
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The Cu—As—S system is of great interest because
ternary compounds and glassy alloys in this system are
valuable functional materials with semiconductor,
photoelectric, optical, and other practically important
properties [1—3]. Moreover, almost all of the known
ternary compounds in this system occur in nature as
minerals and are of considerable interest for Earth
geochemistry [4, 5].

Numerous literature data on phase equilibria in the
Cu—As—S and the properties of ternary phases in this
system were generalized in a review paper [3]. How-
ever, their analysis shows that, although a number of
polythermal sections have been studied, the full pic-
ture of phase equilibria in the system have not yet been
determined. A schematic projection of the liquidus
surface constructed by Rikel et al. [3] using the pub-
lished data [6—9] has serious disadvantages: because of
the insufficiency of experimental data, the fields of
primary crystallization of most phases were delineated
conditionally, no isotherms were presented on them,
and neither were the accurate coordinates of invariant
equilibrium points, etc. The schematicity and contra-
dictoriness of this diagram were also noted by Miiller
and Blachnik [10, 11].

In the context of the above, we undertook a new
detailed investigation of phase equilibria in the Cu—
As—S system. Previously [12, 13], we studied phase
equilibria in the Cu—Cu,S—As subsystem and the
thermodynamic properties of copper arsenic sulfides.
In this work, we explore phase equilibria in the Cu,S—
Cu;AsS,—S subsystem.
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The phase diagrams of the boundary binary system
Cu-—S that were presented in modern handbooks [14, 15]
virtually coincide. According to available data, in the
system, the compounds Cu,S, Cu,S;, and CuS form.
The first of them melts congruently at 1403 K; the sec-
ond exists below a temperature of 345 K, at which it
decomposes by a solid-phase reaction; and the third
melts with decomposition by a peritectic reaction at
780 K. The compound Cu,S undergoes polymorphic
transformations at 376 and 708 K: the low-tempera-
ture modification has the orthorhombic structure, the
intermediate modification has the hexagonal struc-
ture, and the high-temperature modification has the
cubic structure. This compound has the homogeneity
region toward an excess of sulfur, which is maximal at
~800 K and is 33.3—36.6 at. % S [14].

In the Cu,S—S subsystem, the liquidus consists of a
single curve describing the primary crystallization of
the high-temperature modification of Cu,S. The liqui-
dus curves of CuS and elemental selenium and also the
corresponding invariant equilibria are degenerate. In
the system, there is a wide region of separation of two
liquid phases, which at the monotectic equilibrium
temperature 1086 K extends from 40.1 to 99.8 at. % S
[13, 14].

The compound Cu,;AsS, melts congruently at 970 K
and crystallizes in the orthorhombic (mineral enarg-
ite) or tetragonal (luzonite) structure [2, 3].

The crystallographic parameters of copper sulfides
and Cu;AsS, according to various authors are available
in the literature [2—4, 14—16].
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Fig. 1. Quasi-binary systems (a) Cu,S—Cu3AsS, and (b) Cu3zAsS,—S.

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 62

No. 5

2017



PHASE EQUILIBRIA

CuS

CU9SS + CuS + CU3ASS4
CuyS5

CuS + CuzAsS, + S

(CU2S)I + CU9SS + CU3ASS4

593

3S

Cu,S 80 60

40 20 Cu,AsS,

mol % Cu,S

Fig. 2. Diagram of solid-phase equilibria in the Cu,S—Cu3AsS,4—S system at 300 K.

EXPERIMENTAL

The compounds Cu,S, CuS and Cu;AsS, were syn-
thesized by alloying high-purity elemental compo-
nents in necessary ratios in sealed evacuated (~10~2 Pa)
quartz ampules. Cu,S and Cu;AsS, were produced in
a two-zone inclined furnace. The temperature of the
lower, “hot”, zone was 1420 K (Cu,S) or 1000 K
(Cu;AsS,), and the temperature of the upper, “cold”,
zone was 650 K, which is somewhat below the sulfur
boiling point (718 K [17]). To obtain homogeneous
Cu,S of the stoichiometric composition, according to
a published recommendation [18], the synthesis was
followed by quenching from 1300 K into cold water.

Because CuS melts incongruently, the ampule after
alloying the components at ~900 K was slowly cooled
to a temperature of 700 K, at which annealing was per-
formed for 500 h.

The individuality of the synthesized compounds
was checked by differential thermal analysis and X-ray
powder diffraction analysis.

Alloys in the Cu,S—Cu;AsS,—S system were pro-
duced by alloying the preliminarily synthesized com-
pounds and elemental sulfur in evacuated quartz
ampules. By differential thermal analysis of nonho-
mogenized cast alloys of selected compositions, the
temperatures of annealing (at ~30—50 deg below the
solidus) were determined, at which the alloys were
treated for 600—800 h.
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The differential thermal analysis was performed
with a NETZSCH 404 F1 Pegasus system, and X-ray
powder diffraction analysis was carried out with a
Bruker D8 ADVANCE diffractometer.

RESULTS AND DISCUSSION

Processing of the set of the obtained experimental
data using published data on the binary system Cu,S—
S gave a mutually consistent picture of phase equilibria
in the Cu,S—Cu;AsS,—S subsystem. For the conve-
nience of comparison with the total 7—x—y diagram of
the Cu—As—S system, the composition in the studied

subsystem was represented as CuZS—é Cu,AsS,—3S.

Lateral Quasi-Binary Systems

CuZS—gCu3AsS4 System (Fig. 1a) has the phase

diagram of the eutectic type. The eutectic has the
composition 10 mol % Cu,S and crystallizes at 970 K.
The solubility based on the high-temperature modifi-
cation of Cu,S (a") at the eutectic temperature is max-
imal and is ~6 mol %, and the solubility based on the
intermediate modification (o) is ~3 mol %. The for-
mation of solid solutions based on Cu,S is accompa-
nied by a decrease in the temperatures of polymorphic
transitions to 700 and 375 K, at which the eutectoid
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Fig. 3. Projection of the liquidus surface of the Cu,S—Cu3AsS,4—S system. Primary crystallization fields: (7) o, (2) CuzAsS,,
(3) CuS, and (4) S. The dashed lines are the studied polythermal sections.

equilibria a" <> o' + Cu;AsS, and o' <> (Cu,S); +
Cu,AsS,, respectively, are established.

Cu;AsS,—8S System (Fig. 1b) is characterized by

the existence of monotectic (m,m}5) and eutectic (es)
equilibria. At the monotectic temperature (960 K), the
phase separation region extends from ~2 to 90 mol %
Cu;AsS,. The eutectic is degenerate near the compo-
sition point of elemental selenium and crystallizes at
387 K.

Isothermal section at 300 K of the phase diagram of
the Cu,S—Cu;AsS,—S system is presented in Fig. 2. As
is seen, the composition points of all the copper sul-
fides are connected by tie lines with the Cu;AsS,
point, which divide the concentration triangle into
three-phase regions. The phase compositions of the
alloys were confirmed by X-ray studies.

Liquidus surface (Fig. 3) of the Cu,S—Cu;AsS,—S
system comprises two fields characterizing the pri-
mary crystallization of the o"-phase and Cu;AsS,. The
primary crystallization fields of CuS and elemental
sulfur are degenerate. This part of the 7—x—y diagram
isshown in Fig. 3 in a magnified view (arbitrary scale).

A characteristic feature of this system is the wide
region of phase separation (L; + L,). It has the shape
of a wide continuous zone between the monotectic

horizontal lines of the lateral systems Cu,S—S (m,m;)
and Cu;AsS,—S (m,m)). The eutectic curve originat-
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ing from the point e, intersects the phase separation
region and transforms into the invariant monotectic
equilibrium (horizontal line MM’'). A number of
invariant and monovariant equilibria are degenerate
near the sulfur composition point. The table presents
the types and temperatures of all the in- and monovar-
iant equilibria in the system.

Polythermal Sections

We constructed some polythermal sections of the
T—x—y diagram, which more clearly demonstrate
crystallization processes and solid-phase transforma-
tions in the system. Let us consider them together with
Figs. 1—-3 and the table.

Section 4CuS—Cu;AsS, (Fig. 4). The liquidus con-
sists of two curves describing the primary crystalliza-
tion of the a"-phase and Cu;AsS,. In the composition
range 35—100 mol % CusS, the primary crystallization
of the a"-phase occurs by the monovariant monotec-
tic reaction m;M. Below the liquidus, the crystalliza-
tion continues initially by the monovariant monotec-
tic reactions m;M and ;M and then by the invariant
monotectic reaction M (950 K) and is completed by
the invariant transition reaction U at 770 K (Fig. 3;
table) to form the two-phase mixture CuS + Cu;AsS,.

Section Cu,S—[A] (Fig. 5). As one of the initial
components of this section, the two-phase alloy
Cu;AsS, + S of the composition [A] was chosen (Fig. 3).
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(a) Invariant and (b) monovariant

equilibria in the Cu,S—Cu;AsS,—S system
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o' and 0" are solid solutions based on the intermediate and high-temperature modifications of Cu,S, respectively.
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Fig. 5. Polythermal section Cu,S—[A] of the phase diagram of the Cu,S—Cu3AsS,—S system.

This section intersects almost all the phase regions
(Fig. 2) and represents most of the in- and monovari-
ant equilibria in the studied system. Over wide compo-
sition ranges from the melt L, (~75—100 mol % Cu,S)
or two separating liquid phases L; + L, (~10—75 mol %
Cu,S), the o"-phase primarily crystallizes. Within the
composition range 0—10 mol % Cu,S by the monotec-
tic reaction my,M, the compound Cu;AsS, primarily
crystallizes. The crystallization continues invariantly
by the monotectic (M) and transition (U) reactions.
Within the composition range ~60—95 mol % Cu,S,
the crystallization is completed with the reaction U to
produce the three-phase region " + CuS + Cu,AsS,.
At concentrations <60 mol % Cu,S, the crystallization
is completed with the eutectic reaction E (385 K) to
form the three-phase mixture CuS + Cu;AsS, + S.
The thermal events at 700 and 375 K correspond to
the eutectoid equilibria o" <> o' + Cu;AsS, and o' <>

RUSSIAN JOURNAL

(Cu,S); + CusAsS,, respectively, and the thermal
event at 350 K characterizes the solid-phase reaction
(Cu,S); + CuS = Cu,S;. This reaction gives rise to the
three-phase regions (Cu,S); + CuySs + Cu;AsS, and
CugSs + CuS + Cu;AsS, (Fig. 2).

Thus, the Cu,S—Cu;AsS,—S subsystem is a subor-
dinate triangle in the ternary system Cu—As—S. The
liquidus surface consists of the primary crystallization
fields of the high-temperature modification of Cu,S,
Cu;AsS,, CuS, and S. The last two surfaces are degen-
erate near the composition point of elemental sulfur.
In the system, there is a wide region of phase separa-
tion, which covers over 90% of the liquidus surface
area. At room temperature, in the system, there exist
three three-phase regions divided by the tie lines CugSs +
Cu;AsS, and CuS + Cu;AsS,.
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