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Abstract

The reaction pathways in the synthesis of CuzAsS, have been studied in the DTA in the range 25-870 °C with a heating rate of
10 K/min. Educts, intermediates and products were characterised by X-ray diffraction. Educts were the elements and the binary
compounds Cus_,As, Cus_sAsy, As4S4, AsyS3, the two copper(l) sulfides Cu, o,S, Cu,S, and CuS. The 19 examined educt
mixtures are divided by their thermal effects during reaction into three groups. Mixtures of the group I have low copper or copper
arsenide contents. Educts in group II are mainly copper arsenides and sulfur, and educts of group III enclose all other mixtures,
including that from the elements. In all cases the reaction to Cu3AsS, proceeds stepwise. The various intermediates are mainly
the binary compounds CuS and As,S, at lower temperatures and at higher temperatures the ternary compounds CugAs,So,
CuyAs,Ss or Cuyoy (Assy,S13. The synthesis is complete at approximately 600 °C. Heating above the melting point of CuzAsSy
at 694 °C increases the amount of by-products.

In grinding and ageing experiments copper arsenides react with sulfur, As,S3, and CuS to metastable Cu,As. The reaction
between Cus_,As 4 S does not proceed by treatment in a planetary ball mill. AssS4 4 CuS do not react during mediumised
milling, but the formation of Cu3AsS, occurs after this treatment in one step in the DTA run. The desoxidation of copper powders

is a decisive influence factor for the reaction from the elements. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Crystalline and amorphous chalcogenides were
subjected to numerous investigations because their
physical properties are of technical importance. In
addition systems with sulfur are of interest in miner-
alogy and geology and give information about the
physical conditions on earth at their genesis. For
these reasons, phase equilibria of binary and ternary
sulfur systems were often investigated. Less informa-
tion is known on reaction pathways and conditions

*Corresponding author. Fax: +54-19693323.
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on which elements or compounds react to binary and
ternary sulfides. To our knowledge in the past only
three publications [1-3] dealt with reaction pathways
in the system Cu—As-S, though it contains com-
pounds which are important copper and arsenic ores
[4,5].

In view of this gap we investigated the pathways on
which the compound Cu3AsS, is formed. Besides the
elements, the binary compounds Cus_,As, Cus_sAs,,
AssS4, AsyS;, two copper(I) sulfides (‘Cuyo;S’,
Cu,S), and CuS were used as educts. The reactions
were detected in situ by thermoanalytical and X-ray
methods. Examined parameters were mechanical
treatment, purification of copper, and ageing.
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2. The ternary system Cu-As-S

Although several authors [6-13] have examined
parts of the system, Rikel’ et al. [14] could give the
phase relations only schematically because of contra-
dictory results.

The system is characterised by three miscibility
gaps and five ternary compounds, CuzAsSy, Cujs, .
As, Si3, CugAs,Ss, CugAsySo, and CuAsS, of which
the last three decompose perictectially. The primary
crystallisation fields of Cu,_,S, As, CuzAsS,, and
Cuj24AS44,S13 dominate the Gibbs triangle (Fig. 1).
The sections As—Cu,S [9,11,12], As—CuszAsS; [13],
Cu,S—CuszAs [8,13], and Cu,S-As,S; [8,13] are
reported as quasibinaries. However, Rikel” et al. [14]
accepted this character only of the sections As—Cu,S
and Cu,S—-As,S;.
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With the exception of CuyAs,Ss all compounds
exist as minerals, which are characterised by covalent
As—S bonds and which crystallise in superstructures of
the sphalerite or wurtzite type [12,15,16]. The struc-
ture of enargite is characterised by AsS, tetrahedra,
whereas the compounds on the section Cu,S—As;S3
contain trigonal AsS; pyramids.

Orthorhombic Cu;AsS,, enargite, has at higher tem-
perature a small homogeneity range [9]. The melting
behaviour is not clear. Kurz [12] assumed a peritec-
tic decomposition into Cuj,,,Ass;,Si3 and melt at
642 °C,Maske and Skinner [9] found congruent melting
at 672 °C. All available thermal data are summarised
in Table 1. A second form, tetragonal luzonite is a
metastable high-pressure modification [17].

Cujz4As41,S;3, tennantite, and its multinary vari-
eties are widely spread in nature. Since the compound
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Fig. 1. Liquidus projection of the system Cu—As-S [14].
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Table 1
Melting behaviour of Cu3AsS; and Cujs,Assy,S;3 from the
literature

CuzAsS, CuyoxAS41,S13"

CuzAsS,=2L Cu|2+xAS4+y813 2L

655 °C [34] 640 °C [34]

CU3ASS4 2L CU|2+XAS4+}YS|3 2L

689 °C° [8] 665 °C° [9]

CuzAsSy ;’CU]2+XAS4+'VS]3 +S CU|2+XAS4+yS]3 2CuAsS+S

672 °C* [8] 710 °C [35]

CuzAsS,=2L CU12+XAS4+}VSI3 2Cu,S
+ASZS3

672 °C [9] 670 °C [1]

Cu3AsS;2CuypiAsyyS13 + L Cujz4cAsyyySiz2L

642 °C [12] 656 °C [13]

Cu3AsSs2Cuyp i Ass,Si3 + Sa(g) CujnycAssyySiz2L

590 °C [36] 637 °C [36]
Cu3AsSs2Cuip  Ass,Si3 Cupp2AsyySi32L
655 °C [3] 670 °C [3]

*If not otherwise stated composition was Cu3AsSs.

® Sealed ampoule.

¢ Composition of congruent melting compound: Cuj,3;As84S3.
d Open crudble.

contains Cu(I) and Cu(Il) it is better represented by
the formulae Cu(I);oCu(Il),As4S15 [18] with a homo-
geneity range (0 < x < 1.72,0 <y < 0.08) according
to Maske and Skinner [9]. Kurz and Blachnik [13]
observed in the same region Cu3AsS;, which exists in
a high- and low-temperature form. Small homogeneity
ranges were found for both modifications with a
maximum range in molar fraction of xcy,s = 0.04
in the low- and xcy,s = 0.02 in the high-temperature
form. The low-temperature modification was identi-
fied as a superstructure of tennantite. The melting
behaviour of tennantite is also reported in Table 1.
Rikel’ et al. [14] enlarged in their assessment the
phase field of Cujp,,As41,S;3 so that it includes
the composition CuzAsS;.

CuyAs;,Ss has a narrow homogeneity range [13]
including Cu,4As;,S3;, which was found by Maske
and Skinner [9]. CuyAs,Ss decomposes peritectically
at 597 °C into Cujpy,Ass;,Si3 and melt [13,14].
Preliminary studies of the crystal structure revealed
a sphalerite-substructure with monoclinic symmetry
[12].

Synthetic CugAs4So corresponds to the mineral sin-
nerite [17]. The compound decomposes at 530 °C into
CuyAs,Ss and melt [13]. CuAsS (lautite) will be des-
cribed in a following paper.

3. Experimental
3.1. Methods

The thermal analyses were performed with a DTA
device, developed by Gather [19]. The thermocouples
(Ni/CrNi) were calibrated with the melting points of
gallium, indium, lead, antimony, and silver. The sam-
ples were sealed in evacuated silica ampoules (length
3.5 cm; diameter 4.0 mm; wall thickness 0.5 mm). The
runs were done with aheating rate of 10 K/min, a sample
mass of 0.12-0.18 g, and silicon as reference. A DSC
404C Pegasus (Netzsch, high-temperature furnace;
DSC sensor with Pt10%/Pt-Rh thermocouples) was
used for small heating rates and calibrated with indium,
tin, lead, antimony, and silver. The samples with a mass
of about 100 mg were measured in evacuated and sealed
silica crucibles (length 15 mm; diameter 6.3 mm; wall
thickness 0.4 mm). An empty silica crucible served as
reference. The temperatures of effects were determined
from the onset of the peaks. X-ray measurements were
carried out with the aid of a transmission powder
diffractometer STADI P (Stoe), using Cu K, radiation
(154.051 pm), a germanium single crystal monochro-
mator, and a linear position sensitive detector. Tempera-
ture dependent X-ray measurements were performed
with a high-temperature attachment. The temperature
was increased in 10 °C steps. After heating in 10 min to
the next temperature followed an equilibration period of
36 min. At room temperature a Huber Vertical Guinier
Camera 620 and at high temperatures an Enraf Nonius
Guinier Simon Camera FR 553 (heating rate 0.17 K/
min) were used. For the high-temperature measure-
ments the samples were placed in evacuated and sealed
silica capillaries. X-ray measurements were interpreted
by comparison with the PDF-2 database of JCPDS-
International Centre for Diffraction Data [20] or by
simulation of XRD patterns with single crystal data
from ICSD [21]. Both procedures were performed with
the program VISUAL X"°W [22].

Microscopic investigations were done with a micro-
scope (Olympus) with a maximum magnification of
40x.

3.2. Chemicals

Elements used are described in Table 2. A more
detailed analyses is given in [23]. Arsenic was
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Table 2
Elements used in this work

Element Source Shape Purity (%)* Purification method
Arsenic Preussag Pieces 99.9995 Oxides sublimed

Copper™® Heraeus Powder 99.8 Reduced at 260 and 650 °C
Copper? ABCR Shot 99.999 Reduced in ethanol
Copper® Goodfellow Foil OFHC', 99.95 Reduced in ethanol

Sulfur Merck Powder - Recrystallised

# Only metallic impurities.
® Used for reaction mixtures.

€ Main particle size, d = 36-100 pm. Determined by a analytical sieve shaker.

4 Used for ‘Cu;;S’, CuS, Cus_sAs™, Cus_,As.
¢ Used for CuS, Cu,S, Cus_,As.
T Oxygen-free high conductivity.

desoxidised by subliming arsenic oxide in an evacu-
ated silica tube in a temperature gradient (300 °C —
room temperature) for several days. A mixture of 90%
N, and 10% H, was passed over copper powders for
desoxidation for 0.5 h at 260 °C or for4 hat 650 °Cina
silica tube. If not otherwise mentioned copper powder
reduced at 260 °C was used. Oxide layers on copper
foils or shot were removed by dipping the hot metal
which was pre-heated in argon atmosphere into etha-
nol. Sulfur was recrystallised twice from CS,. The
product was then treated in vacuum at 150 °C for
0.5h to remove solvent and traces of water. After
purification the elements were stored under argon.

All educts were prepared from the elements in
evacuated silica ampoules or tubes. Copper arsenides
and arsenic sulfides were synthesised by heating stoi-
chiometric amounts of the elements to the melting or
boiling points of each element. These temperatures
were kept for 1 day. The samples were then heated for
a few hours above the melting-point of the correspond-
ing compound, quenched in ice-water, and if neces-
sary annealed and quenched again. As,S, was then
sublimed for purification.

Two copper(I)-sulfides were synthesised: ‘Cu; 1S,
positioned in the centre of the homogeneity region of
Cu,_,S and congruently melting Cu,_,S. They were
prepared by heating copper shot or foils at 800 °C
and sulfur at 440 °C for 2 weeks on opposite ends of
a silica tube [24] and homogenising the product for
2 days at 800 °C for ‘Cu; ¢;S’ and for Cu,S for 2 days
at 350 °C and for 5 days at 90 °C.

CuS was synthesised similarly within 8 days using
450 °C for the copper reservoir and 425 °C for the

sulfur reservoir (method I) or by heating the elements
in a flame, followed by homogenisation at 450 °C
(method II).

Ternary compounds were synthesised by annealing
the constituent elements for 2 weeks at 480 °C and for
1 week at 300 °C followed by quenching and grinding.
After that pellets were fabricated and annealed for 5
months at 320 °C.

3.3. Preparation and measurement

Samples with the composition CuzAsS,; were
obtained by mortaring corresponding amounts of
the elements or of binary compounds.

Quartz ampoules were heated in vacuum to remove
water, flushed with argon, and then filled with these
mixtures. During sealing, the end of the ampoule was
cooled to prevent reaction. Immediately after sealing
the samples were used for thermal analyses to avoid
ageing effects.

Thermal effects were characterised with ex-situ
X-ray measurements by quenching samples from
the temperatures of the onset, the maximum and the
end of the effect in ice-water mixture. These samples
were mixed with SiO, as standard in a mass ratio of
1:9 and examined by X-ray experiments to determine
the change of concentrations of reaction products.

Mechanical alloying was performed with a plane-
tary ball mill (Pulverisette 7, Fritsch) with hard-metal
tungsten carbide bowls (V = 12 ml) and milling balls
(& 12mm) in argon. The rotational speed was
400 min~'. The mass of samples was approximately
4 g. The mill was stopped after 1, 2, 5, 10, 20, 30, 40,
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50, and 60 min and parts of the mixture were taken for
X-ray and DTA examination. The samples were
handled in nitrogen atmosphere in a glove box to
avoid oxidation of sensitive intermediate products.

In ageing experiments ground reaction mixtures
were stored 3 years under argon atmosphere in the
dark.

4. Results and discussion
4.1. General aspects

4.1.1. Characterisation of educts

The knowledge of the thermal properties of the
educts is helpful to interpret the course of the reaction.
In Table 3, literature data are compared with our
results. Details of the different copper and sulfur
charges were previously published [23].

Congruently, melting Cus_,As was obtained in
form of the trigonal low-temperature modification.
The identity with previously reported Cu;_,As(LT)
[25] was confirmed by a comparison of the X-ray
reflections with those calculated from single crystal
data [26].

Subramanian and Laughlin [27] reported the formula
Cuyg0As, for incongruently melting Cus_s;As,(LT),
however, we obtained with educts of this composition

always two-phase mixtures. A nearly pure compound
was prepared using the composition Cuy 75As, reported
by Juza and Benda [28]. Traces of Cu;_,As(LT) reveal
that the eutectoid decomposition cannot completely be
suppressed by quenching.

The preparation of As,S; yielded metastable
glasses, which needed long recrystallisation times.
Structure determining elements are corner-sharing
AsS3-pyramids [29,30].

Sublimation of As,S, raw products yielded a mix-
ture of o- and [B-As4S4, both modifications contain
As4S4 molecules. The melting point of B-AssS,; was
lowered by a slight contamination with alacranite,
AsgSo. A shoulder of the melting peak in the DTA
runs is probably caused by the As,S,—As,S; eutectic at
305 °C [31].

Both, Cu,_,S and ‘Cu,¢,S’, decomposed at room
temperature into a two-phase mixture of stable and
metastable copper(I)-sulfides as expected from the
literature cited in [23]. The melting point of Cu,S
was found 12 °C below the literature value.

4.1.2. Thermal behaviour of CuzAsS,

Cu;AsS, melts congruently at 694 °C with a heating
rate of 10 K/min of the DTA. With a lower heating rate
(0.2 K/min) the peak at 687 °C has the shape of a
liquidus effect. These temperatures agree with the
value of 689 °C of Cambi and Elli [8]. The cooling

Table 3
Characterisation of educts
Educt Xcu OF Xps Thermal data from Thermal data in this Identified substance Appearance
literature (°C) work (°C) by XRD*
As 1.000 No® No As [37] Gray luster
Cu;_,As 0.738 827 [38] 833 Cus_,As(LT) [25,26] Silvery metallic luster

Cus_sAs, = 300, 380, 709, ~810 [38]

AsySy - 266, 318 [31] 268, 305, 311
As,S3 0.400 No No

CuS 0.500 507 [46] 512

Cu,S 0.666 ~90, ~98, ~415, 1130 [46] 91, 101, 410, 1118

“‘Cup oS’ 0.657 93, ~1110 [46]

302, 390, 717, 804, 818

91, 1106

Cus_sAs,(LT)?

[39,40], Cus_,As(LT)(])
0-AssSy [41,42], B-AsaSs® Orange

[43,44], AsgSo“(]) [45]

Amorphous? Dark-red, transparent
CuS [47] Dark-blue

o-Cu,S [48], Cuy.06S%(]) [49] Gray

Cu, ;8% [50], Cuy 058 [51] Gray

Metallic luster

(]) Very low concentration.

? Phases in order of intensities of reflections.
® Not heated up to triple point.

¢ Arsenic rich border of homogeneity range.
4 At room temperature metastable phases.

¢ No value given, because sublimed.
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curve has in all cases three thermal effects. This
behaviour can be explained by an evaporation of
sulfur on heating. During freezing gaseous sulfur
cannot equilibrate with the bulk material so that in
these samples a mixture of Cu3zAsS,, CuyAs,Ss, and
Cu12+xAs4+ysl3 is formed.

CuixAS44,S13 (actual composition CuzAsS3) has
a melting point of 658 °C, in accordance with data of
Kurz and Blachnik (656 °C) [13]. Thus the melting
point of Cu o, As4,S;3is lower than that of CuzAsS,
and a peritectic decomposition of Cu3AsS, can be
excluded.

4.1.3. Mechanical treatment and ageing

Mixtures of two components were homogenised by
mortaring and examined by X-ray diffractometry to
investigate if reactions take place during mortaring.
Table 4 reveals that copper arsenides react with sulfur,
As,S3, and CuS, respectively, to metastable Cu,As.
The reaction with sulfur is complete within minutes.

These reactions, initiated by mortaring, advance
during ageing. Generally Cu,As is the main ageing
product, CuS was found as a second product after
ageing of copper arsenides with sulfur, whereas the
reaction between copper arsenides and CuS leads to
Djurleit or «o-Cu,S. Reaction equations with
Cu;_,As(LT) as educt are:

Cus (AS(LT) + U < »)

a-Sg — CupAs + (1 — x)CuS

Cu;_,As(LT)+(1 — x)CuS — CupAs + (1 — x)Cu,S

Table 4

An estimation of the enthalpies of reaction with
available data (AH;(Cus_,As) = —14 kJ mol ™' [32];
AH¢(CuS) = —53 kI mol ' [33]; AH;(Cu,S) = —81
kJ mol ! [33]) revealed that both reactions are pro-
bably exothermic despite the formation of metastable
CU2AS.

4.1.4. Classification of reaction mixtures

Table 5 lists the thermal data gained from DTA runs
up to 870 °C and the final products as identified in
X-ray diffractograms. The results of temperature depen-
dent X-ray measurements are summarised in Table 6.

The educt mixtures can be divided in three groups.
The educts of group I have low copper or copper
arsenide content. Educts in group II contain mainly
copper arsenides and sulfur. In group III all other educt
mixtures are found.

Mixtures of the group I are characterised by a start
of the reaction at 330 4 6 °C (with the exception of
CuS + As + S) and four or less exothermic reaction
effects. In addition two endothermic effects are
observed which correspond to the melting of AsySy
at 300 4 1 °C and the peritectic decomposition of CuS
at 504 £6 °C. Not all mixtures contained initially
Asy4S,4 or CuS, therefore they form also as intermedi-
ates on heating. The observed melting point of As,Sy
is about 20 °C lower than that of pure As,S,, probably
caused by contamination with arsenic sulfides of
higher sulfur contents. A decrease of reaction tem-
peratures was observed in temperature dependent
Guinier powder diffractograms, due to the much lower

Phases identified by XRD in ground or aged reaction mixtures with two components

Reaction mixture Grinding®

Ageing®

Cuz_,As + AsyS3
Cuz_,As + S
Cuz_,As + CuS
Cus,(;Asz + AS4S4
Cus,,;Asz + ASQS3
Cus_sAs, + S
Cus_sAs, + CuS
ASZS3 + CU2S

No reaction
a-Sg, CurAs

No reaction

Cu;_,As(LT), Cus_sAsa(LT)(])
o-Sg [52], CuyAs [53], CuS(])
CuS, Cus_,As(LT), Cu,As
Cu,As, Cus_sAsy(LT)P

CuS, Cus_sAs,(LT), Cu,As

Not examined

Cu,As, a-Sg, CuS

CuzAs, ASzo3 [54], CUZS
Cus_sAsy(LT), a-AssS4, CuyAs
CUZAS, ASzO3C

Cu,As, a-Sg, CuS

Cu,As, CuS, Cuy95S

Cuy 955, a-Cu,S

(]) Very low concentration.
# Phases in order of intensities of reflections.
® After grinding and pressing into pellets.

¢ Because of the long storage period, the formation of As,O; was sometimes unavoidable.
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Table 5
Results of thermal experiments and corresponding products

Reaction mixture Mass fraction (%)

Temperature of
exothermic effect (°C)

Identified phases
by XRD?

331, 380(]), 459(7), 514

255(1), 426
331, 475, 501(1)

322, 436(]), 513(1)
329, 377, 473, 485(1)
324, 367, 438(]), S13(1)
342, 520(1), 539(])

Cu3AsS4 [15,55], Cuyoy,Asy S5 [561°
CuyAsySs(]) [12]

CU3ASS4

Cu3AsS,, CuyzyAsyyySi3, CugAs,;Ss(l)
CuzAsSy, CujpyAsyyySi3, CuyAsySs(l)
Cu3AsS,, CuyzyAsyyySi3, CugAs;Ss(l)
CuzAsSy, CupngAss;Sy3, CusAsySs
CuzAsSy, Cupng Assi Stz

70, 161(1), 275, 306, 434, 480(]) Cuyr4,Assy,Si3, CuzAsS,, CuyAs,Ss
162(1), 279, 312, 514
159(1), 291, 340, 515
157(1), 252, 309, 566

Cu3AsS4, CuinyAsayyS13, CugAsySs(])
CuyAss1,S13, CuzAsS,, CuyAsySs(])
Cui Ay 1,S13, CuzAsSy, CuyAs,Ss

154(1), 279, 300, 358, 526
157(1), 267, 378, 515, 547

164, 191(1), 255, 333, 373
81, 165, 195(1), 260, 524
88(1), 220(1), 303

197, 227, 325(1)

94(]), 142(1), 236(}), 286, 323,

350, 503
149, 196, 224, 261, 343(1),
430, 512

CuzAsSy, Cuypy Asyy,Si3, CusAs,S5(])
CuiaAsy1,S13, CuzAsSy, CuyAsyS5(])

CU3ASS4, CU|2+XAS4+'\,SI3, CU4ASZS5
CU}ASS4, CH4AS2S5, CU12+XAS4+},Sl3
Cuia4Asy1,S13, CuzAsS,, CuyAsySs(])
Cu3AsSy, Cuyn g AsyyySia, CugAs:Ss(])
CU3ASS4, Cu|2+xAs4+ySl3, CU4ASZSS

Cuyz4Ass1,S13, CuzAsSy, CuyAsySs

Group I
CuS + AS4S4 73 27
CuS® + As + S 73 19 8
CuS+ As,S3 + As 73 21 6
CuS® + As,S; + Cuz_,As 65 28 7
CuS + As,S; + Cus_sAs, 65 27 7
CuS + AsyS; + ‘Cuy 018’ 47 31 21
‘Cup01S” + AspS; + S 61 31 8
Group II
Cus_,As + S + Cu* 64 33 3
Cu;_,As + S + CuS® 64 31 5
Cuz_ As + S + ‘Cuy9,S’ 64 32 4
Cus_sAs, + S + Cu 58 33 9
Cus_sAs, + S + CuS 59 28 13
CUS,{3A52 + S+ ‘CU]_Q]S, 58 30 11
Group III
Cu +S + As 48 33 19
Cu® 4S + As 48 33 19
Cu +As,S; + S 48 31 20
Cu +AssS; + S 48 27 24
CuS +As,S; + Cu 61 31 8
CusS +S + As 61 20 19
‘Cuy01S” +AssSs + S 61 27 12

134, 247, 337, 514(7), 573(])

CuzAsSy, CuppyAsyyySi3, CugAsySs(])

(1) Small peak or very low concentration; (T) the largest peak in the DTA curve.

# Phases in order of intensities of reflections.

b Simulated XRD-pattern with single crystal data of the mineral binnite, Cu;,As4S;3.

¢ CuS prepared according to method 1.
9 Copper powder reduced at 650 °C.

heating rates. The observed primary ternary com-
pound was always CugAs,So.

Mixtures of the group II are characterised by a
strong exothermic effect at 158 &+ 3 °C at lower tem-
perature than that in group L. It is followed by at least
two smaller overlapping effects. In most runs incon-
gruent melting of CuS was detected. Copper arsenides
determine the course of reaction, because the influence
of the third component is small due to its low content.

The products of all groups after the DTA measure-
ments were parts of the three-phase field CuzAsSy—
CuixAs44,S13—CusAs,Ss, in accordance with the
melting behaviour of CuzAsS, (see Section 4.1.2).
Cuj24,As844,S 3 was the main product in some sulfur
rich educts. In special runs the educt mixtures were

heated to 600 °C and than molten in a consecutive run.
An exothermic reaction effect was never observed in
the second run. But the amount of by-products
increased which were present in traces or even absent
in the first run. Thus melting of the sample is dis-
advantageous for the preparation of CuzAsSy.

4.2. CuS and As4S4 as educts

4.2.1. Thermal synthesis

The reaction pathway of group I is described with the
aid of the educt mixture CuS + AsyS4. Fig. 2 presents
the DTA trace and the marking of thermal effects.
Table 7 contains the products found in quenched sam-
ples by subsequent X-ray or microscopic examination.



Table 6

Results of temperature dependent Guinier photographs

Reaction mixture Examined Temperature region of educts and products (°C)
temperature
region (°C) As CuS Other educts Cu,_,S CugAsySo Cupoyy CuzAsS, Other products
[57,58] Asy,Si3
Group I
CuS + AssSy 150-710 To 340 AsySy: to 300 300-440 From 370 to
390(1), 560(T)
CuS + As + S 130-710 To 240 300(]) to 490 220-420 From 680 From 430 to
460(T), 510(T)
CuS + As,S; +Cus_,As  150-710 To 310 250-380 From 330 to
370(1)
CuS + As,S3 + ‘Cuy91S”  80-740 290(|) to 410 To 200° 220-410 360-680
Group II
Cuz_,As + S + Cu 80-750 160-260 110-310 a-Sg: to 80 270-410 310-410 390-700 CuAs®: to 110
CuyAs;,Ss: 410-550
Cuz_,As + S 50-680 150-250 90-370 a-Sg: to 80 280-450 310-390 From 420 From 400 Cu,As: to 130
300(]) CuyAs;,Se: 400-510
Cuz_,s + S + CuS 120-370 To 280 240-300 From 280 CuyAs: to 130
Group IIT
Cu+ S + As 70-370 To 270 90-200 Cu: 180(]) to 210 From 180 From 250
to 310(])
a-Sg: to 80
‘Cu91S” + AsySy + S 80-750 310(]) to 420  o-AsySy: to 240 200-320 200-430 400-720 CuyAs,Ss: from 250

to 310(])

(]) Decrease of intensity of reflections; (T) increase of intensity of reflections.

2 Above 90 °C, ‘Cu; 9;S’ exists mainly as Cu,_,S.
® Cus_,S reacts during grinding with sulfur to Cu,As.
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Fig. 2. DTA trace of the reaction mixture CuS + As;S4.

The sequence of reactions can be followed with the aid
of the reaction equations in Fig. 3. The stoichiometric
coefficients were estimated for each compound from
the intensities of reflections in the diffractograms and
those of the thermal effects in the DTA runs.

The first thermal effect (I1) is due to the o—f
transition of As,S, at 262 + 2 °C followed by melting
of B-AssS, at 301 2 °C (I12), traces of CugAs,Sy are
already formed. The main reaction to this compound
in which As,;S, is consumed and sulfur liberated starts
at 331 £2 °C (I3). A shoulder at 380 4 °C (I4) is
observed in the declining flank of I3 in most runs. The
sample consists after this effect of coagulated black
particles. CuS reacts at 459 £+ 5 °C with intermediate

Table 7
Phases observed in quenched samples of the reaction mixture
CuS + AsySy

Interruption of the reaction Phases

After grinding, before heating CuS, B-AsySs, 0-AsySy

Before I1 CuS, B-As4S4, 0-AsyS4(])
Before 12 CuS, B-AssSy

After 12 CuS, B-As4S4, CugAsySo(])
Before 13 CuS, B-As4S4, CugAssSo(])
During 13 CuS, B-AssS4, CugAsySo, SU(])
After I3 CuS, CugAssSo, B-AssSa(]), S(])
During 14 CugAsySo, CuS, B-AsySa(]), S(])
After 14 CuS, CugAssSo, CuzAsSy(l), S(])
Before I5 CugAsySy, CuS, CuszAsSy, S(])
During I5 Cu3zAsS,, CuS, CugAsySo, S(])
After 15 CuzAsS,, CugAsySo, CuS, S(|)
During 16 CU3ASS4, CU6AS4SQ, CuS(L), S
During 17 CuzAsS,

(]) Very low concentration.
S indicates sulfur glued at the wall of the ampoule.

CugAs,Sg to CuzAsS, (I5). This reaction is not com-
plete because product layers separate the educts. The
amount of Cu3AsS,, which is formed, depends on
synthesis conditions of the educt CuS. After the
peritectic decomposition of CuS into Cu,_,S and
sulfur at 511 &5 °C (I6) the reaction to CuzAsS, is
completed within the exothermic effect at 514 £+ 8 °C
I7). Cu,_,S is not observed in X-ray experiments
which indicates that it is consumed instantly.

Temperature dependent powder diffractograms are
shown in Fig. 4.

4.2.2. Mechanical treatment

The AssS4 + CuS mixture was also subjected to
mechanical alloying in a planetary ball mill. Fig. 5
shows some diffractograms and Fig. 6 shows DTA
traces of these samples. The diffractograms reveal no
products are formed by milling, only the colour of the
educts is changing continuously from brown to red
over olive-green and dark-gray to black. The broad-
ening half-width of the peaks in the diffractograms
indicates a continuous reduction of the particle size.

The DTA trace of the sample prior to milling differs
from the trace in Fig. 2 because samples in form of
pellets were used. DTA traces of the milled educts
reveal strong changes, which indicate that the reaction
to CuzAsS, is shifted to lower temperatures with
increasing milling times. After 30 min of milling
CuzAsS, is formed in the DTA within one thermal
effect at 330 °C (I3).

4.3. Cus_,As, sulfur, and copper as educts

4.3.1. Thermal synthesis

Typical for educts of group II is a mixture of
Cu;_,As, sulfur, and copper (reduced at 650 °C).
The DTA trace is plotted in Fig. 7, Table 8 contains
the products observed in quenched samples. Reaction
equations are summarised in Fig. 8.

Cu;_,As reacts already during mortaring with sul-
fur to Cu,As and CuS. In freshly prepared mixtures
this reaction is completed in the DTA within a small
effect at 70 + 4 °C (II1). The first endothermic effects
at 103+ 1°Cand 117 £ 1 °C (II12 and II3) are due to
the o—P transition and melting of sulfur. At 161 + 2 °C
(I14) the main peak reveals the reaction of liquid sulfur
and Cu,As to CuS and arsenic. The reaction of copper
powder with sulfur is not detectable due to its little
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(X—AS4S4

B-AsySy

3 AS4S 4(‘) +

28(g + 12CuS

6 CuS

18 CusS

—Lb ﬁ-AS4S4
2, AsS,0)

B3, 3CughssSg + 3S(g)

+ 2Cughs;Sq —2+ 8 CuzAsS,

5, 2 CupS + X s()

81 S() + £ Cup,S + CughssSg —1» 4 CusAsS,

36CusS +

3 AS4S4

—— 12CugAsS,

Fig. 3. Reactions during heating of the mixture CuS + As4Sy.

extent. The dark-gray grains of the sample are now
enveloped by blue-black layers of CuS with residual
sulfur on them. The effect 114 is followed by the
exothermic reaction of sulfur and intermediate arsenic
to AsySy at 275 £+ 2 °C (II5). This effect overlaps with
melting of As4S,, indicated by a step 297 £ 2 °C (116)
in II5. As4S, reacts rapidly with CuS to CugAs,Sy at
306 + 12 °C (II7). The reproducibility of the onset
temperature of II7 and of the following thermal events
is not good, revealed by the large standard deviations.
After 117 the material is a dark-gray mass. The for-

mation of CuzAsS, starts at 434 4+ 11 °C (II8) from
CuS and CugAssSe. It is probably hindered by pro-
tective product layers. At 480 4+ 13 °C (I19), besides
Cu3AsS, small amounts of CuyAsSs are formed. The
reaction is finished without a detectable thermal effect.

Kuzgibekova et al. [3] synthesised CuzAsS, from
CusAs and sulfur. They found exothermic effects at
120, 380, and 520 °C. These results are not compar-
able with our data, because the authors gave neither
heating rates nor the method for the determination of
the peak temperatures.

2

26

249°

5 5 2 | 460
| 440
| 420
L 400
- 380
' - 360
4 F340 %
_ 320
s - 300
3 3 L 280
L 260
240
2 2 1220
1 1 1 1 1
T T T T T T T T 200
27 28 29 30 31 32 33 34 3

5

Fig. 4. Temperature dependent diffractograms of the reaction mixture CuS + AssSs in Guinier representation. (1) CuS; (2) a-AsySy; (3) B-

AS4S4; (4) CUGAS4SQ; (5) CH3ASS4.
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Fig. 5. Diffractograms of the reaction mixture CuS + As;S, after different milling times compared with those of the educts.

Fig. 9 depicts a temperature dependent Guinier
photograph of the educt mixture. Stability ranges of
the compounds obtained from this experiment are
given in Table 6. The data confirm the conclusions
drawn from the DTA results.

The lower heating rate results in a decrease of
reaction temperatures and changes in the product seq-
uence. Cu,_,S is found as further intermediate. The
intensities of the X-ray reflections of arsenic decrease
without observing new products which contain arsenic.
Therefore, amorphous arsenic sulfides must form as
intermediates. The final product is CujpAss;,S;3,
instead of CuzAsS,. Its formation may be explained
by separation of educts during filling of the quartz
capillaries and vaporisation of sulfur.

In addition, diffractograms of the educts were taken
at different temperatures. The mixtures were heated
with a rate of 5 K/min to a temperature shortly above
each reaction effect and equilibrated for 30 min. The
observed product sequence was CugAssSo, CuyAs,Ss,
Cu12+XAS4+ySl3, and CU3ASS4.

4.3.2. Mechanical treatment

Mechanochemical synthesis were investigated with
the components Cus_,As and sulfur. The intrinsic
deficiency of copper with regard to the composition
Cu3AsS, was not balanced by the addition of copper
to simplify the experiments by restriction to two
components. The products contained therefore only
a mass fraction of 95% CuzAsS,. Using the same
pre-treatment DTA traces and temperature depen-
dent X-ray diffractograms of Cuz_,As+ S+ Cu
and Cuz_,As + S are identical within reproducibility.
Therefore, the DTA traces in this section were com-
pared with the traces of ground samples shown in
Fig. 7.

The reaction mixtures were prepared by mixing
carefully with a spatula and afterwards milled in a
planetary ball mill. Cuz_,As was used with a particle
size in the range 100-36 pm. Fig. 10 depicts diffracto-
grams of milled samples before thermal investigation in
comparison with those of educts and final products.
Fig. 11 shows the DTA traces of milled samples.
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Fig. 6. DTA traces of the reaction mixture CuS + As;S, after
different milling times.

One diffractogram in Fig. 10 shows a sample which
was mixed without mechanical stress (0 min) and
instantaneously examined. It reveals that Cu;_,As
and sulfur react at the first contact. The most intense
reflections are those of Cu;_,As(LT) but reflections of
Cus_sAs,(LT) and Cu,As are already observed. The
reaction is completed during heating to 60 °C (II1).
The decaying flank of this effect overlaps with the
phase transitions of sulfur. The further reaction path
is also influenced by pre-treatment. In the stress
free sample, the effects II5S and II7 are separated.
An endothermic effect is found at approximately
510 °C, due to the peritectic decomposition of CuS
which is followed by an exothermic reaction.

exo —»
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0 100 200 300 400 500 600
ti°C

Fig. 7. DTA trace of the reaction mixture Cuz_,As + S + Cu.

Similarly to the reaction between Cu;_,As and
sulfur during mortaring (Table 4) in the diffractogram
of a sample milled for 1 min the reflections of
Cu;_,As are substituted by broad reflections of meta-
stable Cu,As.

The onset temperatures of the effects in the DTA
traces change with increasing milling times continu-
ously, though no new products were formed after the
first milling period. The small peculiarities within the
effect II5 indicate melting of intermediate arsenic
sulfides. Only the mean exothermic reaction effect

Table 8

Phases observed in quenched samples of the reaction mixture

Cu;_,As + S + Cu

Interruption of
the reaction

Phases

After grinding,
before heating

Before 112

After 113

During 114

After 114

Between 114 and II5

During II6

During IIS

During 117

Between 117 and 1I8

Before 118

During II8

After 118

After 119

Before melting

®-Sg, CusAs, Cu(]), CuS(])

®-Sg, Cu,As, CuS(]), Cu(l)

a-Sg, CurAs, CuS(]), Cu(])

As, CuS, a-Sg*, Cu,As, S, Cu(])
CuS, As, S, a-Sg(]), Cu(]), CurAs(])
CuS, As, S, a-Sg(1), Cu(l), B-AssSa(])
CuS, As, B-AsyS4, CugAsySo, S

CUS, CU(,AS459, AS, B-AS4S4, S

CuS, CugAssSo, As, B-AssSs, S(|)
CugAs4So, CuS, CuzAsSy(]), S(I)
CugAsySo, CuS, CuzAsS4(]), S(])
CU3ASS4, CU(,AS4S(), CUS, S(l)
Cu3zAsS,, CugAsySo, CuS, S(|)
CU3ASS4, CUGAS4SQ, CU4A82SS,
CuS(]), S(])

CU3ASS4

(]) Very low concentration.
% 0-Sg indicates sulfur indentified by XRD, S indicates sulfur
identified with a light microscope.
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Fig. 8. Reactions during heating of the mixture Cuz_,As + S + Cu.
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Fig. 9. Schematic representation of a temperature dependent Guinier powder diffractogram of the reaction mixture Cuz_,As + S + Cu.



166 A. Miiller, R. Blachnik/Thermochimica Acta 387 (2002) 153-171

(X.-Se
Cus,As(TT)

0 min

W SO

1 min

Intensity in counts

60 min

ol

CuAs ;
CusS i

A I

A A aMads A

10 20 30

40
20/°

60 70

Fig. 10. Diffractograms of the reaction mixtures Cusz_,As + S after different milling times compared with those of educts and products.

(I14) shifts with increasing milling time to higher
temperatures, all other exothermic effects drift to
lower temperatures with a maximum decrease of about
100 °C.

4.3.3. Other influence factors

Some factors which influence the reaction between
Cuz_,As and sulfur to CuzAsS, were investigated.
Similar investigations were performed on the forma-
tion of Cu,S from the elements in previous papers,
where details of the procedure are given [23]. The
results of both works are compared in Table 9.

The influence of the sample shape on the DTA traces
is low for the mixture Cuz_,As + S, contrary to the
results for the mixture Cu + S. The reproducibility of

results is better for Cuz_,As+ S pellets, than for
powders, opposite to the observation for the Cu + S
mixture.

Cu + S react almost completely after a treatment
for 60 min in the planetary ball mill, which is not
so for Cusz_,As + S. In both mixtures the exothermic
effects at higher temperatures increase with the size of
the particles. The effect is larger for the Cusz_,As + S
mixture. The oxygen content of copper plays an
important role in synthesis of copper sulfides. It does
not influence the reaction to Cu3AsS,, because traces
of oxygen are removed during the preparation of
Cus_,As.

Whether factors like atmosphere or irridation are
important as for Cu + S mixtures remains unclear,
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Fig. 11. DTA traces of the reaction mixture Cuz_,As+ S after
different milling times.

because of the rapid reaction between Cu;_,As and
sulfur. Onset temperatures and intensities of reaction
peaks shift to higher temperatures with increasing
heating rate for the copper arsenide mixtures. In the
synthesis of Cu,S only the onset temperatures
increase, reaction peak intensities drift to lower tem-
peratures.

4.4. Elements as educts

4.4.1. Thermal synthesis

Finally, the reaction of the constituent elements
(copper powder reduced at 650 °C) to CuzAsS, is
described. The DTA trace is given in Fig. 12 and

the reaction products found after quenching in
Table 10. Sulfur rich Cu,_,S transformed during
quenching into Cu,gS and copper rich Cu,_,S into
Cuy 95S, Cuy96S, or a-Cu,S. Reaction equations are
summarised in Fig. 13. The formula Cu,S is used
instead of Cu,_,S for simplification.

The mixture turns gray on mortaring due to the
formation of CuS. This reaction can also cause a small
exothermic effect at 81 &4 °C (III1) in freshly pre-
pared mixtures. Next thermal events are the o—f3
transition at 103 £ 1 °C (III2) and melting (III3) of
sulfur at 119 £ 2 °C. The reaction proceeds with the
formation of small amounts of CuS at 165+ 3 °C
(IT14). The main thermal effect (III5) at 195 +2 °C
includes three different reactions. First of all more
CusS is formed which can be recognised by deep blue
colouring of the mixture. CuS reacts simultaneously in
two ways, with arsenic and sulfur to CugAssSy and
with unconsumed copper to Cu,_,S. Though enough
sulfur is present to consume all copper to form CuS,
after III5 larger amounts of Cu,_,S than of CuS are
observed in the diffractograms. The sample consists
now of blue-black globules, which are surrounded by
gray globules and sulfur. At 260 + 4 °C (I116) residual
arsenic reacts with sulfur to arsenic sulfides mainly
As,S, in form of orange crystals. Prior to melting
As,S, seems to react with CusS to sinnerite, CugAssSq
(I116). This reaction cannot be definitely deduced from
the experimental observations, but it is probable
because it is found in the mixtures CuS + AssS4
and Cusz_,As + S + Cu at this temperature. CugAssSo
and Cu,_,S are main components of the mixture when
residual As,S, melts at 304 & 1 °C (III7). During the
slow decay of the effect 1116, the decay is marked by
118 in Fig. 12, As4S, reacts with sulfur to amorphous
As,S3 which can be recognised by the glassy dark-red
or black regions instead of the orange ones in the
quenched sample. Though between III6 and III9 no
thermal effects are found in the DTA traces. Quench-
ing experiments revealed that the reaction is proceed-
ing; at first Cu,_,S and arsenic sulfides and then
Cu,_,S and CugAssSo react to CuzAsS, and with a
lesser extent to CuyAs,Ss. The CuS content remains
constant. These reactions can occur without detectable
thermal effect because the enthalpies of formation of
the educts Cu,_,S and CugAs,So are very high, so that
the reaction enthalpies are probably very low. The
peritectic decomposition of CuS at 505 £ 5 °C (III))
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Table 9

Comparison of influence parameters on the reaction mixtures Cuz_,As + S and 2Cu + S [23]

Influence parameter

Cuz_,As + S — ‘Cu, 51AsS;51°

2Cu + S — Cu,S

Form of sample® (powder or pellet)

less reproducibility
Reproducibility (°C)°
Mechanical treatment

Particle size
Purification

Very important
Cuz_,As

Sulfur: very small influence

Sources of educts (after purification) Cu;_,As®: no influence

Sulfur: no influence

Ageing
the reaction

Heating rate
Self-propagating reaction

Very important

Differences only in regions with generally

Powders: +£6.3, pellets: £1.4
Accelaration only during beginning of
reaction even by grinding

Accelaration only in the beginning of

No complete conversion possible

Very important for shape and onset temperatures

Powders: +3.5, pellets®: +3.4
Complete conversion possible by milling

Very important

Copper: very important at least for copper
oxides

Sulfur: very small influence

Copper: important because of very different
particle shapes

Sulfur: no influence

Complete conversion possible within weeks.
Atmosphere (argon, vaccuum) and light
irradiation also very important

Very important

Complete conversion possible by using

fine particles

# According to DTA-curves.

® Standard deviations of onset temperature DTA-curves, £0.8 °C for phase transitions. Valid for samples from the same educt mixture [23].

¢ Above all reproducibility of peak shape is small.
9 Different synthesis condition particular temperatures.

induces the final reaction to CuzAsS; (III10) at
524 +1°C.

Temperature dependent Guinier photographs were
obtained up to a temperature of ca. 370 °C, above that
the quartz capillaries with the elementary educts
fragmented. The reaction sequence changed with the
low heating rate. Above 200 °C CuS was consumed in
favour of Cu,_,S and Cuj,; ,Ass,S13. The latter was
observed only in this case as primary ternary inter-
mediate in DTA runs.
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Fig. 12. DTA trace of the reaction mixture Cu + S + As.

4.4.2. Influence of desoxidation of copper

The reaction mixture Cu 4+ As + S was also inves-
tigated using copper powder as received, reduced
at 260 and 650 °C. Copper which was reduced at
260 °C still contains eutectic Cu,O [23]. The DTA
traces are shown in Fig. 14. The first exothermic
reaction (III4) occurs only with oxygen-free copper
powders. A comparison of mixtures with copper
powders treated at 260 and 650 °C shows a shift of
the intensity of reaction peaks to higher tempera-
tures, whereas the onset temperatures of thermal eff-
ects are nearly identical up to the melting of AsSy
7).

Due to the oxygen film on untreated copper, the
main exothermic reaction below 350 °C is that of
arsenic with sulfur to arsenic sulfides (III6). The
reaction of the sulfides and residual sulfur with copper
to CuzAsS; occurs at much higher temperature
(411 °C) than in the previously reduced copper pow-
ders.

In reaction mixtures with untreated copper as well
as with those with copper powders reduced at 260 °C
the decomposition of CuS is not observed.
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Table 10

Phases observed in quenched samples of the reaction mixture Cu + S + As

Interruption of the reaction Phases

After grinding, before heating Cu, As, a-Sg, CuS(])

Before 1112 Cu, As, a-Sg, CuS(])

After III3 Cu, As, a-Sg, CuS(])

Before 1114 Cu, As, a-Sg, CuS(])

During 1114 Cu, As, a-Sg CuS(])

After 1114 Cu, As, CuS, S*, a-Sg(])

During III5 As, Cu, CuS, S, CugAssSo(])

After III5 As, CugAsySo, Cu, gS, CuS, S, Cu(l)

During 1116 CugAsySo, As, Cu,gS, CuS, B-AsySy, Cu(l), S(])
During 117 CugAssSo, Cu, sS, As, CuS, AssS.°, B-AssSa(]), S(|)
After 1117 CugAsySo, CuygS, As, CuS, AssSy, B-AssSa(l), S()
During 1118 CugAssSo, CuS, CuygS, As>Ssz, AsySy, As(]), B-AssS4(1), CuzAsS4(])
Before 1119 Cu3AsS,, CuyAs,Ss, CuS, As,S;, CuygS(])

After 1119 CU3ASS4, Cu4A82S5, S, ASzSg, Cu]_gs(l)

During IIT10 CuszAsS,, CuyAsSs, CuygS, AssSs, S(|)

Before melting CuzAsS,, S(1)

(]) Very low concentration.
* a-Sg indicates sulfur indentified by XRD, S indicates sulfur identified with a light microscope.
® B-As,S, indicates arsenic tetrasulfide indentified by XRD, As,S, indicates arsenic tetrasulfide identified with a light microscope.

2Cu + 025a-Sg -Sindne.W, 5 cys

(1-38 —_ B~Sa
B-Sg -2 Ss()
34Cu + 34s() MU, 34cus
6S() + 12CuS + B8As 8, 2 CugAs,Se

12Cus + 12cy M, q2cu.8
8S(h) + 8As M8, 2B-AsS,
6CuS + Pp-As,S, MM, CughAs,Sq + S()
B-As,S, N, As,S4()

280

+

AsgSu) M 2As,S5()

+

28() + 3Cu,S As,S3() M8, 2CugAsS,
8S(g) + 7CuS + 3CugAs;Sg —  8CuzAsS; + 2CusAs,S5
6 CuS e, 3Cu,S + 380

6S() + 5CuS + As,Sy() + 2Cushs,Ss M9 6 CusAsS,

48Cu + 8a-Sg + 16As — 16 CuAsS,

Fig. 13. Reactions during heating of the mixture Cu + S + As.
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Fig. 14. DTA traces of reaction mixtures Cu + S + As with copper
powders of different oxygen content.
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