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The microstructural evolution and characterization of discontinuous precipitates in a Cu-4.3 Ni-2.2 Si (in at.%)
alloy were studied, and compared with those of continuous precipitates in the same alloy. During prolonged
aging, coarse cellular components containing fiber-shaped δ-Ni2Si and copper solid-solution phases nucleate
and grow quickly but discontinuously at the grain boundaries, accompanied by the consumption of fine δ-Ni2Si
particles formed by continuous precipitation. In terms of the crystal structure, all the precipitates are of the
same type of orthorhombic δ-Ni2Si. However, in terms of the crystallographic features, the δ-Ni2Si discontinuous
precipitates have micro-scale fibers that are aligned with the orientation relationship of ⟨100⟩δ//⟨110⟩Cu and
(013)δ//(111)Cu, and with a preferential extending direction on the (111)Cu plane, which differs from the fine
δ-Ni2Si continuous precipitates at the early stages of aging. The evolution of the discontinuous precipitates can
be explained by the existing classical theories of phase transformation, as discussed by Hu et al. regarding the
subsequence of the continuous precipitates. In this study, we also confirmed that the development of coarse
δ-Ni2Si discontinuous precipitates of the cellular components leads to a serious drop in the strength in the
later stages of aging.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Corson-type alloys based on Cu\\Ni\\Si have gained considerable
industrial significance given their extensive application to electrical
devices, such as lead frames and electrical connectors, because of their
excellent combination of electrical conductivity and strength [1–4].
The alloys are commercially manufactured through a conventional
aging procedure. Cu\\Ni\\Si alloys, containing b5 at.% Ni and 2.5 at.% Si
at an Ni/Si ratio of around 2.0, are solution-treated at temperatures in
excess of 1123 K and then quenched inwater, followed by aging at tem-
peratures between 673 K and 773 K, based on the Cu\\Ni2Si pseudo-
binary phase diagram shown in Fig. 1 [5]. This procedure yields an
age-hardening effect, due to the formation of Ni\\Si precipitates in the
Cu matrix.

The precipitating phase responsible for the age-hardening has been
investigated by a number of researchers, especially regarding the early
stages of aging [6–15]. To date, the age-hardening precipitates in the al-
loys have been widely accepted as being δ-Ni2Si intermetallics with an
orthorhombic structure [6–17], although other types of precipitates,
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such as β-Ni3Si, (Cu,Ni)3Si, and other metastable phases, might coexist
[8,12–15]. In their most recent study, Hu et al. investigated the subse-
quent age-hardening of δ-Ni2Si precipitates (i.e., continuous precipi-
tates (CPs)) that form during isothermal aging, and explained their
behavior using classical theories of phase transformation in association
with energy calculations [14]; the CPs in Cu-2.6 Ni-1.6 Si-0.5 Cr (in at.%)
alloys did not exhibit any changes in their δ-Ni2Si crystal structure, but
underwent changes in their morphology and other crystallographic fea-
tures. Therewere basically two types of δ-Ni2Si precipitates in the alloys,
namely, δ1-Ni2Si and δ2-Ni2Si. In the early stages of aging, disk-shaped
δ1-Ni2Si precipitates, several nanometers in diameter, were continuous-
ly nucleated in the parent super-saturated solid-solution phase, and had
an orientation relationship (OR) with the Cu matrix: ⟨010⟩δ1//⟨110⟩Cu
and (001)δ1//(001)Cu. In the latter stages of aging, the δ1-Ni2Si precipi-
tates grow to several tens of nanometers in diameter, with a slight
rotation, and then transform to cigar-shaped δ2-Ni2Si precipitates with
an OR of ⟨100⟩δ2//⟨011⟩Cu and approximately (013)δ2//(111)Cu. Thus,
the continuous precipitates subsequently develop as follows: supersat-
urated solid solution→ δ1 → δ1 (rotated) → δ2.

For the later stages of aging in some age-hardenable Cu alloys, coarse
cellular components consisting of the stable intermetallic phase
(i.e., discontinuous precipitates (DPs)) and the terminal solid solution
phase are often formed at grain boundaries, because grain boundary dif-
fusion rather than volume diffusion is expected to be a dominantmech-
anism of constituent element transport at low aging temperatures
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Fig. 1. Phase diagram of Cu\\Ni2Si pseudo binary system [5].
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[18–21]. For Cu\\Ni\\Si based alloys, it was found that micro-scaled DPs
nucleate at the grain boundaries during prolonged aging, competing
with the gradual growth of the nano-scaled δ-Ni2Si continuous precipi-
tates (CPs) [22–24]. To investigate the evolution and nature of the DPs,
as well as the CPs, is important, because it is generally recognized that
the development of cellular components containing coarse DPs is well
known to result in a significant decrease in age-hardening [19,20]. How-
ever, there has been very little research thatwould aid in understanding
of the characteristics of the coarse DPs in Cu\\Ni\\Si alloys. In this study,
the discontinuous precipitation behavior, including the structure, mor-
phology, crystallographic orientation relationship and evolution, of a
commercial alloy with a nominal composition of Cu-4.3 Ni- 2.2 Si
(at.%) was investigated, and compared with those of the CPs in the
same alloy. The influence of DPs on the microstructural evolution of
the aged alloys was correlated with variations in the hardness and elec-
trical conductivity.
2. Materials and methods

An alloy ingot with a chemical composition of Cu-4.3 Ni-2.2 Si in at.%
(Cu-4.1 Ni-0.97 Si in wt.%) was provided by YAMATO ALLOY Co., Ltd.
From this ingot, blocks measuring 30 mm × 30 mm × 3 mm were cut
off, and then cold-rolled down to a thickness of 0.3 mm. From the
resulting rolled sheet, strips measuring 75 mm × 5 mm × 0.3 mm
were cut off. The specimens were solution-treated at 1173 K for 3 h in
evacuated quartz capsules, and then immediately quenched in water.
The contaminated layer on the specimen surface was removed by me-
chanical grinding. The specimens were then re-capsulated in a vacuum,
followed by isothermal aging at 723 K for 1 to 720 h.

The aging behavior of the specimen was monitored by measuring
the Vickers hardness and electrical conductivity. The Vickers hardness
tests were conducted by applying a load of 1.96 N, and the hardness
values were then determined by averaging the values from N10
indentations. The electrical conductivitywasmeasured at room temper-
ature by using a standard DC four-probe technique with a micro-ohm
meter with an accuracy of ±10 μΩ. The microstructures of the speci-
mens were observed using a JEOL JSM7001F field emission scanning
electron microscope (FESEM) operating at 15 kV and a JEOL JIM-3010
transmission electron microscope (TEM) operating at 300 kV. For the
FESEM observations, the specimens were mechanically polished and
then chemically etched with a 7-mol/L nitric acid-water solution at
273 K for 10 s. For the TEM observations, thin foil-like specimens were
prepared by mechanically grinding the specimen to a thickness of
b30 μm, followed by low-angle ion milling using an argon ion beam
accelerated by a voltage of up to 3 kV. High-purity argon gas
(99.99999 vol.%) was used as the argon ion-beam source. The volume
fraction of the cellular components consisting of DPs and solid solution
were measured from the FESEM images, which was obtained by a
point counting method on a total scanning area of N4 mm2.

The precipitates formed in the aged specimenswere separated using
the following extraction procedure [25]. First, the surfaces of the aged
specimens were ground again to remove any contamination. After the
samples had been thoroughly rinsed in pure ethanol, they were cut
into small pieces measuring b1 mm × 1 mm × 0.3 mm, which would
easily dissolve. These pieces were submerged in a 7-mol/L nitric acid–
water solution at 273 K and then stirred in an ultrasonic bath for ap-
proximately 20 min. After this procedure, only the copper matrix
phase dissolved in the solution, but the Ni and Si-rich precipitates
remained as insoluble residue. The solution was then passed through
a membrane filter with a pore diameter of 0.05 μm. The filtered precip-
itates were rinsed well with pure water and then dried in a desiccator.
To determine the structure of the insoluble precipitates, X-ray diffrac-
tion (XRD) analysis was performed using a PANalytical X'Pert Pro dif-
fractometer with CuKα radiation at 40 kV. The mass fractions of the
elemental Cu, Ni, and Si in the insoluble precipitates were measured
by inductively coupled plasma-optical emission spectrometry (ICP-
OES) performed using a Thermo Fisher Scientific IRIS Advantage DUO
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spectrometer, and then determined by averaging the values frommore
than three measurements.

3. Results and discussion

3.1. Microstructural evolution of DPs

The solution-treated (as-quenched) specimen prepared in this study
exhibits a single phasemicrostructure of a supersaturated solid solution
of Cu, with grain sizes of b100 μm. Fig. 2 shows FESEM and TEMmicro-
structure images of the specimens aged at 723 K in the early aging peri-
od, that is, after the first 2 h. At this point, there are not yet any cellular
components containing discontinuous precipitates (DPs) at the grain
boundaries of the specimen (Fig. 2(a)). On the other hand, continuous
precipitates (CPs) with a size of b1 nm are formed in the matrix
phase, as shown in the bright-field TEM image viewed from the
⟨001⟩Cu direction (Fig. 2(b)). Based on the TEM observations viewed
from different incident beam angles, the CPs were confirmed as having
a disk-like shape. The selected area electron diffraction (SAED) pattern
taken from the region observed in Fig. 2(b) is shown in Fig. 2(c). The
extra spots and streaks in the SAED pattern shown in Fig. 2(c) can be
assigned to the ordered δ-Ni2Si with an orthorhombic structure [13,
14]. We can identify, therefore, that the fine disk-shaped CPs are com-
posed of a δ-Ni2Si phase. Figs. 2(b) and (c) also show that the disk-
shaped CPs lie on the {110}Cu planes. The orientation relationship be-
tween the matrix and fine continuous precipitate phases was ⟨010⟩δ1//
⟨110⟩Cu, and (001)δ1//(001)Cu. These crystallographic features agree
with those reported previously [13,14].

Fig. 3 shows themicrostructural subsequence of the specimens aged
at 723 K for 4 h, 16 h, and 240 h. After aging for 4 h (Fig. 3(a)), some
grains exhibit cellular components containing coarse DPs, as indicated
by the black arrows, although the majority of the grains do not have
any DPs but rather contain fine-scaled CPs. Thus, the DPs nucleate pref-
erentially at the grain boundaries, resulting in a heterogeneous micro-
structure. If we view the series of Figs. 3(a) to (c), it is evident that the
volume fraction of the grains occupied by the cellular components in-
creases with the aging time, thus replacing the sound grains containing
fine-scaled CPs of δ-Ni2Si. Fig. 4 shows the change in the volume frac-
tions of the cellular components with aging time. The volume fractions
of the cellular components start to increase after aging for 4 h, eventu-
ally reaching a value in excess of 95% after 120 h.

The shape of the DPs in the cellular components is fiber-like, being
several tens of nanometers in diameter and several μm in length, as
shown in the magnified FESEM image in the inset in Fig. 3(a). The
shape and size of the DPs do not appear to be significantly changed
even after aging for 240 h (see Fig. 3(c)’), whereas the CPs grow in
size from b1 nm to several tens of nanometers with the elapse of
Fig. 2. FESEM image (a), bright-field TEM image (b) and corresponding selected area electron
for 2 h.
aging time (Fig. 3(c)”), which is in good agreement with the literature
[9,14]. It is interesting that the fiber-shaped DPs entirely occupy the in-
dividual grains even if the aging progresses only for a short period from
2 h to 4 h (Fig. 3(a)). This suggests that once the DPs nucleate at a grain
boundary facet, they extend very quickly over an entire grain. This can
be explained by the one-dimensional growth of the fiber, which will
progress more quickly than with conventional two-dimensional
(i.e., laminated-shaped) and three-dimensional discontinuous precipi-
tates, as seen in many other copper alloys [18–21]). Therefore, it is pro-
posed that the kinetics of the DPs in the alloys is controlled by the
nucleation reaction at the grain boundaries rather than by the growth
reaction in the grain interior.

It should be noted that the initiation of the discontinuous reaction is
not homogeneous at all of the grain boundaries. This implies that the
nucleation of the DPs may be subject to the characteristics of the grain
boundaries, such as the grain boundary energy and the crystal orienta-
tion of the matrix along the grain boundaries, which will report on in
the future.

3.2. Characterization of DPs

To identify the structure and composition of the DPs in the above-
mentioned specimens, the precipitates in the fully aged specimen
were separated from the matrix by using an extraction technique.
Fig. 5 shows the appearance of the insoluble residue extracted from a
specimen aged at 723 K for 240 h. Here, it is supposed that the specimen
aged 240 h is in the equilibrium state, because the microstructural evo-
lution and the variations in the hardness and electrical conductivity do
not progress any more, as shown in Fig. 4 and Fig. 8 (the latter figure
will be discussed in the next session). We can see fiber-shaped residues
measuring b100 nm in diameter and several μm in length, whose fea-
tures are identical to those of the DPs shown in Fig. 3(c)’. Consequently,
the observed fibers can be confirmed as being the DPs contained in the
cellular components. It was difficult to find disk-shaped residue of the
CPs in Fig. 5, because their volume fraction was somewhat smaller
than that of the DPs in the specimen aged for 240 h (Figs. 3 and 4).

Fig. 6 shows the XRD profile of the DPs extracted from the specimen
aged at 723 K for 240 h.We detected no peaks corresponding to copper,
indicating that the entire solid-solution matrix phase of the copper had
dissolved in the nitric acid solution. The XRD profile exhibited peaks
corresponding to δ-Ni2Si with an orthorhombic structure in the spacing
group of Pnma. Fig. 6 also shows a fitting pattern calculated by Rietveld
analysis for the δ-Ni2Si compound (open circles),with the difference be-
tween the measured and calculated intensities at the bottom. These
suggest that the calculated pattern for the δ-Ni2Si is in good agreement
with the measured results. This is supported by the fact that the indica-
tor of the accuracy of the Rietveld fitting, S, was 1.64, thus indicating
diffraction (SAED) pattern (c) of Cu-4.3 at.% Ni-2.2 at.% Si alloy specimens aged at 723 K



Fig. 3. FESEM images of Cu-4.3 at.% Ni-2.2 at.% Si alloy specimens aged at 723 K for 4 h (a), 16 h (b), and 240 h (c), together with magnified FESEM images (insets). The black arrows in
(a) indicate cellular components containing coarse discontinuous precipitates.
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that the Rietveld analysis had a high level of reliability [26]. We can
therefore conclude that the DPs were identified as being δ-Ni2Si,
i.e., both the CPs and DPs have the same crystal structure. Hereafter,
the δ-Ni2Si generated in the discontinuous precipitation manner is re-
ferred to as δD-Ni2Si. Table 1 summarizes the lattice parameters deter-
mined by the Rietveld analysis for the fiber δD-Ni2Si extracted from
the specimen aged at 723 K for 240 h, together with those for pure δ-
Ni2Si intermetallic compound [16,17] and δ-Ni2Si formed in theCPman-
ner [13]. The lattice parameters for the δD-Ni2Si were the same as those
formed in the CP manner within the limits of experimental accuracy.

The chemical composition and mass fractions of both the DP and
matrix phases could be analyzed directly by performing the extraction
and then ICP-OES measurements. Table 2 lists the results for the
Cu\\Ni\\Si alloy specimen aged for 240 h. The concentrations of Cu, Ni,
and Si in the precipitates was 0.77 at.%, 62.15 at.%, and 37.07 at.%, re-
spectively; the δD-Ni2Si contains a small amount of copper, and the
measured Ni/Si ratio was 1.68, which is slightly different from the stoi-
chiometric composition of 2.0 (the Ni/Si atomic ratio may be somewhat
closer to 5/3). In thematrix phase of the specimen, aged for a prolonged
period of 240 h, the concentration of Siwas nearly zero, whereas a small
amount of Ni was found to remain. The fraction of the Ni2Si precipitates
in the specimenwasmeasured at 4.43wt.% (5.36 vol.%) using a calculat-
ed density of δD-Ni2Si of 7.30 g/cm3, and Cu of 8.94 g/cm3. Themeasured
composition and volume fraction were also consistent with those ob-
tained from the Cu\\Ni2Si pseudo-binary phase diagram shown in Fig. 1.

Fig. 7 shows a bright-field TEMmicrograph and corresponding SAED
pattern for the specimens aged at 723 K for 240 h, as viewed from the
Fig. 4. Change in the volume fractions of cellular components by aging for the Cu-4.3 at.%
Ni-2.2 at.% Si alloy specimens aged at 723 K; the values were measured by analyzing the
FESEM images of the specimens.
⟨110⟩Cu incident beam direction. The bright-field TEM image presented
in Fig. 7(a) shows the cellular component containing the fiber-shaped
DPs in the copper solid-solution phase. The extra diffraction spots in
the SAED pattern shown in Fig. 7(b) can be assigned to δ-Ni2Si with
an incident beamdirection of ⟨100⟩δ, which is consistentwith the results
shown in Fig. 6. Regarding the crystallographic orientation relationship
(OR) with the matrix, Fig. 7(b) shows that the OR of the δD-Ni2Si can be
expressed as ⟨100⟩δD//⟨110⟩Cu and (013)δD//(111)Cu. Figs. 7(a) and
(b) also show that the fiber-shapedDPs extendwith an interface prefer-
entially parallel to either the (111)Cu plane (or (013) δD plane as viewed
from the DPs), although the fibers exhibit a slight wave in their growth.

We found that the crystal structure of the precipitates formed in
Cu\\Ni\\Si alloys throughout the aging procedure is consistent with or-
thorhombic δ-Ni2Si, regardless of whether the precipitates are nucleat-
ed and grown continuously within the grains or discontinuously at the
grain boundaries. This is because the δ-Ni2Si phase structure is the
most stable, in terms of energy, of all the possible Ni\\Si compound
structures, such as β-Ni3Si and (Cu,Ni)3Si [14]. Especially, in the case
of the DPs formed in the specimen aged for a prolonged period, it should
be reasonable for the crystal structure to belong to the stable and equi-
librium phase of δ-Ni2Si, according to the phase diagram shown in Fig. 1
or the ternary phase diagram [27]. The δD-Ni2Si contains a small amount
of Cu (shown in Table 2), which is also in good agreement with the
phase diagram shown in Fig. 1. On the other hand, the δD-Ni2Si deviates
Fig. 5. Appearance of discontinuous precipitates separated from Cu-4.3 at.% Ni-2.2 at.% Si
alloy specimens aged at 723 K for 240 h, using an extraction procedure by submerging
in 7.0 mol/L nitric acid solution for 20 min at 273 K.



Fig. 6.X-ray diffraction patterns of insoluble residue separated by dissolution in 7.0-mol/L
nitric acid at 273 K for 20min from Cu-4.3 at.% Ni-2.2 at.% Si alloy specimens aged at 723 K
for 240 h. The patterns measured and calculated using Rietveld analysis are indicated by
the solid line and open circles, respectively. The difference between the measured and
calculated intensities is shown at the bottom.

Table 2
The elemental composition and volume fraction of the matrix and δ-Ni2Si precipitate
phase in for the Cu-4.3 at.% Ni-2.2 at.% Si alloy specimen aged at 723 K for 240 h.

Matrix Precipitate

Composition, at.% Cu 99.33 ± 0.18 0.77 ± 0.01
Ni 0.67 ± 0.01 62.15 ± 0.29
Si b0.001 37.07 ± 0.22

Fraction wt.% 95.81 ± 0.18 4.43 ± 0.02
vol.% 94.64 ± 0.17 5.36 ± 0.02
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from the stoichiometric composition, being silicon-rich. This suggests
that the δ-Ni2Si intermetallic phase has some compositional extent at
a low temperature of 723 K, which should be clarified in the future.

The crystallographic features of the fiber δD-Ni2Si DPs are not the
same as those of the fine disk-like δ1-Ni2Si CPs nucleated in the early
aging stage, but are the same as those of the coarsened (but still nano-
scaled) cigar-shaped δ2-Ni2Si CPs in the later aging stages [14]. This
can be explained by a classic energy estimation; it is accepted that the
free energy for precipitate nucleation, ΔG can be described as follows,
when the interfacial energy, γ, of the precipitate/matrix interface is
anisotropic:

ΔG ¼ V ΔGvþ ΔGsð Þ þ ΣAiγi ð1Þ

where V is the volume of the precipitate, ΔGv is the volume free energy
reduction upon precipitation, ΔGs is the strain energy per unit volume,
and A is the interface area. For the small precipitates (i.e., the value of
V is small), the OR and habit plane should be controlled so as to mini-
mize the total interfacial energy, Σ Aiγi, introduced by the lattice misfits
between a particle and the matrix [28]. In the case of fine δ1-Ni2Si pre-
cipitates, the crystallographic OR is expressed as ⟨010⟩δ1//⟨110⟩Cu, and
(001)δ//(001)Cu. Thus, the lattice misfit values between the δ1-Ni2Si
and the matrix for the three principle directions of the precipitate are
calculated as being 2.41% in the ⟨100⟩ δ1 direction, 2.81% in the ⟨010⟩ di-
rection, and 8.26% in the ⟨001⟩δ1 direction, as reported by Hu et al. [14].
Therefore, the δ1-Ni2Si particles tend to be disk-shaped, since the
growth in the ⟨001⟩ δ1 direction is restricted due to the large misfit of
8.26% in this direction, and since there are much fewer misfits, of a sim-
ilarmagnitude, in the two principle (⟨100, 010⟩) directions in this plane.

For the coarse δ2-Ni2Si precipitates, the contribution of the
V(ΔGv + ΔGs) term is prominent. Thus, in the transformation from δ1-
Ni2Si to δ2-Ni2Si, a small rotation of about 2.7° around the ⟨110⟩Cu//
Table 1
The lattice parameters of δ-Ni2Si.

Lattice parameters Pure δ-Ni2Si [17] δ-Ni2Si by CPs [13] δD-Ni2Si by DPs

A (nm) 0.50088 0.504 ± 0.005 0.499
B (nm) 0.37321 0.364 ± 0.005 0.372
C (nm) 0.70664 0.708 ± 0.005 0.703
⟨100⟩δ1 axes can reduce the strain energy,ΔGs, by forming a broad inter-
face, which is explained by the invariant line theory. Eventually, the
disk-shaped δ1-Ni2Si transforms smoothly to cigar-shaped δ2-Ni2Si,
such that the crystallographic OR between the δ2-Ni2Si and the matrix
is expressed as ⟨100⟩δ2//⟨110⟩Cu and (013)δ2//(111)Cu.

The fiber δD-Ni2Si discontinuous precipitates develop with the same
crystallographic features as the coarse δ2-Ni2Si continuous precipitates.
Therefore, we can assume that their growing mechanism is also the
Fig. 7. Bright-field TEM image (a) and corresponding SAED pattern (b) of Cu-4.3 at.%
Ni-2.2 at.% Si alloy specimens aged at 723 K for 240 h.
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same as the coarse δ2-Ni2Si continuous precipitates, even though the
nucleation manner is different. The δD-Ni2Si DPs grow into a fiber-
shape that is several μm in length, thus minimizing the total of the
free energy for precipitate nucleation,ΔG. This is because the force driv-
ing the growth must be controlled by the volume free energy rather
than the interfacial energy, in the same way as in the case of the δ2-
Ni2Si precipitates.

3.3. Influence of DPs on hardness and conductivity

Fig. 8 shows the hardness and electrical conductivity as a function of
the aging time for the specimen aged at 723 K. The age-hardening and
conductivity responses of the specimen can be roughly divided into
three stages: (I) the early stage of aging in which there is a rapid in-
crease in the hardness, reaching a peak of approximately 270 Hv; (II)
the subsequent stage of over-aging in which there is a rapid decrease
in the hardness; and (III) the final stage, in which hardness and electri-
cal conductivity are saturated after 240 h of aging.

In stage (II), sincewe can clearly distinguish the regionswith the CPs
or DPs as shown in Fig. 3, we can measure the individual hardness of
each region. The hardness of the CPs and DPs is also plotted using
open diamonds and squares, respectively, in Fig. 8(a). Considering
only the hardness of the CP regions, once the maximum value of
270 Hv has been reached, the hardness decreases gradually as plotted
by the open diamonds in Fig. 8(a). On the other hand, the local hardness
of the cellular components containing the DPs was found to be around
145 Hv, which is much smaller than that of the region containing the
CPs. Therefore, it is demonstrated that a rapid decrease in the hardness
of the overall alloy was primarily due to the increase in the volume
fraction of the cellular components, as shown in Fig. 4, through the
consumption of the fine CPs. Thus, to let a conventional practical poly-
crystal alloy have ideal mechanical properties, it is necessary to sup-
press the nucleation and growth of the δ-Ni2Si fibers at the grain bound-
aries. Efforts to control the characteristics of the grain boundaries by
Fig. 8. Variations in Vickers hardness (a) and electrical conductivity as a function of aging
time for Cu-4.3 at.% Ni-2.2 at.% Si alloy specimens aged at 723 K, indicated by solid circles.
The open diamonds and squares indicate the hardness of the regions with the fine
continuous precipitates and the cellular component containing discontinuous fiber
precipitates, respectively.
using thermomechanical processes and incorporating a fourth element,
which affect the grain boundary energy, are currently underway.

The electrical conductivity increases gradually during aging,
reaching saturation at 55% IACS in the final stage of aging. This is due
to the depletion of the solute Ni and Si elements from the host copper
phase by the formation of continuous and discontinuous precipitates.
The saturated conductivity value of 55% IACS can also be explained,
based on the equilibrium microstructure of the specimen aged for
240 h, as listed in Table 2, ignoring the concentration of Si in the copper
matrix and the contribution of the δ-Ni2Si phase because its conductiv-
itywill bemuch lower than that of the coppermatrix. The electrical con-
ductivity, σ, in a copper solid solution alloy can be approximated using
Nordheim's rule [29,30]:

1=σ ¼ ρ ¼ ρCuþ ACNi 1−CNið Þf gVfCu ð2Þ

where, ρ and ρCu are the resistivity of the specimen and pure copper
at 293 K, respectively. Here, the value for the copper, ρCu, is
1.724 × 10−8 Ωm. A is a constant depending on the solute Ni of
1.3 × 10−8 Ωm/at.% in the host Cu, and CNi is the atomic fraction of
the solute Ni. VfCu is the volume fraction of Cu matrix in the specimen,
which is listed in Table 2. Therefore, the value of the conductivity of
the alloy, σ, was estimated to be (60 ± 2)% IACS, which was in reason-
ably good agreement with the measured value.

4. Conclusions

The discontinuous precipitate formed in the Cu-4.3 Ni-2.2 Si (in at.%)
alloys during aging has a structure corresponding to δ-Ni2Si with an or-
thorhombic structure. The δ-Ni2Si discontinuous precipitates exhibit a
fiber-shape in the cellular components at the end of the early stage of
aging (4 h at 723 K), and then grow quickly, reaching several μm in
lengthby occupying an entire grain. The cellular components containing
fiber δ-Ni2Si discontinuous precipitates develop throughout the speci-
men in the final stage of aging, accompanying the replacement of fine
δ-Ni2Si continuous precipitates.

The δ-Ni2Si discontinuous precipitates preferentially extend across
the {111}Cu matrix plane while exhibiting a slight wave. The crystal
orientation relationship is expressed as ⟨100⟩δ//(110)Cu and (013)δ//
(111)Cu, which differs from the δ-Ni2Si discontinuous precipitates
formed in the early stages of aging. The δ-Ni2Si discontinuous precipi-
tates were found to contain a small amount of copper, while the
measured Ni/Si ratio was 1.68, being somewhat less than the stoichio-
metric composition of 2.0.

We confirmed that the formation of coarse δ-Ni2Si fibers in the cel-
lular components is detrimental to alloy hardening, because the fine
δ-Ni2Si continuous precipitates that were favorable for hardening are
replaced with coarse δ-Ni2Si discontinuous precipitates that were unfa-
vorable for hardening. On the other hand, the formation of continuous
and discontinuous precipitates results in a significant increase in the
electrical conductivity, because the solute Ni and Si content in the
host copper matrix is reduced and finally falls to 0.67 at.% Ni and
b0.001 at.% Si.
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