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The As-Cu (Arsenic-Copper) System

By P.R. Subramanian and D.E. Laughlin
Camnegie-Mellon University

Equilibrium Diagram

Extensive investigations have been reported for the
Cu-As system. This system has also been reviewed by
{Hansen] and [Elliott]. The liquidus accepted by [(Han-
sen] is based on the differential thermal analysis
(DTA) data of [05Fri], [06Hio], [08Fri], and [10Ben].
[Elliott] revised the liquidus in the light of the more
recent investigation of [57Hum]. Phase relationships
in the Cu-As system have been the subject of numerous
investigations.

[Hansen] and [Elliott] accepted the following phases
and reactions: the terminal solid solution, (Cu), with-a
large solubility range: congruently melting Cu3As, in
eutectic equilibrium with (Cu); a high-temperature
compound tentatively identified as CusAs2, forming
perlbectxcally from the liquid and CugAs and sub-

idally into CugAs and
an As-rich phase, and the eutectic reaction between
CusAs2 and an As-rich phase of unknown composition.
In addition, the diagram of {Elliott} shows the peritec-
toid formation of CugAs. The stoichiometry of the
most Cu-rich compound was given as CugAs by

[57Sch], CusAs by [60Hey], and CupAs by [72Nau].
CupAsp was. subsequently designated CuigAss by
[68Juz]). The phase diagram proposed by [72Nau]
shows. the existence of two additional compounds,
Cui15As84 and CugAs. More recently, [82Ble] reported
the formation of Cu3As4. Most of the Cu-As com-
pounds also have been found to correspond crystal-
lographically to naturally occurring minerals (see
below).

General Features

The proposed equilibriunx diagram for the Cu-As sys-
tenx (Fig. 1) follows the essential features of [Hansen]
and [Elliott], with certain revisions based on more
recent experimental investigations. The phases ac-
cepted are: (1) the liquid, L; (2) the fcc terminal solid
solution, (Cu), with a maximum solid solubility of 6.83
at.% As at the eutectic temperature of 685 °C; (3) Cu-
rich cph 8 (A3, Mg type), forming peritectoidally from
(Cw) and ' at 325 °C; (4) hexagonal v (D018, Na3As
type), forming congruently from. the liquid at 26.25
at.% As and 827 °C; (5) hexagonal v’ (Cu3As type), ex-
isting over the maximum composition range of ~25.5
to 27.8 at.% Asand undergoing an allotropic transfor-
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As-Cu

mation to hexagonal y at temperatures between 450
and 475 °C; (6) cubic 3 (D03, BiFg2 type), forming
peritectically from L and y at 709 °C and ~29 at.% As
and undergoing an allotropic transformation to or-
thorhombic &' at ~380 °C; (7} orthorhombic &
(CusAs2 type), existing over the hmlted temperature
tange 300 to 380 °C and d

°C {Melt]. The triple point of As exists near 820 + 3°C
and at 3.71 MPa {Hultgren,E

Liquidus and Solidus

Liquidus and invariant temperatures reported in the
early investigations of [05Fri], [08Fri], and [IOBen]
are m remarkably good agreement. All three inves-

intoy' and (aAs) at 300 °C and ~20 at.% As; and (8)
pure As phases (aAs} and (eAs), with no reported solid
solublhty of Cu. (Pure As is dimorphic; rhombohedral
(wAs) is stable at lower temperatures,” and high-
temperature orthorhombic (¢As) is stable above 448
°C)

The various invariant reactions reported for the Cu-As
system are summatized in Table 1, where the melting
point of pure Cu is accepted from [Melt] as 1084.87 °C.
Under atmospheric pressure, pure As sublimes at 603

agree with regard to the existence of the Cu-

rich and As-rich eutectic reactions and the congruent-

ly melting vy (or CugAs). [05F1i] and [08Fri] reported

the pentechc formation of § (or CusAs2) and its sub—
ition through a

the phase relahonshlps proposed for § by [10Ben] are

erroneous.

After a gap of almost half a century, the Cu-As phase
diagram was redetermined completely by {57Hum]
from DTA, microscopy, and X-ray analysis. Liquidus
temperatures for compogitions up to 30 at.% As were

Table 1 Special Points of the Assessed Cu-As Phase Diagram

Cotpositions of the

respective phases, Temperature, Reactton
Reaction Bt.% As “C type Reference
L (Cul... 0.0 1084.87 Melting point [Melt|
L Cul+y. 0 26.6 685 Eutectic |05Fril
0 25.1 685 Eutectic (08Hio}
3.4 254 689 Eutectic [08Fri
2.6 25.1 685 Eutectic [10Ben|
6.83 255 685 Eutectic [57Huml
6.83 26.1 685 Eutectic Assessed
Cw+y «p ~25.8 127 325 Peritectoid (a)
Yooy 265213 ... 450-475 Allotropic 169Ben|
26.6 830 Congruent {06Fri|
256.1 747 Congruent {06Hio|
267 830 Congruent. 108Fril
25.1 830 Congruent |10Ben|
25.3 BB Congruent {18Pus}
26.25 827 Congruent [57Hum|
. 830 171Guk|
.0 827 |72Ugal
28.6-296 ... ~ 3880 Allotropic (71Lie]
.6 286 711 Peritectic [05Fri)(by
26.3 286 709 Peritectic |08F riltby
27.1 30.0 709 Peritectic {57Hum|(b)
26.7 28.6 710 Peritectic 172Ugal
27.3 29.0 709 Peritectic Assessed
&' <>y + (As). 2686 100 310 Butectoid [05Friltey
26:3 100 300 Butectoid |08Frijte)
25.1 100 305 Eutectoid {10Ben]tc}
27.1 100 300 Eutectoid (57Hum |(e)
26.7 100 300 Eutectoid (72Ugal
27.8 100 300 Eutectoid Asgessed:
L5+ tedsh... 28.6 100 600 Eutectic [05Fril
28.6 100 600 Eutectic |08F k]
287 100 600 Eutectic {10Benj
310 100 600 Eutectic |57Hum]
206 100 800 Eutectic {72Ugal
160 29.0 100 600 Eutectic Assegsed
{£As} <> As(vap) 100 603 Sublimation IMelti
{£A8) < (AS) 100 448 Allotropic |King4|

(&) Eutectoid temperature obtained.from {60Heyl and {66Mael. (b) Peritectic phase designated CusAsy. (¢} Inferred from DTA
data, although the authors did not indicate the eutectoid reaction.
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determined from alloys prepared by conventional
methods, whereas temperatures for compositions
greater than 30 at.% As were obtained from alloys
prepared in sealed silica tubes to prevent loss of As by
vaporization. The resulting phase diagram is in excel-
lent agreement with those proposed by [05Fril,
[08Fri], and [10Ben}. In all these mvestlgatlons, lig-
uidus P were not d d beyond the
As-rich eutectic reaction, presumably. because of the
difficulties associated with the evaporation of As.
More recently; [72Uga} determined the Cu-As phase
diggram in the region 23.7 to 100 at.% As and in the
temperature range 250 to 850 °C by DTA, X-ray dif-
fraction, and optical metallography. Their liquidus
temperatures are in close accord with the earlier inves-
tigations.

The assessed liquidus (Fig. 1) is based on the eom-
posite data of [05Fri], [08Fri], [10Ben}, {(57Hum], and
[72Ugal. Figure 2 compares the assessed Cu-As phase
diagram with the available experimental data. The liq-
uidus data of [72Uga] beyond 46 at.% As are applicable
only under constrained conditions, because pure As
sublimes at 603 °C. As such; these data were rejected,
and the proposed phase relationships in the As-rich
region are sketched schematically in Fig. 3. Table 2
lists the liquidus data of [05Fri], [08Fri], [10Ben],
[57Hum], and [72Uga]. The Cu-As system is charac-
terized by two terminal eutectics—L « (Cu) + yand L
+> § + (gAs). Reported eutectic temperatures are in

good agreement (see Table 1). The accepted values in
Fxg 1 are based on the data of [57Hum].

As-Cu

Solubility of As in (Cu}

The (Cu) solidus was determined by [57Hum] from
metallographic examination of samples quenched
after anmealing at various temperatures. Because
there have been no other determinations of the (Cu)
solidus, the accepted boundary in Fig. 1 is from
[57Hum].

The solid solubility of As'in (Cu) has been investigated
by metallography {10Ben, 27Han, 34Hum], electrical
resistivity [13Pus], and lattice parameter measure-
ments [37Mer, 390we, 400we, 490we]. [49Hum] indi-
cated that the measurements of [27Han] and
[34Hum] are erroneous because of insufficient anneal-
ing periods. The lattice parameter measurements of
[37Mer] indicate a linear decrease in solubility from
6.8 at.% As at 680 °C to 6.4 at.% As at-300 °C. {400we]
reported a' discontinuous decrease in' solubility at
~380 °C. More recent investigations confirm this dis-
continuity to be associated with the peritectoid forma-
tion of Cu-rich B, not a result of a polymorphic transi-
tion in vy (or Cu3As), as was.interpreted in the review of
[Hansen]. Solubility data of [37Mer], [400we], and
[490we] show good agreement and blend in with the.
room temperature solubility value of [13Pus].
Solubility data from these investigations are presented
in Table 3 and shown as the (Cu) solvus curve in Fig. 1.

Intermediate Phases

The exact stoichiometry of this most Cu-rich inter-
mediate phase is a subject of controversy. Although its

Flg. 2 "Assessed Cu-As Phase Diagram with Experimental Data
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Table2 Experimental Cu-As Liquidus Data

€

at% As °C

at% As. C

[05Fri}

Note: Temperatures arereported as pubhshed and are not corrected to the 1968 temperaturescale (IPTS- 68).

structure has been identified to be cph Mg-type, the
stoichionietry has been given as CugAs [678ch], CugAs
{60Hey, 66Mae, T1Liel, and CusAs [72Nau]. Accord-
ing to {57Schl, CugAs is stable only below 400 °C.
CugAs was observed by [60Hey] to-be isostructural
with the. CugAs reported by [57Sch] and to be
analogous to the ¢ phases of Cu-Sb, Ag-As,-and Ag-Sb
systems. The inability of [60Hey] to prepare single-
phase specimens of this phase was speculated to be due
either to slow transformation kinetics or to the
presence of a limited temperature range of stability.
Additionally, [60Hey] observed that p forms peritec-
toidally between ~ 300 and 350 °C.

From experimental DTA, metallographic and X-ray in-
vestigation of the ternary Cu-As-Sn system, [66Mae]
independently confirmed the peritectoid formation of
the (3 at 325 + 25 °C. Because this phase was stabilized
by the addition of Sn, extrapolation to 0% Sn revealed
its composition to be CugAs, in agreement with
[60Hey]. The data of [400we] show an inflection in
the (Cu) solid solubility curve at 380 °C, which could be
attributed to the peritectoid formation of 3. However
there is some uncertainty in the reported temperature
at the inflection, because the (Cu) solid solubility curve

was determined by X-ray lattice parameter measure-
ments. The existence of CugAs was further confirmed
by [71Lie], who observed the presence of CugAs in a: 25
at.% As alloy that had been quenched following an-
nealing at 350 °C for 28 k. The X:ray and DTA inves-
tigation of [72Nau] assigned the stoichiometry CugAs
to this phase. Moreover, {72Nau] observed the peritec-
toid formationof this phase to be between 4560 and 500
°C, which is much higher than the values reported by
earlier workers. In this review, 8 is shown to have the
range of stability ~11.1 to 14.3 at.% As, hased on the
reported extrema in the stoichiometries. The perltec-
toid formation ure of B is t

ly as 325 + 25°C.

yand y

The congruent formation.of y (or CugAs) was estab-
lished by [05Fril, [06Hic], [08Fri]l, [10Ben), and
{57Hum]. There is someé scatter in the composition of
the observed congruent maxima, although the

reported areinr 1 good -agree-
ment, with the exception of the data of [OGHIO] {see
Table 1). Additionally, v has be to havea

rahge of homogeneity. The data of [08Fri] showed a
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Fig. 3 ic Phase i ips.for the As-
Rich Region of the Cu-As Systern
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PR, Subramanian and D.E. Lauglin, 1988.

homogeneity range of 25.4 to 26.3 at.% As. This was
subsequently confirmed by [30Kat], who indicated
that the homogeneity range is independent of
temperature. [57Hum] observed a homogeneity range
of ~1 at.% between 450 and 575 °C.

{60Hey] reported values of 24.94 and 26.88 at.% As for
the Cu:-rich limit and As-rich limit, respectxvely, at 560
°C. From DTA, X-ray, and optlcal shy,

As-Cu

Table 3 Solid Solubility of As in (Cu)
Solubility limit,
at.% As

Temggrature,

Reference Method

5.1 Resistivity
6.4 Xeray .
6.8
6.00 Xeray
6.10
6.65
6.70
.75
6.85
[490we] ............... 5.90
6.63
6.64
6.83

X-ray

-y at temperatures between 4560 and 475 °C. The forma-.
tion of this high-temperature polymorph could have
been overlooked by [60Heyl], because these authors
were looking for a phase transition at temperatures
below 400 °C. In this review, the high-temperatuie and
low-temperature modifications- reported by [69Ben]
are accepted, and are designated .y and y', respec-
tively.

y (or CugAs) is also present in nature as the mineral
domeykite (see below). Artificial synthesis of cubic e-
domeykite has also béen reported in the literature.
[03Koe] (as quoted in [30Kat]) reported the synthesis
of CugAs by passing As vapor over hot Cu. [50Bol}
reported the high-pressure synthesis of cubic Cu3As,
and [51Wei] reported the synthesis.of this compound
at ordinary pressures.

s and &

The peritectic formation of As-rich § has been ob-
served by several investigators [05Fri, 08Fri, 57Hum,
60Hey, 68Juz, T1Lie]. Almost all the investigations as-
sumed the stoichiometry of this phase to be CusAsg.

{65Wan] determined the stoichiometry range to be
25.65 to 27.35 at.% As at 580 °C..Finally, [72Nau]
determined the homogeneity field for y as a function of
temperature in the range 300 to 786 °C from lattice
parameter measurements. The assessed phase boun-
daries for y are based on the data of [72Nau], whereas
the composition and temperature at the congruent
point are from [57THum}.

[Hansen] had suggested that v is dimerphic, based on
a discontinuity in the phase boundary of (Cu) at 380
°C. It was later established by [60Hey] that this inflec-
tion is not due to a polymorphic transition, but to the
peritectoid formation of Cu-rich 8. According to
[60Hey], this conclusion was supported further by the
absence of any phase transitions following 2 to 3
weeks' annealing at temperatures below 400 °C.
However, the later report of {69Ben) indicated the for-
mation of a high-temperature hexagenal polymorph of

H . the high erature X-ray in igation of
{68Juz] showed & to have the stoichiometry of
Cug,54As4 or Cu19Asg, comparable to the 29.42 at.% As
composition that was reported by [72Nau}. Reported
melting temperatures (Table 1) are in excellent agree-
ment. The dataof [06Hio] and [10Ben], showing a con-
gruent melting maximum for §, can be discarded.

[10Ben] also observed a thermal effect at 710 °C,
which they erroneously -assumed to be due to a
polymorphic transition in 3, whereas in fact, this
temperature is confirmed to be the peritectic melting
temperature of CusAs2. The data of [05Fri], [08Fril,
[10Ben], and [72Uga] show 8to be a high-temperature
phase, as by i ition through a
eutectoid reaction at lower temperatures (310 °C
[05Fril; 300 °C [08Fri, 72Ugal, and 305 °C [10Ben]).
Subsequently, [60Hey], [66Mae], and -[68Juz] con-
firmed the eutectoid decomposition of this phase near
300t0305°C.
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Table4 Cu-As Crystal Structure Data

low temperature; HT = high temperature.

Struktur-
Composition, Pearson Space bericht
at7 As symbol group i P P
Oto.~6.83 cF4 Fm3m Al Cu [Massalskil
11.1to 14.3 hP2 Péymme A3 Mg [57Sch, 60Hey,
T2Nau]
25.0t027.8 hP8 Péyjmme Do1s - NagAs [69Ben]
25510278 hP24 P3cl . CusAs {Pearson3}
28.6t029.6 cF16 Fm3m D03 BiF3 (71Lie, Pearsond|
28610296 ol28 Ibam e Cushsy [Pearson3f
AR2 R3m A7 aAs [Massalskil.
100 oC8 Cmcea All aGa [Massalski|
~383.3 tP8 Piinmm C38 CuszSb [72Nau,
Pearson3}
~57.14 ol28 Immm CugAsy [82Ble]

High-temperature X-ray and DTA studies of [68Juz]
revealed that § is dimorphic, with the high-tempera-
ture form stable between ~395.°C and the peritectic
melting temperature and the low-temperature form
stable between 300 and 315 °C. In the intermediate
range, [68Juz] assumed that § is in equilibrium with
{As). DTA and X-ray investigations of [71Lie] con-
firmed the existence of the two forms of §, together
with the allotropic transformation to the high-
temperature form at 380 °C. The high-temperature
and low-temperature allotropic modifications are
designated § and §', respectively, in this evaluation.

The maximum homogeneity range of § and §' is ac-
cepted provisionally as extending from the CusAsg
composition to the Cu19Asg composition in this review.
The proposed phase relationships for this phase in Fig.
1 are based tentatively on the data of [68Juz], [71Liel,
and [72Ugal, although further investigations definite-
ly are required in this region.

Metastable Phases

CuzAs
{06Hio] described the preparation of CugAs by heating
an arsenite or arseniate of Cu with charcoal. [58Joh]
reported the preparation of CugAs by artificial syn-
thesis; however, the exact method of preparation was
not revealed. Metallography and X-ray analysis by
[58J0h] revealed the resulting alloy to be identical to
the naturally occurring mineral koutekite. More re-
cently, {72Nau] reported. the synthesis of Cu2As by
selective wet oxidation of a Cu-As alloy with a higher
_starting Cu content. Selective dissolution of Cu by the
action of oxidants such as ferric jons resulted in the
formation of homogeneous Cu2As. [72Nau] observed
that CugAs decomposes to CusAs2 and (As) on heating
0179 °C. On the other hand, DTA and X-ray studies of
{68Juz] gave no evidence of the existence of CugAs. It

810

is likely that this synthetic Cu2As is metastable, and as
such, does not exist in the equilibrium diagram.

Other Reported Compounds

[06Hio] reported on the preparation of CugAsg by

passing As-containing hydrogen  over dry cupric

chloride. The occurrence of the compound CugAsg

with an orthorhombic structure was reported recently

by [82Ble]; however, no preparation details were
given. There are no other reports of the existence of

CusAsz and Cu3As4.

Crystal Structures and Lattice Parameters

Table 4 lists the crystal structures for the equilibrium
and metastable phases in the Cu-As system. Lattice
parameters. of the terminal solid solution, (Cu), and
the various phases. are shown in Table 5. Lattice
parameters of (Cu) at various temperatures and conx-
positions are given in Table 6.

B

Cu-rich g has cph Mg-type structure [578ch, 60Hey,
72Naul. This phase has been called ¢ by [60Hey] and
[72Nau], by virtue of its similarity to the e phases of
Cu-Sb, Ag-As, and Ag-Sb systems. Lattice parameters
reported by [67Sch], [60Hey], and [72Nau] for § are in
excellent agreement.

yand y'

[69Ben] reported high-temperature hexagonal vy to be
isotypic with NagAs (P6g/mmec, hP8), with lattice
parametersa = 0.417 and ¢ = 0.732 nm at 490°C. This
is the only report of the. existence of a high-tempera-
ture form for y. The low-temperature modification of
v, designated ' in this review, crystallizes in the
hexagonal Cu3As prototype structure, with space
group P3cl. Lattice parametexs reported by [69Ben]
for low-temperature y' (@ = 0.7124 and ¢ = 0.7296 nm
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at 23 °C) are in fair agreement with those reported by
other investigators (see Table 5). The very early
reports of [03Ste] (as quoted in [30Kat]) and [36Gre]
indicated an orthorhombic structure and a bet strue-
tute, respectively, for the ' phase. The fact that no
recent authors have confirmed the existence of the or-
thorhombic and bet structures leads us to disregard
the reports of [03Ste] and [36Gre].

5and §’

{60Hey] tentatively reported tetragonal structure for
S, with lattice parameters e = 0.748 and ¢ = 0.312 nm.
Subsequent studies by {68Juz] and [71Lie] indicated
that this phase is dimorphic, with a cubic structure for
the high-temperature form and a body-centered or-

thorhombic structure for. the low-temperature
di i i d 8 and 8', respectively, i in this
. [68Juz] ob d a linear rel be-

tween the lattice parameter of cubic § and. the
temperature in the range 400 to 600 °C. [71Lie]
reported. the structure of the high-temperature cubic
form to be isotypic with FegSi (D03, Fm3m, BiF'3 type)

Table 5 Cu-As Lattice Parameter Data

As-Cu

and that of low-temperature modification to. be
isotypic with MgsGag ([Pearsond] assigned a new
prototype CusAs2 for low-temperature §'). Lattice
parameters reported by [68Juz] and [71Lie] are in
good agreement.

CuzAs

According to [72Nau], their synthetic Cu2As has the
same structure as.the tetragonal FepAs phase with
space group P4/nmm. (According to [Pearson8], the
prototype structure is Cu2Sh.)

CuzAsy

[82Ble] reported the formation of orthorhombic
CugAs4 with a columnar structure and with lattice
parametersa = 0.354,6'=1.345,and ¢ = 1.372 nm; no
atomic positions or prototype structure were given.
However, [Pearson3] listed CugAs4 as a new prototype
(0128, Immm).

[Pearson3] reported the existence of orthorhombic
CuAsg, with FeSg-type structure and space group

‘Composition, Lattice parameters, nm
Phase at% As b < Reference
¢ 0.36146 1Massalski}
14.2%a) 02586 0.4229 138Ste)
0.2590 0.4234 152Pad|
0.259 0.424 157Sch)
0.2588 0.4226 [60Hey|
0.2587 04225 [72Naul
0417 0732 189Ben]
0.7215 0.7493 |130Mac(
0.7136 0.7323 |30Kat]
0.7132 0.7294 [30Kat|
0.7109 0.7282 [30Kat|
07117 0.7247 1385te|
0711 0727 152Pad}
0.7132 0.7304 [60Hey)
26.8T(e) 0.7113 07272 [60Hey|
0.7143 0.7324 165Man|
0.7124 0.7296 [69Ben|
0.7102 0.7246 171Guk|
25.0td) 0.7141 0.7310 172Nau|
27.78(e) 0.7121 0.7310 172Nau|
. 29.63ta) 0.5811 168Juz}
0.5856 168Juz|
0.582 {71Liei
0 F1 F— 29.63(a) 05992 1.1603 0.5504 [68Juz|
0.5977 11677 0.5491 171Liei
(As}... e 100 0.41319 At 25°C |Masealskil
@ =5412°(g)
tgAst ... -...100 0.362 1.085 0448 At >448°C | Massalskil
Metastable phase
Cuzas 33.33 0.3788 0.5942 cla = 1.57 [72Nau|
Note: low temperature; HT = high temperature.

(a) Composition is from the assessed phase diagram (F1g 1) and need not, correspond with the stoichiometry reported by the

. (d} At Cu-rich limit. (e} At As-rich limit. (f) For the mineral

authors. (b)For the mineral {e) Alloy was

ph
B-domeykite. (g} The hexagonal cell asa = 0.37598 and ¢ = 1 0547 nm {Pearson3].
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Pnnm and with lattice parameters ¢ = 0.4789, b =
0.5790, and ¢ = 0.3537 nm. They attributed this infor-
mation to data from [40Pea]; however, it is clearly evi-
dent from [40Pea) that these data are for the nickel ar-
senide NiAsg and not for CuAsg, as erroneously
interpreted by {Pearson3].

Naturally Occurring Minerals
Algodonite

Xray diffraction studies performed by [29Raml],
[38Ste], [52Pad], and [60Hey] mdxcated that the
mineral algod: cor hically to
the most Cu rich compound There is, however, some
variation in the reported composition, with the
stoichiometry reported as Cu7As {52Pad] (fora sample

containing 16.9 at.% As), CugAs [29Ram, 60Hey], and
CugAs [38Ste]. According to the reports of {19Bor],
[29Ram]; and [29Macl]}, algodonite decomposes on
heating into-(Cu) and Cu3As, which is in accordance
with the Cu-As equilibrium diagram. [60Hey] indi-
cated that algodonite is a high-pressure modification
of @ that dissociates into (Cu) and Cu3As onheating to
250 °C. This dissocation temperature is in accordance
with the observation of [38Ste]. [60Hey] attributed
the apparent uncertainty in the composition of al-
godonité to the variation in the ambient pressures in-
volved in the formation of this mineral. [38Ste}
reported lattice parametersa = 0.25686-and ¢ = 0.4229
nm. {52Pad] reported lattice parameters on the basis
of a pseudohexagonal cell ase = 0.2590 and ¢ = 0.4234
nm for a sample with 16.9 at.% As:. [52Pad] also
reported an orthorhombic cell for algodonite, with lat-
tice parameters ¢ = 0.2594, b = 04561 and ¢ =
0.4230 nm for a sample containing 15.88 at.% As.

Table 6 Lattice Parameters of {Cu) vs Ci at Various T
Annealing Annealing Lattice
Ci period, parameters,
Reference at.% As °C h nm
130Kat| .. 0 0.3615
17 0.3636
(a) o 0.3647
137Merd .... 157 680 1100 0.36226
2:64 680 1100 0.36281
372 680 1100 0.36335
557 680 1100 0.36421
627 680 1100 0.36452
650 900 0.36454
800 700 0.36452
500 550 0.36453
400 600 0.36452
300 800 0.36451
8.4(b) 680 1100 0.36486
650 900 0.36481
600 700 0.36479
500 550 0.36475
400 600 0.36470
300 800 0.36464
1390wel(e)... 0.36183
0.36267
0.36298
0.36347
0.36308
o 0.36426
1400wel(ct... 659 0.36470
603 0.36465
514 0.36463
387 0.36457
300 0.36432
215 0.36429
{60Hey]... L Ady 0.3647

tay Solubxhty limit at room temperature. (b) TWO-phase alloy. () At 18 °C. td) Baturated (Cu) for alloys quenched between 35¢

and 660
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Table7 Lattice Parameter Data for Cu-As Minerals

As-Cu

Lattice parameters, nm
a -] c

Mineral Phase Structure Comment Reference
Algodonite. S Hexagonal 0.2604 0.4223 (a) 129Mac2}
Cusds Hexagonal 0.2586 0.4229 cfa = 1.631 [38Ste]
CuzAs Hexagonal 0.2590 S 0.4234 16.9at.% As 152Pad]
Orthorhombic  0.2594 0.4561 0.4230 15.88 at.% As 152Pad]
qe-Domeykite....... Cuyphsath) Cubic 0.9611 e . s 138Ste|
. 0.960 151 Weil
0.962 24.88 at.% As (52Pad|
0.9612 [62Ber|
CuzAs Cubic 0.9619 1771gH}
B-Domeykite...... CusAs Hexagonal 0.7117 0.7247 c/a = 1.020 [385te|
0.711 0.727 c/a =1.022 [52Pad}
Hexagonal 1.151 1.454 (60Joh)
Orthorhombic  1.284 1.150 0.7654 35,8%As [61Joh]

(a) Contains less Cu than the formula CusAs. (b) Composition suggested by [Pearson1].

Whitneyite

According to [16Bor], [19Bor], and [29Ram], the
mineral whitneyite consists of a mixture of algodonite
and (Cu).

Domeykite

The mineral domeykite is reported to- exist in two
forms [20Ram, 38Ste, 52Pad, 60Hey). One of the
forms of domeykite has cubic structure and has been
called “mineral domeykite” [38Ste] or “n-domeykite”
{52Pad, 60Hey], whereas the other form has
hexagonal structure and has been called “artificial
domeykite” [38Ste] or “B-domeykite” [52Pad, 60Hey].
[Pearsonl1] assigned the formula CuisAsq to a-
domeykite because of its structural similarity to the
D8g-type. Cu1s8iq. In contrast, the crystallographic
studies of [77Igl] indicated that the formula of o-
domeykite is Cu3As, not Cui5As4 as proposed by
[Pearson1]. [50Bol} and [60Hey] showed a-domeykite
to be a high-pressure phase, which dissociates into
hexagonal CugAs and CugAs on heating to 225 °C
{38Ste]. The phase diagram proposed by [72Nau]
shows the peritectoid formation of Cu15As4 at 225 °C;
this presumably is based on the data of [38Ste] and
[60Hey]. [51Wei] reported the preparation of “a-
domeykite” or cubic Cu3As at ordinary pressures. On
this basis, [771gl] concluded that a-domeykite is a low-
pressure phase that forms at 1 to 1000 bar The
authors described the structure of this mineral as a
distortion of the A15 structure (formerly called W or
‘W30) and speculated that this mineral may undergoa
second-order phase transition to Al5-type at high
pressure. [77Igl] made no-attempt, however, to corre-
late their observations with the phase relationships
reported for CugAs in the equilibrivm diagram. a-
domeykite was assigned the space group I43d [Pear-
sonl, 77Igl]. The mineral g-domeykite was found to
correspond crystallographically to the equilibrium y
phase (or Cu3As) [38Ste, 52Pad). As such, it is
isostructural with Cu3As, with Pearson symbol £P24
and space group P3c1. Reported lattice parameters for
domeykite (Table 7) are in good agreement.

Koutekite

[58J0h] reported that the mineral koutekite has the
composition CugAs. [60Joh] reported hexagonal strue-
ture both for the mineral and for synthetic Cu2As,
with lattice parametetrs ¢ = 1.151 and ¢ = 1.454 nm.
In contrast, [72Nau] reported that their synthetic
CugAs isisostructural with tetragonal FegAs (P4/nnm,
CugSb type):

Paxite

The mineral paxite (or CugAs3) was shown by [61Joh]
to be isostructural with the orthorhombic Sb2S3 struc-
ture, with lattice parameterse = 1.284, 6 = 1.150, and
¢ = 0.7654 nm for a mineral sample of composition
35.8 wt.% Cu. [Pearson2] disagreed with the con-
clusion of [61Joh] that Cu2As3 is Sb2S3 type. Paxite
appears to be a metastable phase, and as such, should
not occur in the Cu-As equilibrium diagram.

Lattice parameters reported for the various Cu-As
minerals are summarized in Table 7.

Thermodynamics

Thermodynamic investigations of the Cu-As system
consist of determinations of elemental activities in Cu-
rich liquid Cu-As alloys and in the terminal solid solu-
tion, (Cu). Activities in liquid Cu-As alloys have been
determined by emf [69Aza] (also see [76Aza)]), vapor
transport [71Bod; 79Jon}, isopiestic [81Hin, 85Hinl],
and Knudsen cell mass spectrometric methods
[85Hin2). Activity data for Cu and As in liquid Cu-As
alloys are summarized in Table 8. From emf data,
[69Aza] obtained the following relationship for the ac-
tivity coefficient of Cu (yCu) at 1000 °C for composi-
tions greater than 15.8 at.% As:

log yCu = -5.285XA + 0.0853 (Eq 1)

where XAs is the atomic fraction of As. According to
{69Aza], normal Gibbs-Duhem integration: of this
equation did not yield reliable values for yAs, especiaily
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for Xas >15.8 at.% As. Using an alternate Gibbs-
Duhem integration based on a single data point foraas
at Xas = 0.27, [69Aza] obtained values for vAs, that
show better agreement with the experimental trend
for yCu. Using a transport or carrier gas technique,
[79Fon] determined the activities of As in solution in
molten Cu at 1100 °C. Asq was assumed to be the
predominant vapor species at 1100 °C. The resuits in-
dicate a negative deviation from Raoult’s law. [79Jon]
reported the following relationship for yAs in the com-
position range Xas = 0.22 t0 0.27:

log vAs = ~15.39 X20, + 3.78 (Eq 2)

[80Lyn] and subseq ly [83Dab] r luated the
data of [69Aza] and [79Jon] on the basis of more
recent information on the vapor pressure of As. Based
on the reported data for As from [HultgrenE],
{83Dab] determined the saturation vapor pressures of’

the pure As species (As4, As3, As2, and As) at

source temperatures. From, these data, the ay
redetermined the activity coefficients of As at 1100C
from the raw data of [79Jon] and fitted them to the
following equation for X4cu <0.68:

logyas=1.99 x 102 (X%cw®® 260 gy

As seen in Table 8, aas values calculated from the
revised activity coefficients from Eq 3 are three orders
of magnitude greater than the original datg of
{79Jon}. In a similar manner, [83Dab] obtained the
follxing equation for yas at 1000 °C from the data of
[69Aza]: ’

logyas = -5.24 X20u + 170 (cu < 0.71)  (Bqd)

The activity coefficients from Eq 4 are fairly com
parable to those from Eq 3. In effect, [80Lyn] and
[83Dab] showed that the data of [69Aza] and [79Jon)

Table8 Reported Activities of Cu and As in Liquid Cu-As Alloys

3 < Activity B
Reference °C at.% As acu @as Method
1694zal 027 2.48 x 10~ Vapor
transport
169Azal(a) 0.05 0.947 775 % 10°° emf
0.10 0.880 1.66 x 1070
0.15 0.800 2.82 x 10°°
0.20 0.610 6.12 x 1
0.25 0.400. 1.76 x 10~
0.27 0.357
0.30 0.293
[71Bod..... 0.0178 19 x 10°° Vapor
0.0255 26 x 10°%_ transport
{79Jonl 0.174 140 x 1077 Vapor
0.197 2.20 x 1077 transport
0.217 550 x 1077
0.228 850 x 1077
0.250 2.85 x 108
0.263 5.88 x 1078
0.267 8.34 x 1078
0.270 117 x 107
183Dablb).... 0.174 7.94 x 107 Vapor
0.197 1.08 x 107 transport
0.217 1.96 x 107
0.228 2.66 x 107
0.250 5.07 x 1073
0.263 9.11 x 1073
0.267 114 x 1072
0.270 - 1.40 x 1072
[T E S—— 1000 0.05 0.945 0 Tsopiestic
method
0.10 0.870 0
0.15 0.797 0.003
0.20 0.600 0.017
0.25 0.420 0.052
0.30 0.307 0.110
0.35 0.232 0.186
£z b Y — 1150 0.03 . 0.00032 Mass
spectrometry
0.05 0.00061
0.10 0.00220

() Activity data read from graph in the original paper. (b} Revised values based on the data of {(70Jon].

614 Bulletin of Alloy Phase Diagrams Vol.9 No.§ 1988



As-Cu

Fig. 4 Excess Gibbs Energy of Mixing of Liquid Cu-As Alloys at 1000 °C
T T T T
o
o
-ak o -
o
-gl X i
° #o x x
5
£ -2 T
~
- o
= el g
] o 69Aza
= 20k o 0 83Dabla)
& X BEHinl
— 83 Nie
-241 )
o
28l -
L 1 1 L
o Q. 0.2 0.3 0.4 Q5
xAs
Note: Data from {80Lyn| based on revised data of [69Aza| (see text). Optimized G™¥(L) = X'(1-x) [-56 26824 207 (2¢- 1|,
PR.Subramanianand D.E. Laughlin, 1988.

are closer to one another than was originally reported
by [79Jon]. Cu activities calculated by [85Hin1] from
their isopiestically determined As activities are in good
agreement with those obtained directly by [69Aza]
from emf measurements. Table 9 lists the reported
values for the activity coefficient of As at infinite dilu-
tion. Figure 4 shows the G®*(L) values calculated from
the original activity data of [69Aza] and [85Hinl] at
1000 °C, as well as those from [83Dab] based on the
revised data of [69Azal.

Based on the semiempirical model of [80Miel, [83Nie]
predicted the heats of solution of As in liquid Cu ag 58
kJ/mol and of Cu in liquid As as —40 kJ/mol. These
values .were used in conjunction with a subregular
sclution model to determine the excess Gibbs energy of
mixing of liquid Cu-As alloys as follows:

G*¥(L) = X(1 - X)[-49 000 + 9000(2X - 1)} (Eq5)

where X is the atomic fraction of As. The G** vs X
trend from this equation is compared in Fig: 4 with the
experimental data.

[83Lud) determined the activity of As in the terminal
solid solution, (Cu), at 695 °C, based on vapor pressure

by a pseudo-isopiestic method—based
on isothermal diti but at pres-
sures (also see [83Heh]). The authors observed that
the vapor species above alloys with low As concentra-
tion is predominantly Asg, whereas for alloys near the
terminal solubility, the species As4 is increasingly
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Table 9 Reported Activity Coefficient of As at In-
finlte Dilution in Liquid Cu-As Alloys

Activity
Temperature, coefficient

Reference sC 4 "As
|69Azal ...... 145 x 1071
1300 8.00 x 10-%

171Bod| 1.0 x 107%
179Jon 5.0 x 1077

3.98 x 1073

183Dabl(a) .

[85Hin1}.

[85Hin2l(c)....

(a) Revised values based on the data of [69Azal. (b) Revised
values: based on the data of |79Jon|. (e) Determined by
{85Hin2| from their activity coefficient data, as well as those
of |85Hin1}.

present. The resulting activity data, listed in Table 10,
show significant negative deviation from Raoult's law.
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taburgh, PA L5213, This work was supporsed by the ASM 1 IN‘I‘ERNA’I'IONAL and the Department of Energy through the Jcmt Program on Criti-
cal Compilation of Physical and Chemical Data coordinated through the Office of Standard Reference Data (OSRD), National Bureay of Stan-
dards; Literature searched through 1986. Part of the bibliographic search was provided by ASM INTERNATIONAL Professor Laughliris the

ASM/NBS DataProgram Category Editor for binary copperalloys.




