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Partial phase diagram for the system CugsAugs_,Ni, with x<0.15
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Abstract

A partial phase diagram for the system CugsAugs_.Ni, with x<0.15 was determined by electrical resistivity
measurements and X-ray powder diffraction. Substitution of only 2.8 at.% Ni for gold in equiatomic CuAu
eliminated the CuAull long-period superstructure from the phase equilibria. The presence of a two-phase
coexistent region separating the CuAul-type ordered phase and the disordered solid solution was evidenced. The
solvus curve was determined by the parametric method and the solubility limits of nickel for the CuAul-type
superstructure at 300 and 320 °C were found to be 7.0 and 8.0 at.% Ni respectively.

1. Introeduction

Gold—copper—nickel alloys are basic materials in jew-
ellery [1]. Recently we reported that CugsAug;_,Ni,
alloys containing nickel up to about 12 at.% possess
sufficient age hardenability for use as dental restorative
alloys {2].

While an order—disorder transformation takes place
in the gold—copper system [3] (Fig. 1), strong and weak
phase separations occur in the gold-nickel [4] and
copper—nickel [5] systems respectively. With regard to
the ternary gold—copper-nickel system, Raynor [1] re-
viewed the experimental work on the phase diagram.
Raub and Engel [6] determined boundaries of the solid
state miscibility gap at temperatures from 300 to 950
°C and tie-lines in the two-phase region for isothermal
sections at 400, 700 and 900 °C. According to their
results, a solvus curve in the polythermal section
CugsAugs_ Ni, can be estimated to lie at 4.5 and 9.0
at.% Ni at 300 and 400 °C respectively. However, for
the same polythermal section Kogachi {7] reported that
a single phase with the CuAul-type superstructure was
stable up to a nickel concentration of 10 at.% below
the order—disorder transformation temperature and that
a nickel-rich disordered phase with the f.c.c. structure
precipitated in ternary alloys with a nickel concentration
of 12 at.% or more. Apparently there is a discrepancy
between their results.

Furthermore, the partial phase diagram reported by
Kogachi {7] indicates that no two-phase region sepa-
rating the ordered CuAul phase and the disordered
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solid solution («) is present. However, Gantois [8, 9]
and Faivre et al. [10] reported the presence of such a
two-phase region in the system AuysCugs._, Ni,. Al-
though the compositional section is different, it can be
pointed out that there is a contradiction with respect
to the (CuAul+a) two-phase region.

Determination of the phase diagram is very important
not only in designing the compositions of alloys but
also in interpreting various properties of alloys of
interest. In this research a partial phase diagram for
the system CugysAugs_,Ni, with nickel concentrations
of up to 15 at.% was determined by electrical resistivity
measurements and X-ray powder diffraction.

2. Experimental details

2.1. Sample preparation

Table 1 gives the chemical compositions of the alloys
examined. Copper of 99.999% purity and gold and
nickel of 99.99% purity were used as starting materials.
Appropriate amounts of these component metals were
melted together in a carbon crucible under an argon
atmosphere and cast into a permanent mould. The
ingots obtained were then subjected to alternate cold-
rolling and homogenizing treatment at 840 °C. Plate
samples 0.8 mm in thickness were prepared.

2.2. Electrical resistivity measurements
A thin plate sample of size 3 X 20 X 0.18 mm?, prepared
from the previously mentioned plate sample, was
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Fig. 1. The gold-copper phase diagram redrawn from ref. 3.

TABLE 1. Chemical compositions of alloys examined (analysed
compositions)

Alloy Element content (at.%)

Cu Au Ni
CA-1 49.9 50.1 0
CAN-2 50.0 472 28
CAN-3 49.9 44.1 6.0
CAN-4 49.9 41.0 9.1
CAN-5 49.9 ©382 11.9
CAN-6 50.0 35.0 15.0

solution treated at 700 °C for 30 min in a high purity
argon gas stream and quenched into ice-brine. A couple
of nickel wires 0.3 mm in diameter were then spot
welded at both ends of the sample. Variations in
electrical resistivity of the sample during continuous
heating in vacuo were measured using the four-terminal
potentiometric method with a direct current of 500
mA.

2.3. X-Ray diffraction

Powders that passed through a 330-mesh screen were
produced using a rotating diamond disk. These powders
were sealed in an evacuated silica capsule and subjected
to the previously described solution treatment. They
were then isothermally heated at the appropriate tem-
perature for periods ranging from 20 000 to 50 000 min

70 80 g0 100
Cu

and quenched into ice-brine. The powders were ex-
amined in an RU-100PL standard-type diffractometer
(Rigaku Co. Ltd., Tokyo, Japan). The X-ray source
was a rotating anode copper target operating at 50 kV
and 80 mA. Cu Ke radiation was used as the incident
beam.

3. Results and discussion

3.1. Electrical resistivity—temperature curves

Figure 2 shows parts of the electrical resistivity vs.
temperature curves for the alloys CA-1, CAN-2 and
CAN-3 during continuous heating at a rate of 1.67 X 103
°C s~ . The resistivity—temperature curves for each alloy
have been shifted vertically from each other to avoid
the overlapping of curves. For the alloy CA-1 two
distinct inflection points were observed as indicated by
the arrows “a” (around 385 °C) and “b” (around 410
°C). Referring to the gold—copper phase diagram [3]
presented in Fig. 1, the temperatures of the inflection
points “a” and “b” are thought to correspond to the
CuAul - CuAull and CuAull - disordered a phase
transformation points respectively. However, in the
electrical resistivity-temperature curves for the alloys
CAN-2 and CAN-3 the inflection point reflecting the
CuAul - CuAull phase transformation disappeared
and temperature ranges within which the slope of the
electrical resistivity—~temperature curve was larger than
that in the disordered a phase range appeared (between
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Fig. 2. Variation in electrical resistivity as a function of temperature
for the alloys CA-1, CAN-2 and CAN-3.

the points “c”” and “d” for the alloy CAN-2 and between
the points “e” and “f” for the alloy CAN-3). Because
the electrical resistivity of an alloy is sensitive to any
structural change, these findings suggest that the partial
substitution of nickel for gold in equiatomic CuAu
eliminates the CuAull long-period superstructure from
the phase equilibria and that a (CuAul + ) two-phase
region may be produced. To confirm this hypothesis,
we performed an X-ray diffraction study as presented
in the following subsection.

3.2. Stable phases

Figure 3 shows an X-ray powder diffraction pattern
of the alloy CAN-3 equilibrated at 380 °C for 20 000
min. This temperature is in the region between the
points “e” and “f’ in the electrical resistiv-
ity-temperature curves shown in Fig. 2. The subscripts
“f” and “s” in the diffraction pattern indicate fun-
damental and superlattice reflections from the CuAul-
type ordered phase respectively. It was evidenced that
the CuAul-type ordered phase and the disordered o
phase with the f.c.c. structure stably coexist at this
temperature. Similar diffraction patterns were obtained
for the alloy CAN-2 equilibrated at 400 °C, which is
in the temperature region between the points “c” and
“d” in Fig. 2, and the alloy CAN-4 equilibrated at 350
°C. These results made it clear that the (CuAul+a)
two-phase coexistent region was stably present in the
system CugsAugs_ Ni, with nickel concentrations up
to about 9 at.%.

Figure 4 shows an X-ray powder diffraction pattern
of the alloy CAN-5 equilibrated at 340 °C for 30 000
min, showing the three-phase coexistence of the CuAul-
type ordered phase and disordered « and nickel-rich
a, phases. This finding reveals that the chemical com-
position of the alloy CAN-5 falls inside the solid state
miscibility gap.

3.3. Determination of a solvus curve

The solvus curve in the system CugsAugs_,Ni, was
determined by the parametric method [11]. Powders
of each alloy were equilibrated at the same temperature
and quenched into ice-brine. The lattice parameters
of the phases were measured by X-ray diffraction and
plotted against the composition. Figure 5 shows the
lattice parameters vs. composition curves for both the
CuAul-type ordered phase and the nickel-rich «, phase
at the equilibrating temperature of 300 °C. At this
temperature the single phase with the CuAul-type
superstructure was stable in the alloys CA-1, CAN-2
and CAN-3. On the other hand, a mixture of the
CuAul-type ordered phase and the nickel-rich «a, phase
with the f.c.c. structure was stable in the alloys CAN-
4, CAN-5 and CAN-6. Therefore the lattice parameters
a, ¢, c/a and (a*c)'? of the CuAul-type ordered phase
were plotted against the nickel concentration along
with the parameter a of the a, phase. It was noted
that the slope of each parameter-composition curve
for the CuAul-type ordered phase apparently changed
at a nickel concentration of 7.0 at.%. This fact indicates
that the solvus curve is correct for this composition at
300 °C.

The solubility limit of nickel for the CuAul-type
ordered phase at 320 °C and that for the « phase at
420 °C were found to be 8.0 and 11.2 at.% respectively.
The resulting solvus curve is shown in the phase diagram
(see Fig. 6).

3.4. Phase diagram

The resulting partial phase diagram for the system
CugsAugs_,Ni, is shown in Fig. 6. The substitution of
only 2.8 at.% Ni for gold in equiatomic CuAu eliminated
the CuAull long-period superstructure from the phase
equilibria. This result agrees well with that reported
by Kogachi [7]. Sato and Toth [12], Gantois [8, 9, 13]
and Faivre et al. [10] reported similar effects of nickel
for the systems CuAu-Ni [12] and Au, sCu, s, Ni, [8-10,
13] respectively. It may not be easy to solve the problem
of why the nickel addition to CuAu reduces the phase
stability of the CuAull long-period superstructure. How-
ever, considering the fact that the electron/atom ratio
(e/a) of nickel is zero [12] and the previously reported
experimental results that palladium (e/a=0 [12, 14])
addition to CuAu also eliminated the CuAull phase
from the phase equilibria {12], the explanation by Sato
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Fig. 3. X-Ray powder diffraction pattern of the alloy CAN-3 equilibrated at 380 °C for 20 000 min.
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Fig. 4. X-Ray powder diffraction pattern of the alloy CAN-5 equilibrated at 340 °C for 30 000 min.

and Toth [12] that a reduction in the electron/atom
ratio of an alloy reduces the phase stability of the
CuAull superstructure seems to be reasonable.

The presence of the two-phase coexistent region
separating the ordered CuAul phase and the disordered
a solid solution was evidenced in the alloys containing
less than about 9.5 at.% Ni. From the electrical re-
sistivity—temperature curves shown in Fig. 2 the vertical
width of this two-phase region was found to be about
13 °C at 2.8 at.% Ni and 20 °C at 6.0 at.% Ni. Although
the presence of the (CuAul+ a) two-phase region has
been shown in the system Au,sCuos_.Ni, [8-10, 13],
it has not been reported in the system CuqsAu,s_,Ni,.

This two-phase region changed into the (CuAul + o+ «,)
three-phase coexistent region in the alloys containing
nickel in excess of the solubility limit, as shown in the
phase diagram (Fig. 6).

Generally, it is well known that for alloys which
undergo a first-order order—disorder transformation the
ordered and disordered phases stably coexist near the
stoichiometric composition under the condition of ther-
mal equilibrium [15, 16]. Because the order—disorder
transformation in Cu-Au alloys near the composition
CuAu is known to be a first-order reaction [15, 16],
the present evidence is well consistent with this general
rule.
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Fig. 5. Lattice parameters vs. composition curves for the CuAul-
type ordered phase and the nickel-rich a, phase at 300 °C.
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CuAull; O, CuAul; O, a; A, CuAul+a; B, CuAul+a, O,
a+ay; A, CuAul+a+a,.

It is seen that both the order and disorder tem-
peratures fell with increasing nickel concentration. This
trend agrees well with the previously reported partial
phase diagram for the system Au,sCuys_, Ni, [8-
10, 13].

4. Conclusions

A partial phase diagram for the system
CuysAu, s Ni, with x<0.15 was determined by elec-
trical resistivity measurements and X-ray powder dif-
fraction. The principal findings are as follows.

(1) The substitution of only 2.8 at.% Ni for gold in
equiatomic CuAu eliminated the CuAull long-period
superstructure from the phase equilibria.

(2) The presence of a two-phase region separating
the CuAul-type ordered phase and the disordered «
solid solution was evidenced in the alloys containing
less than about 9.5 at.% Ni. The vertical width of the
two-phase region was about 13 °C at 2.8 at.% Ni and
20 °C at 6.0 at.% Ni.

(3) The solubility limits of nickel for the CuAul-
type ordered phase at 300 and 320 °C were 7.0 and
8.0 at.% respectively. A nickel-rich «, phase with the
f.c.c. structure precipitated in the Cugy sAu, s, Ni, alloys
containing nickel in excess of the solubility limit.
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