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Cu-Ni-Al alloys with a Ni to Al ratio of approximately 3.0 are of particular interest for the development of
electrically conductive products; thus, investigating their phase behavior is essential for achieving specific
properties in these materials. In this study, the phase diagram of the Cu-NisAl pseudo-binary system was
experimentally determined using cast and fully heat-treated Cu-NisAl alloys with a wide range of com-
positions, via microstructural observation and different quantitative analyses. The Cu-NisAl system un-
dergoes a eutectic reaction Liquid < a-Cu solid solution (Cuss) with an FCC structure +y’-NizAl with an

Keywords: . . . . .
cuy ordered FCC L1, structure. As the combined Ni and Al (NisAl) content increased, the microstructure tran-
NizAl sitioned from a single a-Cuss phase to two eutectic phases (a-Cuss and y’-NizAl), to a primary y’-NisAl phase

and two eutectic phases, and to a single y’-NisAl phase. The solidus and liquidus temperatures increased
with the (Ni+Al) content. The solid solubility of (Ni+Al) in the a-Cuss phase (Cini+any) could be described by an
Arrhenius-type equation (In Cnisary = 5.50 - 2637/T), indicating a significant temperature dependence. In
contrast, the solubility of Cu in the y’-NisAl phase did not significantly decrease with the temperature. The
phase diagram of the Cu-Ni3Al system was constructed from these results. The phase diagram will be useful
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Microstructure

in the development of Cu-Ni-Al alloys with exceptional strength and electrical conductivity.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

The Cu-Ni-Al ternary system involves materials of academic and
practical relevance, such as Al- and Cu-based alloys for functional
structure materials [1-4], shape memory Cu-Al and Ni-Al alloys
[5-7], intermetallic compounds NisAl and NiAl as strengthening
phases in high temperature structural materials [8-11], and Cu--
Ni-Al-based high entropy alloys [12,13]. Cu-based alloys that have
been proposed for structural and electrical applications include not
only Cu solid solution alloys, but also age-hardenable systems, in
which, some precipitates, such as NiAl and NiszAl intermetallic
compounds, are formed in the Cu matrix [14-18]. Miyamoto et al.
studied the hardness of Cu-Ni-Al alloys within a wide Cu-rich range
using a diffusion coupling method [19,20]. They found that the alloys
with compositions along the Cu-NizAl segment in an isothermal
Cu-Ni-Al phase diagram exhibited better mechanical strength than
those with other compositions. Recently, Semboshi et al. [21] de-
monstrated that a Cu-20 at% Ni-6.7 at% Al alloy solid solution
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treated at 1000 °C and then aged at 600 °C possessed exceptional
strength, with Vickers hardness> 340 HV, tensile strength of ap-
proximately 1000 MPa, and a good electrical conductivity of 8 %
IACS. Notably, its strength is the highest among commercial Cu-
based alloys without any additional deformation strain. The superior
strength of the Cu-Ni-Al alloys is due to high-density fine NisAl
precipitates formed coherently with the Cu matrices [17-21].

As previously described, the Cu-Ni-Al alloys with a Ni to Al ratio
of approximately 3.0 have good mechanical strength and are espe-
cially relevant for the development of electrically conductive pro-
ducts. In this context, the Cu-NiszAl pseudo-binary phase diagram,
which graphically represents the phases in equilibrium for two
components of Cu and NizAl (although it consists of three compo-
nents: Cu, Ni, and Al) at different temperatures, would be useful for
controlling the microstructure and properties by adjusting the alloy
composition and heat treatment conditions. However, the equili-
brium data of the Cu-NisAl phase diagram have not been precisely
evaluated because of insufficient experimental information, except
for several isothermal Cu-Ni-Al ternary phase diagrams that have
been published [22-27]. Although the phase diagram of Cu-NisAl
system can be calculated with data from the reported thermo-
dynamic databases, as shown in Fig. 1, they remain inconsistent with
the actual alloy microstructure [21]. Therefore, further experimental
studies are needed to assess the database for the Cu-NisAl alloy
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Fig. 1. A phase diagram of the Cu-NisAl pseudo-binary system calculated using the
software Thermo-calc2021a. The o and y’ denote Cu solid solution with a disordered
FCC structure and Ni3Al with an ordered FCC one (L15,), respectively. The details of the
calculation are provided in the Supplementary material.

system. The objective of this study is to experimentally determine

the phase diagram of Cu-Ni3Al system. For this purpose, several fully
heat-treated Cu-NizAl alloys were prepared and analyzed using

Table 1
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conventional microstructural observation and various quantitative
analyses.

2. Materials and methods

The seventeen Cu-NisAl alloys with a nominal NisAl content
ranging from 26.7 to 94 at% were fabricated as follows; the raw
materials (99.99 % copper, 99.99 % nickel, and 99.99 % aluminum)
obtained from High Purity Materials Laboratory Co., LTD., Japan,
were melted with a high-frequency induction-heating apparatus in
an argon atmosphere, followed by casting into a copper mold. In this
procedure, bullet-shaped alloy ingots 15mm in diameter and
50-60 mm in length were obtained. The contaminated surface layer
was removed by mechanical machining, and the ingots were sliced
into disk-shaped samples with a diameter of 10 mm and thickness of
2.0 mm. The samples were placed inside quartz tubes, where the
atmosphere was replaced with high-purity argon. The samples were
heat-treated at temperatures in the range of 800-1250 °C for 24 h or
48 h to achieve equilibrium, and were then water quenched. Here,
the heat treatment period for equilibration was reported to be less
than 1h at 750 °C for the Cu-26.7 at% NisAl alloy [21]. It was also
confirmed that the difference between the weighting composition
before casting and the composition after final heat treatment for
equilibration, which were chemically analyzed using an inductively
coupled plasma optical emission spectrometer, was within 0.4 at%
for all the prepared specimens.

In addition, Cu-2.67 at% NisAl alloy sheet with a thickness of
0.3 mm was obtained from DOWA METALTECH Co., Ltd., Japan. The
alloy sheet was fabricated via melt casting, hot-rolling, cold-rolling,
and solid-solution treatment at 1000°C for 2h, followed by
quenching in water. The details of the fabrication procedure of the
sheet are described in a previous paper [21]. The strip-like

List of the Cu-NisAl alloys prepared in this study. The alloys, having a disk-shape and measuring 10 mm in diameter and 2.0 mm in thickness or a strip with dimensions of
60 mm x 7 mm x 0.3 mm, were heat-treated for equilibrium and subjected to analysis to identify the equilibrium phase as listed. In this study, DSC measurements were also carried
out for the seventeen specimens of Cu-(26.7, 32, 35, 40, 45, 50, 55, 58, 60, 62, 65, 70, 75, 80, 86, 90, and 94) at% NisAl alloys.

Composition of prepared alloys (at% NizAl)
for equilibration

Final heat treatment conditions

Equilibrium phases Analyzed method

Temp. (°C) Time (h) Disk/Strip Phase 1 Phase 2
26.7 1050 24 Disk a-Cugs FESEM, TEM
1000 24 Strip a-Cugs FESEM, TEM
750 ~1 Strip a-Cugg y’-NizAl Electrical resistivity
650 ~ 680 Strip a-Clgg y’-NisAl Electrical resistivity
600 ~ 1440 Strip a-Clgg y’-NisAl Electrical resistivity
550 ~ 840 Strip a-Clgg y’-NisAl Electrical resistivity
32 1050 24 Disk a-Clsg FESEM, TEM
35 1050 24 Disk a-Cugs y'-NizAl FESEM, TEM
900 48 Disk a-Cugg y'-NizAl TEM-EDS
850 48 Disk a-Cugs y'-NizAl TEM-EDS
800 48 Disk a-Cugs y'-NizAl TEM-EDS
40 1150 24 Disk o-Clgs v'-NisAl FESEM, TEM
1050 24 Disk a-Cugg y'-NizAl FESEM, TEM
50 1150 24 Disk a-Cugs y'-NizAl FESEM, TEM
1050 24 Disk a-Cugg y'-NizAl FESEM, TEM
60 1150 24 Disk a-Cugg y'-NizAl FESEM, TEM
1050 24 Disk a-Cugs y'-NizAl FESEM, TEM
70 1200 24 Disk a-Cugs y'-NizAl FESEM, TEM
1150 24 Disk a-Cugs y'-NisAl FESEM, TEM
1050 24 Disk a-Cugs y'-NizAl FESEM, TEM
80 1250 24 Disk a-Cugg y'-NizAl FESEM, TEM
1200 24 Disk a-Cugs y'-NizAl FESEM, TEM
1150 24 Disk a-Cugs y'-NizAl FESEM, TEM
1050 24 Disk a-Cugg y'-NizAl FESEM, TEM
86 1250 24 Disk y'-NizAl FESEM, TEM
1150 24 Disk a-Cugs y'-NizAl FESEM, TEM
90 1050 24 Disk y'-NizAl FESEM, TEM
950 48 Disk y'-NizAl TEM-EDS
850 48 Disk a-Cugs y'-NizAl TEM-EDS
800 48 Disk a-Cugs y'-NisAl TEM-EDS
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Fig. 2. Field emission scanning electron microscopy micrographs for the following as-cast alloys: Cu-32 at% NisAl (a), Cu-40 at% NisAl (b), Cu-80 at% NisAl (c), and Cu-94 at%

NisAl (d). The insets in (b) and (c) are magnified images of each corresponding material.

specimens with dimensions of 60 mm x 7 mm x 0.3 mm were cut out
from the sheet using a shearing machine. These specimens were
isothermally heat-treated at temperatures of 550-750°C for
0.5 min-1440 h and then quenched into water. The heat treatment
conditions for the alloys prepared in this study are summarized in
Table 1.

The microstructure of the prepared alloys was studied using field
emission scanning electron microscopy (FESEM, JSM-7001F JEOL,
Japan), with an accelerating voltage of 15keV, and transmission
electron microscopy (TEM, JEM-2000EXII JEOL, Japan, and 002B
Topcon, Japan) with an accelerating voltage of 200 keV coupled with
energy dispersive X-ray spectroscopy (EDS, Noran system 7
ThermoFisher, Japan). For the FESEM observation, the disk-shaped
samples measuring 10 mm in diameter and 2.0 mm in thickness
were mechanically polished with a 1500-grade emery paper and
mirror-polished by buffing with a fine Al;Os3 slurry. To obtain a sound
surface for FESEM observation, the Cu-rich alloy samples
(Cu-(26.7-60) at% NiszAl) were then electrochemically etched using
an aqueous solution of 40 % phosphoric acid at 20 °C and a direct
voltage of 2.0V. In contrast, the NisAl-rich alloy samples
(Cu-(62-94) at% NisAl) were electrochemically etched using a me-
thanol solution of 15 % nitric acid at 20 °C and a direct voltage of
20V. For the TEM observation, the disk-shaped specimens were
mechanically polished down to a thickness of under 30 um. The
polished foils were fixed with a single-hole molybdenum mesh
measuring 0.8 mm and 3.0mm in inner and outer diameter,

respectively; they were then subjected to a low-angle ion milling
apparatus (PIPS2, JEOL, Japan) with argon ion at an accelerating
voltage of 3.0 keV and irradiating angle of 10°. The composition of
each alloy in a local area was determined by averaging at least five
TEM-EDS measurements. The minimum local area detected for the
EDS measurements in this study was approximately 100 nm in dia-
meter (which corresponds to the minimum diameter of the focused
electron beam in the TEM apparatus).

To study the phase transitions and determine the solidus and
liquidus temperatures, differential scanning calorimetry (DSC)
measurements using DSC 404 C Netzsch Japan were performed. For
DSC measurement, a disk-shaped specimen measuring 3.0 mm in
diameter and 20 mm in thickness (weighing approximately 400 mg)
was cut out via electrical discharge machining. The damaged surface
was then mechanically polished using emery paper. During the DSC
measurement, the disk alloy was put in a Al,O3 crucible under a
continuous flow of argon (99.99999 % purity). The rate of heating
was fixed at 10 °C/min after instrument calibration. The solidus and
liquidus temperatures were determined from the onset of the peak
and from the peak maximum, respectively, on the heating curve,
ignoring the heat rate dependency [31,32]. The details of the DCS
analysis are provided in the Supplementary Material.

To estimate the composition of the matrix phase in each alloy,
the electrical resistivity of the Cu-2.67 at% NisAl alloy specimens
(60mm =7 mm x 0.3 mm) was measured using the direct current
four-probe method at 20 °C and a current of 100 mA [28].

Fig. 3. Field emission scanning electron microscopy micrographs for the following alloys heat-treated at 1050 °C for 24 h: Cu-32 at% Ni3Al (a), Cu-40 at% Ni3Al (b), Cu-80 at% NisAl

(c), and Cu-90 at% NizAl (d).
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Fig. 4. Transmission electron microscopy micrograph and selected area diffraction pattern (inset), for the following alloys heat-treated at 1050 °C for 24 h: Cu-32 at% NisAl (a),
Cu-40 at% NisAl (b), Cu-80 at% NisAl (c), and Cu-90 at% NisAl (d). (a) and (d) are the bright-field images. Some dislocations were observed in a parent grain in (d). (b) and (c) are
dark-field images obtained from an ordered lattice diffraction spot of 110,. The direction of the incident beam was 001,, (or 001,.).

3. Results and discussion
3.1. Constituent phases

Fig. 2 shows FESEM images of the as-cast Cu-(32, 40, 80, 94) at%
NizAl alloys (hereafter, the unit “at%” will be omitted). The
Cu—(26.7-32) NisAl alloys cast into copper mold showed a single
phase of typical dendritic morphology, as shown in Fig. 2(a) for the
Cu-32 NisAl alloy [29]. The microstructure of the cast Cu-(35 and
40) NizAl alloys appeared dendritic at low magnification, similar to
that of the Cu-32 NisAl alloys (Fig. 2(a)); however, at high magni-
fication, two phases with fine spherical particles in the matrix in the
inter-dendritic region were evident (see the inset in Fig. 2(b)). Pri-
mary dendrites consisting of a single phase and an inter-dendritic
region containing fine spherical particles in the matrix were ob-
served in the cast Cu-(45-90) NisAl alloys (Fig. 2(c)). This was si-
milar to the microstructure of the Cu-40 NisAl alloys shown in
Fig. 2(b). The cast Cu-94 NisAl alloys showed a typical single-phase
morphology (Fig. 2(d)).

Fig. 3 shows FESEM images for the Cu-(32, 40, 80, 90) NisAl al-
loys heat-treated at 1050 °C for 24 h. The single-phase morphology
of the Cu—(26.7-32) NisAl alloys transitioned from dendrites to
equiaxied grains through the heat treatment, as shown in Fig. 3(a). In
the heat-treated Cu-(35 and 40) NisAl alloys, spherical particles with
a size of approximately 100nm were dispersed in the matrix
(Fig. 3(b)). The size of spherical particles was larger than that of the
corresponding as-cast alloy (see the inset in Fig. 2(b)). In the heat-
treated Cu-(45-86) NisAl alloys, primary dendrites and an inter-
dendritic region containing coarsened spherical particles in the
matrix were observed (Fig. 3(c)). The Cu-90 NisAl alloy exhibited a
single-phase morphology with equiaxied grains (Fig. 3(d)), which
transitioned from the dendritic and inter-dendritic microstructure as
shown in Fig. 2(c).

To identify the constituent phases, TEM observation was carried
out. Fig. 4 shows a dark field (DF) image together with the corre-
sponding selected area electron diffraction (SAED) pattern (in the
inset) for the Cu-(32, 40, 80, 90) Ni3Al alloy heat-treated at 1050 °C
for 24 h. The SAED pattern obtained for a grain in the Cu-(26.7-32)
NizAl alloy could be indexed as an a-Cu solid solution (a-Cugs) with
an FCC structure (Strukturbericht symbol: A1, space group: Fm_3m,
lattice parameter: a = 0.361 nm), as shown in Fig. 4(a). This indicates
that the Cu—(26.7-32) NisAl alloys had a single phase of a-Cug,.
However, for the Cu-(35-40) NisAl alloys, the SAED pattern exhibits
the fundamental lattice diffraction spots from an a-Cuss phase as
well as the ordered lattice diffraction spots from a y’-NisAl inter-
metallic compound with an ordered FCC structure (L1,, Pm_3m, a =

0.358 nm) [30]. In the DF image, obtained from an ordered lattice
diffraction spot of 110,, spherical particles with an average diameter
of approximately 100 nm appear dispersed homogeneously in the
matrix. Consequently, the spherical particles shown in Fig. 3(b) and
Fig. 4(b) were identified as y’-NisAl. Moreover, the fine spherical
particles were coherently formed with a preferential crystal or-
ientation relationship with the a-Cugs matrix of <100>, //<100>
and {001}, // {001},, that is, the so-called “cube-on-cube” relation-
ship [21].

Based on the analogous TEM observations and SAED analyses, it
can be suggested that the Cu—(45-86) NisAl alloys comprised pri-
mary dendrites of y’-Ni3Al and inter-dendritic regions of y’-NisAl
particles in an a-Cugs matrix, as shown in Fig. 4(c), and the
Cu-(90-94) NisAl alloys had a single phase of y’-NisAl, as shown in
Fig. 4(d). Moreover, the microstructures of all the Cu-NizAl alloys
fully heat-treated at temperatures between 550 and 1250 °C ex-
hibited no other constituent phase besides a-Cuss and y’-NisAl.

3.2. Solidus and liquidus temperatures

Fig. 5 shows the DSC heating curves for the Cu-(32, 70, and 94)
NizAl alloys (the DSC curves for the other Cu-NisAl alloys are shown
in Fig. S1 in the Supplementary Material). An endothermic peak
attributed to melting was observed in each curve at> 1150 °C. The
solidus and liquidus temperatures (Ts and T; respectively) were ob-
tained from the peaks at the positions marked with solid triangles in
Fig. 5 [31,32]. Both the Ts and T increased as the combined content
of Ni and Al (Ni+Al) in the Cu-NisAl alloys increased. Additionally,
inflection points (T;) observed in the curves for the Cu-(45-70) NisAl
alloys (marked with an open triangle in Fig. 5(b)) were associated
with the eutectic reaction Liq. & a-Cugs + y’-NisAl between the Ts and
Ty, as will be discussed later.

3.3. Solubility lines

3.3.1. a-Cug side

Based on the FESEM and TEM images, the Cu-26.7 NisAl alloys
heat-treated at 1050 and 1000 °C for 24 h had a single phase of a-
Cugs. In contrast, when these alloys were heat-treated again at
temperatures between 550 and 750 °C, high density y’-NisAl parti-
cles precipitated in the a-Cuss matrix, as previously reported [21].

Fig. 6(a) shows the electrical resistivity of the Cu-26.7 NisAl al-
loys heat-treated at 1000 °C for 24 h and then at temperatures be-
tween 550 and 750 °C. The resistivity values for all the alloys heat-
treated at 1000 °C were approximately 345 nQ-m, and decreased at
an early stage of the additional heat treatment, eventually stabilizing
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at different values. This decrease in the resistivity of the heat-treated
alloys suggests that the content of the solute (Ni+Al) in the a-Cug
matrix decreased as the y’-NisAl particles precipitated. Additionally,
the stabilization of the electrical resistivity suggests that the com-
position distribution of the constituent phases was close to equili-
brium [21,33], although the fine y’-NisAl precipitates continued to

Journal of Alloys and Compounds 921 (2022) 166124

grow with a slight compositional distribution so as to reduce the
interfacial energy of fine particle, that is, Ostwald ripening [34].

The content of the solute (Ni+Al) in the a-Cuss matrix (Cinisarn),
can be estimated from the data of electrical resistivity of the alloys
(p). Here, we assumed that the value of p for the heat-treated
Cu-26.7 NizAl alloys was primarily given by that of the a-Cuss matrix
(po), ignoring the contribution of the y’-NisAl precipitates (The va-
lidity of this assumption will be discussed later in this section). Thus,
the value of p, [Q-m] is given by the individual contents of Ni and Al
in the a-Cugs matrix, Cy; and Ca;, according to Nordheim’s equation
[35]:

P = pa=pcu + CnidpNi(100 — AniCni)/100 + CaiApai(100 — ApiCa)/100
(1)

In Eq. (1), pcy is the electrical resistivity of pure Cu (17.24 nQ-m),
Apni and App are coefficients with reported values of 12.2 and 12.5
nQ-m/at% respectively, and Ayn; and A, are correction coefficients,
with values of 0.3 and 4.5 respectively [36]. Considering that the
ratio of Cyi/Caj is always 3.0 even after the heat treatment, Cinisan
can be calculated from the data shown in Fig. 6(a) and Eq. (1). The
calculated values are plotted in Fig. 6(b).

It should be noted that some material distribution must occur
between the a-Cuss matrix and the y'-NisAl precipitates during the
additional heat treatment due to the Ostwald ripening, as can be
explained by the Gibbs-Thompson effect [34]. According to the
theory by Kuehmann and Voorhees [37], the variation in the phase
composition as a function of the heat treatment time (t) is described
by the following equation, where Cii+aiye is the equilibrium solu-
bility of the solute (Ni+Al) in the a-Cuss matrix and k is a constant
representing the kinetics:

Coniealy = Conivanye = k €173 (2)

At heat treatment at temperatures between 550 and 750 °C, the
data of Cini+any as a function of t are well fitted with Eq. (2), as shown
in Fig. 6(b). Thus, when t -0 (t—c), the values of Cni+an,e calcu-
lated with Eq. (2) are 9.4,11.7,15.2, and 19.1 at% at 550, 600, 650, and
750 °C, respectively.

According to the Cu-Ni-Al isothermal phase diagrams previously
reported [22-27], the volume fractions of y’-Ni3Al in the Cu-26.7
NisAl alloys fully heat-treated at temperatures above 550 °C would
be lower than 15 vol %. Therefore, the error caused by neglecting the
contribution of the y’-NisAl precipitates in the calculation of Cni+ay,e
from the electrical resistivity measurements would be of 1.5 at%
toward the Cu-poor side, at most.

The Cu-35 NiszAl alloys that were heat-treated at 1050 °C for 24 h
and then heat-treaded again at 800, 850, and 900 °C for 48 h ex-
hibited two-phase microstructures of y’-NizAl precipitates of parti-
cles larger than 100 nm in the a-Cugs matrix, as representatively
shown in Fig. 7(a). The compositions of the a-Cugs matrix and vy’'-
NizAl precipitates for the alloy heat-treated at 850 °C were plotted in
the Gibbs triangle of Fig. 7(b). As the two phases in the Cu-35 NizAl
alloy were assumed to be in equilibrium at 850 °C, the line segment
connecting their compositions corresponds to the tie-line, where the
alloy composition of Cu-35 NisAl is found (solid line in Fig. 7(b)). The
composition of the a-Cugs matrix phase measured by TEM-EDS is
very close to the Cu-NisAl line (dotted line). Therefore, this com-
position can be roughly regarded as the equilibrium solubility of the
solute (Ni+Al) in the a-Cuss matrix (Cni+an,e) for the phase diagram of
the Cu-NizAl pseudo-binary system. For the alloy heat-treated at
800 and 900 °C, the same consideration can be made. Notably, the
Cnisane determined from TEM-EDS measurements should be
slightly higher than the strictly equilibrium composition because of
the Gibbs-Thompson effect caused by extremely small particle sizes
of y’-Ni3Al precipitates (100-150 nm) [34].
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Fig. 8 shows the temperature dependence of Cj+aiye, Which was
obtained from the electrical resistivity and TEM-EDS measurements.
The values of In Cini+any,e can be linearly fitted against the reciprocal
of the absolute temperature T [K], resulting in the following equa-
tion:

In Cnisan,e = 5-50 - 2637|T (3)

This equation would represent the solubility of (Ni+Al) in the a-
Cuss, when some assumptions and approximations are incorporated
to obtain the Cini+aie from the electrical resistivity and TEM-EDS
measurements.

Fig. 9. Transmission electron microscopy micrographs and selected area diffraction
pattern (inset in (b)), for the Cu-90 at% Ni3Al alloy heat-treated at 1050 °C for 24 h and
then heat-treated again for 48 h at 950 °C (a) and 900 °C (b). The dark field image in
(b) was obtained from an ordered lattice diffraction spot of 110,.. The dark spherical
contrasts marked with white arrows correspond to a-Cu solid solution particles.

3.3.2. y-NisAl side

The Cu-90 NisAl alloy heat-treated at 1050 °C for 24 h contained
a single phase of y’-NisAl, as shown in Fig. 3(d). This was also the
case after the additional heat treatment at 950 °C for 48 h, as shown
in Fig. 9(a). In contrast, spherical a-Cug particles precipitated in the
y’-NisAl matrix in the alloys that underwent additional heat treat-
ment at temperatures below 900 °C (Fig. 9(b)). This indicates that
the solvus temperature between the single-phase region of y’-NisAl
and the two-phase region of a-Cuss and y’-NisAl is between 900 and
950 °C. Similarly, from the microstructure of the Cu-86 NizAl alloy it
can be deduced that the solvus temperature is between 1150 and
1250°C.

The Cu content of the y'-NizAl matrix region without a-Cugs
particles was measured by TEM-EDS for the Cu-90 NisAl alloys heat-
treated at 1050 °C for 24 h and then again at 800, 850, and 900 °C for
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Fig. 10. Arrhenius plot of the equilibrium solubility of solute Cu in the y-NizAl matrix,
estimated from the transmission electron microscopy (TEM) microstructural ob-
servations and TEM coupled with energy-dispersive X-ray spectroscopy analyses.

48 h. The obtained values were 9.1, 9.4, and 9.9 at%, respectively.
These values might be slightly higher than that of the strictly equi-
librium composition due to the Gibbs-Thompson effect caused by
the extremely small article size of a-Cugs precipitates (approximately
150 nm, as shown in Fig. 9). Thus, the solubility of Cu in the y’-NisAl
matrix (Cc,) can be approximated by the solid line in Fig. 10 obtained
from the microstructural observation and TEM-EDS measurements,
although it is difficult to formulate the temperature dependence of
Ccy in @ manner similar to Eq. (3) because of lacking in the quanti-
tative data at high temperatures. Note that it was hard to determine
the Cu solute content in the y’-NisAl matrix using electrical re-
sistivity, as it was done for the (Ni+Al) solute in the a-Cugs matrix
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(see Section 2.3.1), because of limited information on the parameters
for Nordheim’s equation (Eq. (1)) [38].

3.4. Phase diagram of the Cu-NisAl pseudo-binary system

As a summary of the results in the previous sections, we pro-
posed a phase diagram of the Cu-NizAl system, which is shown in
Fig. 11. The crystal structures of the solid phase that were observed
in the Cu-Ni3Al system are listed in Table 2.

The liquidus and solidus lines are drawn using the data obtained
from the DSC measurements shown in Fig. 5 and Fig. S1 in the
Supplementary Material, as well as the data for pure copper (melting
point: 1086 °C) and stoichiometric binary NizAl (melting point
1380°C) [39]. Note that the Ts and T, values measured by the DCS
should have some deviation at least + 3 °C, which was from experi-
mental accuracy and heating rate dependency (see Supplementary
material). Both the Ts and T, monotonically increased as the (Ni+Al)
content in the Cu-NisAl alloys increased.

A two-phase microstructure with a primary dendritic y’-NizAl
structure and an inter-dendritic region of a-Cugs and y’-NisAl was
observed in the cast Cu-(40-80) NisAl alloys (see Fig. 2(c)). Ad-
ditionally, the T; was detected in the endothermic peak in the DSC
curves (Fig. 5(b) and Fig. S1 in the Supplementary Material). This
suggests that the eutectic reaction of Lig. — a-Cugs +7y’-NisAl oc-
curred at T; during the solidification process. When the melts of the
Cu-(40-80) NisAl alloys are cooled, first, the primary y’-NisAl is
formed below the T; (Liq. — Lig. + y’-Ni3Al), and then, the remaining
liquid phase decomposes into a-Cuss and y’-NisAl via a eutectic re-
action. The reaction progresses in the region of coexistence of the
three phases (liquid, a-Cusgs, and y’-NisAl), as shown in Fig. 11. The
expanded three-phase coexistence region is not strange, because the
Cu-NiszAl pseudo-binary system is essentially a ternary system of Cu,
Ni, and Al, and the three-phase equilibrium region does not con-
tradict the Gibbs phase rule.

The eutectic microstructure of the Cu-NisAl system exhibited
spherical or near-cuboidal y’-Ni3Al particles homogeneously dis-
persed in the a-Cugs matrix. The microstructure was different from
the lamellar and fibrous microstructures often observed in conven-
tional eutectic alloys [40]. This can be explained by the low-energy
coherent interfaces on all sides of the y’-NisAl particles, because y’'-
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Fig. 11. Phase diagram for the Cu-Ni3Al pseudo-binary system proposed in this study.
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Table 2

Crystal structure data for Cu-NisAl pseudo-binary system.
Phase Composition, at% NisAl Phase symbol Space group Struktur-bericht designation Prototype
(a-Cu) 0to~ 38 cF4 FM3m Al Cu
(y'-NizAl) ~84-100 cF4 Pm3m L1, AuCus

NisAl has the same FCC-based crystal structure and a similar lattice
parameter to the parent a-Cugs. Thus, when the mismatch between
the a-Cugs and y’-NisAl is small, the shape of the coherent particles
must be spherical to minimize the interfaces.

Because the phase diagram of the Cu-Ni3Al system is classified as
a eutectic type, the microstructure for the heat-treated Cu-NisAl
alloys mainly transitioned in the following order as the (Ni+Al)
content increased (Figs. 3 and 4): a single a-Cugs phase, two eutectic
phases (a-Cugs and y’-NisAl), a primary y’-NisAl and two eutectic
phases, and a single y’-NizAl phase. The solubility curve of (Ni+Al) in
a-Cugs and that of Cu in y’-NizAl were drawn with the results and
data obtained using Eq. (3) in Fig. 8 and Fig. 10, as show in Fig. 11. The
solubility of Cu in the y’-NisAl phase was estimated to reach a
maximum of approximately 15 at% at temperatures close to 1300 °C,
and did not significantly decrease with the decrease in temperature.
In contrast, the solubility of (Ni+Al) in the a-Cugs phase, as described
by Eq. (3), exhibits a relatively strong temperature dependence. This
could be favorable for age-hardening alloys; it makes it possible to
control the amount of precipitate and the alloy strength broadly by
choosing the composition and aging temperature, because of the
wide range of supersaturation and supercooling conditions that can
be applied. In particular, the fine and hard y’-NizAl particles pre-
cipitate coherently with the a-Cuss matrix, which would lead to ef-
fective age-hardening. As previously mentioned, there is already
evidence of aged Cu-Ni-Al alloys with good strength and electrical
conductivity [21]. The phase diagram proposed in this study will be
useful for the future development of such alloys.

4. Conclusions

A reliable Cu-NisAl pseudo-binary phase diagram is required for
the development of electrically conductive products to control the
microstructures and mechanical properties by adjusting the alloy
composition and heat-treatment conditions. In this study, we gath-
ered experimental data from qualitative microstructural observation
and quantitative analyses (thermal analysis, electrical resistivity
measurements, and TEM-EDS measurements) of the constituent
phases to construct a Cu-NisAl pseudo-binary phase diagram. The
results obtained are described next.

(1) Only two solid phases, a-Cugs and y’-Ni3Al, were observed in the
Cu-(26.7-94) at% NisAl alloys cast and heat-treated at tem-
peratures between 550 and 1250 °C. As the (Ni+Al) content in-
creased, the alloy structure changed from a single a-Cugs phase
to two eutectic phases, then to a primary y’-NisAl phase and two
eutectic phases, and finally to a single y’-NizAl phase. The eu-
tectic microstructure of the Cu-NisAl alloy system contained
spherical y’-Ni3Al particles coherent with the a-Cugs matrix.

(2) The solidus and liquidus temperatures of the Cu-NisAl alloys
monotonically increased from 1084° to 1380°C as the (Ni+Al)
content increased. The solid solubility of (Ni+Al) in the a-Cug
phase Cini+aly could be accurately described with the following
Arrhenius-type equation: In Cisany = 5.50 - 2637/T, (T: absolute
temperature). The solubility of Cu in y’-Ni3Al phase was esti-
mated to reach a maximum of approximately 15 at%, and did not
significantly decrease with the temperature.

(3) A phase diagram of Cu-Ni3Al system was constructed. The phase
diagram is classified as a eutectic type, and has a coexistence
region of three phases (liquid, a-Cug, and y’-NisAl).

The phase diagram constructed in this study will be useful for the
future development of aged Cu-Ni-Al alloys with good strength and
electrical conductivity.
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