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a b s t r a c t

The effects of Co on the Cu-Ni-Co-Si alloys' microstructure and mechanical properties were investigated.
The Cu-1.5Ni-1.0Co-0.6Si and Cu-1.5Ni-1.5Co-0.6Si alloys with combined aging and 40e80% cold rolling
were also investigated. The hardness, electrical conductivity, and microstructure were characterized,
complemented by X-ray diffraction analysis and transmission electron microscopy. At 450 �C alloys aging,
the aging precipitated phases are b-Ni3Si and Co2Si. Specifically, the orthorhombic (Ni, Co)2Si precipitates
were found, which have the same crystal structure as the Ni2Si precipitates. The crystal orientation
relationship between the matrix and the precipitates is: [112]Cu//[112]b//[012]p, ð111ÞCu//ð111Þb//(021)
p; [001]Cu//[001]b//[001]p, (220)Cu//(110)b//(100)p. With the increasing Co content, the properties of
the alloy were degraded. However, Co can promote the growth of the precipitates and accelerate pre-
cipitation during the aging process. After aging at 500 �C for 2 h, the hardness and conductivity of the Cu-
1.5Ni-1.0Co-0.6Si alloy with 40% deformation were 250 HV and 43% IACS, respectively.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Copper alloys are used for the lead frame, resistance welding
electrodes, first wall of the nuclear reactor and so on [1e4]. Two
types of ideal high-performance copper alloys are required for large
scale integrated circuits. One is the high strength and high con-
ductivity, requiring the tensile strength to be� 600MPa and con-
ductivity �80% IACS, and the other is high strength and medium
conductivity, requiring the tensile strength of �800MPa and con-
ductivity �50% IACS [5e8]. The Cu-Ni-Si alloy is the second type
alloy, as mentioned above. It is being considered for applications in
large-scale integrated circuits.

The phase transformations and related size, type and distribu-
tion of precipitated phases are the key factors to obtain the ideal Cu
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alloy with high strength and high conductivity [9e14]. Multiple
research reports have indicated that the addition of trace elements,
such as Mg [15,16], Cr [17,18], Zr [19,20], and Ag [21] can effectively
improve the conductivity and strength of the Cu-Ni-Si alloys. Co is a
very important element widely used in semiconductor electronic
devices. Krishna et al. found that the increase in hardness and
conductivity during agingwasmainly attributed to the formation of
fine Ni2Si and Co2Si precipitates in the Cu-Ni-Si-Co alloy [22].
Huang et al. found that a small amount of Co replaced Ni, forming
(Ni, Co)2Si precipitates in the Cu-Ni-Si-Co alloy, which has better
strength, hardness, and conductivity [23]. Ozawa et al. reported
that the 0.6% Co and 1.0% Co alloys at 525 �C and 425 �C produced
orthorhombic (Ni, Co)2Si precipitates that have the same crystal
structure as the Ni2Si precipitates formed in the alloy without Co
[24]. Based on the previous study, it was found that a certain
amount of Co atoms in the Cu-Ni-Si alloy will replace Ni to form (Ni,
Co)2Si. From the atomic ratio, in order to completely form (Ni,
Co)2Si precipitates during aging, the addition of 1.0wt% Co in the
Cu-1.5Ni-0.6Si alloy was considered. In addition, in order to
compare the effects of Co addition on the structure and perfor-
mance of the Cu-1.5Ni-0.6Si alloy, the 1.5wt% Co was also used in
this experiment.
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Table 1
Chemical composition of designed alloy (mass fraction, %).

Alloys Ni Co Si Cu

Cu-1.5Ni-1.0Co-0.6Si 1.5 1.0 0.6 Bal.
Cu-1.5Ni-1.5Co-0.6Si 1.5 1.5 0.6 Bal.
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The Cu-1.5Ni-1.0Co-0.6Si and Cu-1.5Ni-1.5Co-0.6Si alloys were
aged at 350e550 �C with 40e80% cold deformation, providing an
effective way to improve the Cu-Ni-Si alloy performance. The solid
solution and aging strengthening mechanisms, including disloca-
tion strengthening, precipitated phase strengthening, and the ki-
netic transformations of the Cu-1.5Ni-1.0Co-0.6Si and Cu-1.5Ni-
1.5Co-0.6Si alloys were investigated in this paper. The optimized
experimental processes included cold deformation after solidifi-
cation and aging after cold deformation, followed by additional
aging. The microstructure evolution of the two alloys was observed
by optical and transmission electron microscopy during the aging
process, and the twin crystals, precipitated phases and dislocations
were also observed. The relationships between the conductivity
and hardness during the aging of the alloy were analyzed. The
twinning mechanism of the alloy and its effects on physical prop-
erties were analyzed. The aging strengthening mechanism and the
aging precipitation kinetics of the alloy were also analyzed. Spe-
cifically, the effects of Co addition on themicrostructure of the alloy
were studied.

2. Experiment

The composition of the experimental Cu-Ni-Si alloys is listed in
Table 1. The 99.95wt% standard cathode copper Cu-CATH-2, Ni
with 99.95% purity, Si with 99.95% purity and Cu-15wt% Co master
alloy were prepared and then melted in the vacuum induction
furnace under an argon atmosphere, which prevented the alloy
from oxidation. After heating the ingot in the furnace at 1000 �C for
1 h to reduce the number of surface defects, the XJ-500 metal
profile extruder was used tomake bars withF35mmdiameter. The
samples were solution treated at 900 �C for 2 h by using the KSS-
1200 tubular resistance furnace and water quenched. The cylin-
ders were machined into the sheets with a size of
100mm� 5mm� 1mm. Then, the samples with the surface oxide
removed by acid pickling were deformed to 40% and 80% defor-
mation with the C33150 rolling machine. The aging temperature
was 350 �C, 400 �C, 450 �C, 500 �C, and 550 �C, and the aging time
was 0.25 h, 0.5 h, 1 h, 2 h, 4 h, 6 h, 9 h, and 12 h, respectively.

The ZY9987 digital multimeter was used to measure the elec-
trical resistance with �0.02mU measurement error, and each
sample was measured five times to obtain the average resistance
value. Then, the sample thickness and width were also measured to
calculate the conductivity following the YS/Z 478e2005 standard.

The hardness was measured using the HVS-1000 hardness
tester. The sample size was 10 mm (length) � 5 mm
(width) � 1 mm (thickness), according to the GB/T4340.1e1999
standard. The samples were polished before hardness measure-
ments. Vickers hardness was measured at least 10 times to obtain
the average value. The load was 100 g held for 15 s with 5% mea-
surement error. After rough grinding, fine grinding, mechanical
polishing, and etching, the microstructure was observed by the
OLYMPUS PMG3 optical microscope. Ferric chloride
(5 g) þ hydrochloric acid (20 ml) þ deionized water (100 ml) so-
lution was used for etching. Transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images were obtained
using the JEM-2100F transmission electron microscope with an
operating voltage of 200 kV and 0.19 nm resolution.

3. Results

3.1. Optical microstructure

Fig. 1 shows optical images of the as-cast and solid-solution
microstructure of the Cu-1.5Ni-1.0Co-0.6Si and Cu-1.5Ni-1.5Co-
0.6Si alloys. The typical dendritic structure was observed in the
as-cast samples, which is due to the rapid cooling rate caused by
the uneven composition. There's a large temperature gradient at
the early stage of solidification, thus the dendrite grows rapidly,
and the sides of the dendrite axis form large branches. According to
the measurements, the dendrite spacing of the Cu-1.5Ni-1.5Co-
0.6Si alloy in Fig. 1 (a) is 66± 2 mm, while the dendrite spacing of
the as-cast Cu-1.5Ni-1.5Co-0.6Si alloy is 78 ± 2 mm in Fig. 1(c).
Additionally, the solid-solution optical microstructure of the Cu-
1.5Ni-1.0Co-0.6Si and Cu-1.5Ni-0.6Si-Co alloys aged at 900 �C for
2 h is shown in Fig. 1(b), where the grain size is 74± 2 mm and in
Fig. 1(d), where the grain size is 95± 2 mm. Increased addition of Co
leads to coarser grain size during alloy casting and solid-solution
treatment.

The cold rolled and solid solution samples were cut by the wire
electrical discharge machining to the 100mm� 10mm� 5mm
size. The cold deformation was 0%, 40% and 80%, respectively. In
order to clearly reflect alloy microstructure changes during cold
deformation, the cold rolling model of the alloy was obtained by
combining the optical microstructure with the Pro/E three-
dimensional software modeling, as shown in Fig. 2, where some
grains are elongated along the rolling direction. The cold defor-
mation of the Cu-Ni-Co-Si alloy is under the recrystallization
temperature. The deformation of the Cu-Ni-Co-Si alloy is calculated
as:

Deformation¼ db � da
db

� 100% (1)

here, db (mm) is the thickness before the deformation and da (mm)
is the thickness after deformation.

After 450 �C 2 h aging, the microstructure of the Cu-1.5Ni-1.0Co-
0.6Si and Cu-1.5Ni-1.5Co-0.6Si alloys with 40% cold deformation is
shown in Fig. 3(a) and Fig. 3(b), respectively. This indicates that the
unsaturated solid solution formed by the alloy elements dissolved
in the copper matrix, gradually precipitating and distributing
evenly in the copper matrix.
3.2. Hardness and conductivity

The hardness and conductivity of the alloys after a different
amount of cold deformation are shown in Fig. 4. Comparing the
hardness of the Cu-1.5Ni-1.5Co-0.6Si and Cu-1.5Ni-1.0Co-0.6Si al-
loys in Fig. 4(a), it can be seen that the hardness increased with cold
deformation. Similarly, the conductivity also increased in Fig. 4(b).
It is observed that the Cu-1.5Ni-1.5Co-0.6Si alloy has a higher
hardness at the same cold deformation, but lower electrical
conductivity.

Fig. 5(a) and Fig. 5(b) show the hardness and conductivity of the
Cu-1.5Ni-1.0Co-0.6Si alloy after solution treatment at 900 �C for 2 h
and 40% cold deformation, followed by aging treatment at 400 �C,
450 �C, 500 �C, and 550 �C, respectively. Fig. 5(c) and (d) show the
hardness and conductivity of the Cu-1.5Ni-1.5Co-0.6Si alloy under
the same conditions as in Fig. 5(a) and (b). It can be seen that the
hardness of the alloy initially increased rapidly and then decreased
with aging time at a given temperature. Peak values of the Cu-
1.5Ni-1.0Co-0.6Si alloy hardness were 230 HV aged at 400 �C for
240min, 240 HV aged at 450 �C for 120min, 250 HV aged at 500 �C



Fig. 1. Microstructure of: (a) as cast Cu-1.5Ni-1.0Co-0.6Si alloy; (b) solid-solution Cu-1.5Ni-1.0Co-0.6Si alloy; (c) as cast Cu-1.5Ni-1.5Co-0.6Si alloy; (d) solid-solution Cu-1.5Ni-1.5Co-
0.6Si alloy.

Fig. 2. Diagram of cold rolling with different deformations.

Fig. 3. Optical micrograph of designed Cu-Ni-Co-Si alloys after cold-rolled by 40% and aged at 450 �C for 2 h. (a) Cu-1.5Ni-1.0Co-0.6Si alloy; (b) Cu-1.5Ni-1.5Co-0.6Si alloy.
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for 60min, and 238 HV aged at 550 �C for 30min. The corre-
sponding conductivity values were 36% IACS, 40% IACS, 43% IACS,
and 44% IACS, respectively. The peak values of the Cu-1.5Ni-1.5Co-
0.6Si alloy hardness were 244 HV aged at 450 �C for 120min, 236
HV aged at 500 �C for 60min, and 233 HV aged at 550 �C for 30min.
Meanwhile, the corresponding conductivity values were 35% IACS,
36% IACS, 35% IACS and 40% IACS, respectively. However, the
hardness of the Cu-1.5Ni-1.5Co-0.6Si alloy continued to increase at



Fig. 4. (a) The hardness and (b) conductivity of the alloys at 0%, 40% and 80% deformation.

Fig. 5. (a, c) Hardness and (b, d) conductivity of the two alloys aged at different temperatures and time with 40% deformation.

Z. Zhao et al. / Journal of Alloys and Compounds 797 (2019) 1327e13371330
400 �C aging.
It can be seen from Fig. 5(a) and (c) that the hardness of the two

alloys initially increased rapidly until the peak value and then
decreased with aging time at a given temperature, except the
400 �C aging curve in Fig. 5(c). The reason is because precipitates
rapidly andmassively separate out from the alloy in the early stages
of aging, pin dislocations and strengthen the alloy, leading to the
hardness increase until the peak value. With overaging, the hard-
ness gradually decreased and became stable. In Fig. 5(c) the hard-
ness of the Cu-1.5Ni-1.5Co-0.6Si alloy increased with aging time for
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the alloy aged at 400 �C. This is due to the low aging temperature,
which is not high enough for rapid atomic diffusion, leading to less
precipitation and slower precipitation rate. This alsomeans that the
effect of pinning dislocation strengthening is not fully developed
for the alloy. As mentioned above, the hardness of the alloy in-
creases slowly. In addition, the higher the aging temperature, the
lower the peak hardness value and much shorter aging time to the
peak hardness value. The increase of temperature provided phase
transformation driving force for precipitation of the alloy, leading
to much faster precipitation, and even more obvious strengthening
effect. Meanwhile, it is easy for the solute atoms to diffuse ac-
cording to the formation of dislocations during the 40% cold
deformation of the alloy, thus the hardness increases rapidly to
reach the peak value in a short time. The conductivity of two alloys
increases rapidly at first and then tends to stay stable with aging
time in Fig. 5(b) and (d), where the higher the temperature, the
higher the conductivity and the faster the stable value is attained.
The reason is that precipitates separate out rapidly and massively
from the alloy in the early stages of aging. The Cu alloy matrix tends
to become more pure and thus the conductivity increases. How-
ever, the conductivity tends to be stable as the secondary phases
precipitated slowly from the matrix with prolonged aging time
[25,26]. The high temperature increased the precipitation rate and
the rate of matrix purification, leading to a fast increase in
conductivity.

Fig. 6(a), (c) show the hardness and (b), (d) conductivity curves
of the two alloys aged at 450 �C for different cold deformation to
Fig. 6. (a, c) Hardness and (b, d) conductivity of the tw
aging. Both the hardness and conductivity of the two alloys
increased with deformation. The peak hardness of the Cu-1.5Ni-
1.0Co-0.6Si alloy increases with the cold deformation, reaching
234, 239, and 244 HV with 0%, 40%, and 80% cold rolling, respec-
tively, in Fig. 6(a). The dislocations with cold deformation play a
role of providing a diffusion path for the solute atoms, along with
the nucleation sites during aging. The higher peak hardness de-
pends on the higher cold deformation. The conductivity curves of
the two alloys are shown in Fig. 6(b) and (d), respectively. They
indicate that rolling leads to higher conductivity at a given aging
time. Cold deformation can cause crystal defects, such as vacancies
and dislocations in the alloy, improve lattice distortion energy, and
increase the amount of the precipitation phase, improving the alloy
conductivity [27e29].

After 40% cold rolling and 450 �C aging for 120min, the hardness
of the Cu-1.5Ni-1.0Co-0.6Si and Cu-1.5Ni-1.5Co-0.6Si alloys reached
the peak values (240 HV and 244 HV with 39% IACS and 36% IACS
corresponding conductivity, respectively), and then decreased
slightly with aging time. Compared with the Cu-1.5Ni-1.0Co-0.6Si
alloy, the hardness and conductivity of the Cu-1.5Ni-1.5Co-0.6Si
alloy decreased slightly after cold deformation and aging, as
shown in Figs. 5 and 6. This means that the size and distribution of
precipitates, and the morphology of the precipitates have strong
effects on the hardness and conductivity, which will be discussed
according to the X-ray diffraction analysis and TEM.
o alloys aged at 450 �C with different deformation.
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3.3. Precipitates

Fig. 7 shows the structure of the precipitate in the Cu-Ni-Si-Co
alloy. Ni and Si can form the Ni3Si and Ni2Si phases, while Co and
Si can form the Co2Si. The corresponding crystal structures are
shown in Fig. 7(a), (b) and (c), respectively. Ni3Si has a simple cubic
structure with the lattice parameter a¼ 0.351 nm, Pm-3m (221)
[30]. Ni2Si and Co2Si phases have the same structure and very
similar lattice parameters: Ni2Si has orthorhombic structure,
a¼ 0.706 nm, b¼ 0.499 nm and c¼ 0.372 nm, Pbnm (62) [31],
while the lattice parameter in Co2Si is a¼ 0.0.710 nm, b¼ 0.491 nm,
and c¼ 0.378 nm [32].

Fig. 8 displays HRTEMmicrographs and selected-area diffraction
patterns (SADPs) of Cu-1.5Ni-1.0Co-0.6Si after 40% cold deforma-
tion, and then aged at 450 �C for 2 h. The selected-area electron
diffraction patterns demonstrate that precipitates with three
different shapes can be clearly seen in Fig. 8. In Fig. 8(a) two
different precipitated phases are found, one is large precipitate
with the size of 248 nm and the others are finely dispersed pre-
cipitates. According to the SADP of the large precipitation phase in
Fig. 8(b), the large precipitate is Co2Si, and has an orthogonal
structure, similar to d-Ni2Si. Fig. 8(c) shows the XRD of the fine
precipitates in Fig. 8(b).

The selected-area electron diffraction pattern shows pre-
cipitates with three different shapes in Fig. 8(d), which are disc-
shaped, rod-shaped and small bulks, respectively. Jia et al. have
Fig. 7. Schematics of the precipitates crystal structure: (a)

Fig. 8. HRTEMmicrographs and selected-area diffraction patterns (SADPs) of the Cu-1.5Ni-1.
micrograph; (b) SADP along [001] Cu of (a); (c) XRD analysis of (a); (d) TEM of (a); (e) SAD
found that the shape of the d-Ni2Si is disc-shaped, however, the
shape of d-Ni2Si changed to rod-shaped when parallel to the beam
[33]. According to Refs. [23,24,34], Co can replace Ni and form
precipitates of (Ni, Co)2Si in the Cu-Ni-Si-Co alloy. XRD results show
large amounts of Ni, Co, and Si elements in the alloy, which can not
conform to the atomic ratio of d-Ni2Si and b-Ni3Si. Thus, it can be
considered that there is not a single d-Ni2Si phase in the Cu-1.5Ni-
1.0Co-0.6Si alloy, but (Ni, Co)2Si and b-Ni3Si. Meanwhile, it can be
considered that (Ni, Co)2Si also has different orientations due to the
d-Ni2Si having different orientations. The SADP along [001] Cu in
Fig. 8(d) is shown in Fig. 8(e). The diffraction patterns of (Ni, Co)2Si
and b-Ni3Si in Fig. 8(d) are superimposed on each other to form a
composite SADP in Fig. 8(e). The above results were also verified by
Fig. 8(f). From Fig. 8(e), the crystal orientation relationship between
the copper matrix and precipitates (b-Ni3Si, subscript represents
the orientation of (Co, Ni)2Si precipitates), has been determined as:

½001�Cu==½001�b== ½001�p; ð220ÞCu== ð110Þb== ð100Þp
Fig. 9 shows the TEM (HRTEM) micrographs and SADPs of the

Cu-1.5Ni-1.0Co-0.6Si alloy cold rolled with 40% and aged at 450 �C
for 12 h. Fig. 8(a) shows dislocations and precipitation, with SADP
and HRTEM is Fig. 9(b) and (c), respectively. Fig. 9(d) is the selected-
area dark-field micrograph of Fig. 9(a), and the corresponding SADP
and HRTEM are shown in Fig. 9(e) and (f). The microstructure of
450 �C aged for 2 h and 12 h was observed by TEM in Figs. 8 and 9.
The three phases in the Cu-1.5Ni-1.0Co-0.6Si alloy were found,
b-Ni3Si with L12 ordering; (b) d-Ni2Si, and (c) Co2Si.

0Co-0.6Si alloy cold rolled by 40% and aged at 450 �C for 2 h: (a) Selected-area dark-field
P of the large precipitation phase of (d); (f) SADP and HRTEM of (d).



Fig. 9. HRTEMmicrographs and selected-area diffraction patterns (SADP) of the Cu-1.5Ni-1.0Co-0.6Si alloy cold rolled by 40% and aged at 450 �C for 12 h: (a) selected-area dark-field
micrograph showing dislocation wall; (b) SADP along [001] Cu of (a); (c) HRTEM of (a); (d) Precipitates of (a); (e) SADP of the large precipitation phase in (d); (f) HRTEM of the large
precipitation phase in (d).
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which are fine (Ni, Co)2Si and b-Ni3Si phases, and the coarse Co2Si
with the average size of 250 nm. It can be seen that the same
precipitation characteristics were obtained whether the alloy was
aged for 12 h or 2 h. The difference is that the average grain size of
the precipitated phase increased with 12 h aging. For example, the
(Ni, Co)2Si phase grew from 7 nm in Fig. 8(d) to 15 nm in Figs. 8(f)
and 9(c), and the coarse Co2Si phase grew from 248 nm in Fig. 8(a)
up to 340 nm in Fig. 9(a).

The homogeneous precipitation occurs in the sub-grain of the
alloy, which is divided by dislocation cell walls during 2 h aging. A
large amount of fine and dispersed (Ni, Co)2Si precipitated,
resulting in intense age hardening of the alloy and increased
strength of the alloy. The peak hardness of the Cu-1.5Ni-1.0Co-0.6Si
alloy reached 250 HV after aging for 2 h at 450 �C. It can be seen that
the overaging appeared after 2 h aging, which can reduce the alloy
hardness, as shown in Fig. 5. Cu-1.5Ni-1.0Co-0.6Si alloy contains a
mass of silicide-forming elements, which are Ni and Co. The silicide
compound can effectively promote age hardening, inhibit grain
growth and improve softening resistance. It was shown that the
dislocations in Figs. 8(a) and 9(a) are multiplied, slip, annihilate and
recombine to form dislocation walls. The dislocation walls and
groups hinder the large Co2Si precipitated phase from moving, and
it was also confirmed that the secondary precipitation phase can
effectively pin dislocations. The coarse Co2Si phase in Figs. 8(a) and
9(a) was analyzed and it was calculated that the Co2Si habit plane is
{331}.

The Cu-1.5Ni-1.5Co-0.6Si alloy aged at 450 �C for 2 h after 40%
cold rolling deformation has the same precipitates, and similar TEM
micrographs are shown in Fig. 10. Compared with the Cu-1.5Ni-
1.5Co-0.6Si alloy, the increased Co content from 1.0wt% to 1.5wt
% resulted in larger average precipitates size of 10 nm in Fig. 10(a).
The HRTEM of Fig. 10(a) is shown in Fig. 10(b), which also indicated
that the precipitate is (Ni, Co)2Si. In Fig. 10(c), the dislocations and
precipitates are shown, and the average size of Co2Si is 340 nm. The
corresponding SADP and HRTEM are shown in Fig. 10(d).

Based on the analysis of hardness and conductivity, it is inferred
that the properties of Cu-1.5Ni-1.5Co-0.6Si alloy are inferior to Cu-
1.5Ni-1.0Co-0.6Si due to the addition of the excessive Co amount,
which changed the precipitated phase size in the Cu-1.5Ni-0.6Si
alloy. Comparing the TEM structures of the two alloys in the
same state in Figs. 8 and 10, it can be found that the Cu-1.5Ni-1.5Co-
0.6Si and Cu-1.5Ni-1.0Co-0.6Si alloys have the same precipitation
phases. With the Co content increase from 1.0wt% to 1.5wt% in the
Cu-1.5Ni-0.6Si alloy, the size of (Ni, Co)2Si and Co2Si precipitated
phases increased slightly to 7e10 nm. In addition, Co and Ni
compete for the Si element due to the (Ni, Co)2Si and Co2Si phases
forming at the same time. It can be concluded that the surplus Co
and Ni are formed and dissolved in the alloy matrix, resulting in
slightly degraded properties of the Cu-1.5Ni-1.5Co-0.6Si alloy
compared with Cu-1.5Ni-1.0Co-0.6Si. The peak hardness of the Cu-
1.5Ni-1.0Co-0.6Si alloy aged at 450 �C for 2 h is 250 HV and 36%
IACS, while for the Cu-1.5Ni-1.5Co-0.6Si alloy the corresponding
values are 244 HV and 35% IACS.

The microstructure observations of the Cu-1.5Ni-1.0Co-0.6Si
alloy aged at 450 �C for 2 h in Fig. 10 indicate that a large number
of fine and uniform disc precipitates, which have a certain preferred
orientation, are distributed in the Cu matrix. According to the
analysis mentioned in Fig. 8, the surface of the disk precipitates is
not necessarily parallel to the incident direction of the electron
beam. Therefore, the width of the precipitate is shown in Fig. 10(a)
and (b) (dark-flied image of Fig. 10(a)), which is not necessarily
equal to its thickness, but it can be considered that the width must
be greater than the thickness.

The diffraction pattern and HRTEM of Fig. 10(a) are shown
respectively in Fig.10(c) and (d), where the incident direction of the
electron beam is approximately parallel to the crystal orientation of
the substrate <112>Cu. It was found that the precipitates in the Cu-
1.5Ni-1.0Co-0.6Si alloy have the orthorhombic structure, which is
similar to the precipitates in Fig. 7(d). Thus, it also can be consid-
ered that the precipitated phase is (Co, Ni)2Si. In addition, the
b-Ni3Si phase is also present in Fig. 10(c). The corresponding crystal
orientation relationship between the copper matrix and the pre-
cipitates has been determined as:

½112�Cu==½112�b==½012�p; ð111ÞCu==ð111Þb==ð021Þp
Fig. 12(a) and Fig. 11 (b) show a clear twin structure with uni-

formly distributed precipitates around and inside. Fig. 12(b) shows
that the precipitates are distributed inside the twins. Meanwhile,
the corresponding diffraction pattern is shown in Fig. 12(c), where



Fig. 10. HRTEM micrographs and selected-area diffraction patterns (SADP) of the Cu-1.5Ni-1.5Co-0.6Si alloy: (a) selected-area bright-field micrograph and SADP along [001] Cu of
(c); (b) HRTEM of (a); (c) Dislocations and precipitates; (d) SADP and HRTEM are the large precipitation phase in (d).

Fig. 11. HRTEM and selected-area diffraction patterns (SADP) of the Cu-1.5Ni-1.0Co-0.6Si alloy aged at 450 �C for 2 h: (a) Dark-flied; (b) bright-flied of (a); (c) SADP of (a), beam
direction along [112] Cu; (d) HRTEM of (a).
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the precipitates are b-Ni3Si. Fig. 12(d) also shows the distribution of
the b-Ni3Si phase, and the diffraction pattern is shown in Fig. 12(e).
Fig. 12(f) showed that a typical dislocation bypass mechanism was
observed. At the same time, the precipitates and dislocations in the
twins (marked by the red line) also showed the same dislocation
bypass mechanism. A clear interaction between the precipitates



Fig. 12. TEM micrographs and selected-area diffraction patterns (SADP) belong to (011) Cu of the Cu-1.5Ni-1.0Co-0.6Si alloy aged at 450 �C for 2 h: (a) and (b) Selected-area dark-
field micrograph showing twin structure and precipitates; (c) SADP of (a); (d) The other selected-area dark-field micrograph showing precipitates; (e) SADP of (d); (f) dislocation
and precipitates; (g) TEM microphotograph of (f).
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and dislocations was observed in Fig. 12(g). This indicated that the
dislocation bypass mechanism plays an important role in
strengthening the alloys. Additionally, the twin mechanism also
plays an important role. The lamella structure was also observed in
Fig. 12(a) (marked by the red line). At the early stage of aging, there
is not enough time for the supersaturated solid solution alloy to
continue aging at 450 �C. Finally, the interactions between the
precipitation recrystallization processes resulted in this structure.

4. Discussion

4.1. Phase transformation behavior

Many reports of the phase transitions in the Cu-Ni-Si alloy
noticed the different orientation relationships (OR) of the crystals
in the past few decades. The Cu-Ni-Si alloy phase transformations
can change with aging temperature and time. Jia et al. studied the
phase transition of the Cu-1.5Ni-0.34Si alloy at 450 �C aging, where
the supersaturated solid solution is decomposed into d-Ni2Si. The d-
Ni2Si was formed on the (100) face of the d-Ni2Si phase with the
Bain orientation relationship, so that the evolution of the
orientation relationship between d-Ni2Si and the copper matrix is:
Bain OR/ quasi N-W OR/ quasi K-S OR [34]. Xiao et al. believe
that the phase change order in the Cu-1.4Ni-1.2Co-0.6Si alloy does
not have a series of metastable processes (spinodal decomposition),
but directly forms the stable (Ni, Co)2Si phase [35], and the addition
of some Co inhibits spinodal decomposition.

Spinodal decomposition is a typical phase transformation dur-
ing the aging process in the Cu-Ni-Si alloy, which decreases the
conductivity of the alloy. The microstructure of the alloy aged at
450 �C for 2 h was analyzed by TEM. The similar microstructure and
the same SADP can be clearly seen in the Cu-1.5Ni-1.0Co-0.6Si and
Cu-1.5Ni-1.5Co-0.6Si alloys. The SADP shows that there are four
phases in the aging process of the alloy: FCC matrix, (Ni, Co)2Si
precipitation, b-Ni3Si, and Co2Si. The crystal orientation relation-
ship between the matrix and precipitates of the (Ni, Co)2Si and b-
Ni3Si is: [112]Cu//[112]b//[012]p, (111)Cu//(111)b//(021)p; [001]
Cu//[001]b//[001]p, (220)Cu//(110)b//(100)p. The bright field im-
ages and selected-area diffraction patterns show that the typical
spinodal decomposition cannot be found in the Cu-Ni-Co-Si alloy.
Based on the TEM results and previous reports, the phase transition



Table 2
The values used for the calculation of the Orowan hardening of the alloy.

The designed alloy f v, % dp, nm v G, GPa b, nm M DsOrowan , MPa

Cu-1.5Ni-1.0Co-0.6Si 0.03 7 0.34 48 0.255 3.1 495
Cu-1.5Ni-1.0Co-0.6Si 0.03 10 0.34 48 0.255 3.1 383
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reaction for Cu-1.5Ni-0.6Si-(Co) during 450 �C aging is: supersatu-
rated solid solution/ (Ni, Co)2Si precipitation þ b-Ni3Si þ Large
Co2Si.
4.2. Strengthening mechanisms

The high strength of the studied Cu-Ni-Co-Si alloy can be
explained by the four strengthening mechanisms: precipitation
strengthening, sub-structure strengthening, solid solution
strengthening, and dislocation strengthening. The main strength-
ening mechanism is the precipitation hardening based on dislo-
cation interaction with nano-scale precipitates. It can be expressed
by the Orowan-Ashby equation [36e39]:

tprecip: ¼
0:81Gb

2pð1� vÞ1=2
�
ln
�
dprecip:

�
b

�
�
l� dprecip:

� (2)

where G is the shear modulus of the matrix, dprecip. is the average
diameter of the particles (the value is measured from ten or more
TEM images), b is the Burgers vector, v is the Poisson's ratio, and l is
the spacing between particles in the glide plane. This spacing is
related to the radius, dprecip., and the volume fraction fv of the
secondary phase particles (mass divided by density), expressed as
[40,41]:

l ¼ 1
2
dprecip:

ffiffiffiffiffiffiffi
3p
2f v

s
(3)

The Orowan mechanism can be expressed as:

DsOrowan ¼ M,tprecip: (4)

Here,M is the Taylor factor for the copper alloy. We only considered
the yield strength change caused by the nano-scale (Ni, Co)2Si for
simplifying the calculation of fv, as it is assumed that Si and Co
atoms are completely precipitated in the form of nano-scale (Ni,
Co)2Si particles in the alloy treatedwith the final aging temperature
of 450 �C for 2 h. The calculated results are listed in Table 2.

The Cu-1.5Ni-1.0Co-0.6Si and Cu-1.5Ni-1.5Co-0.6Si alloys have
the same precipitated structure. It is noteworthy that the average
size of the precipitated phase in the Cu-1.5Ni-1.0Co-0.6Si alloy is
finer than in the Cu-1.5Ni-1.5Co-0.6Si alloy. For example, the
average size of (Ni, Co)2Si in the Cu-1.5Ni-1.0Co-0.6Si and Cu-1.5Ni-
1.5Co-0.6Si alloys aged at 450 �C for 2 h is 7 nm and 10 nm,
respectively. It can be concluded that (Ni, Co)2Si and Co2Si are
formed at the same time during aging. Co and Ni compete for the Si
element. Thus, the Cu-1.5Ni-1.5Co-0.6Si alloy has surplus Co and Ni,
which dissolved in the alloy matrix to reduce the alloy's compre-
hensive performance.
5. Conclusions

The microstructure evolution and properties of the Cu-1.5Ni-
0.6Si-(Co) alloy were investigated in this work. The main conclu-
sions can be summarized as follows:
(1) Cu-1.5Ni-0.6Si-(Co) alloy has three precipitated phases,
which are (Ni, Co)2Si þ b-Ni3Si þ Large Co2Si formed during
the aging process. Some nickel atoms are substituted to form
the (Ni, Co)2Si phase, which grows in sizewith the increase of
Co content from 1.0wt% to 1.5wt%.

(2) The crystal orientation relationship between the matrix and
precipitates of (Ni, Co)2Si and b-Ni3Si is: [112]Cu//[112]b//
[012]p, ð111ÞCu//ð111Þb//(021)p, [001]Cu//[001]b//[001]p,
(220)Cu//(110)b//(100)p.

(3) The Co content increase from 1.0wt% to 1.5wt% leads to
degraded physical properties of the alloy. It also changed the
microstructure of the alloy, promoted the growth of the
precipitates, and accelerated precipitation during the aging
process. The hardness and conductivity of the Cu-1.5Ni-
1.0Co-0.6Si alloy with 40% deformation aged at 500 �C for
2 h are 250 HV and 43% IACS, respectively.
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