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In this paper, a novel Cu-1.5Ni-1.1C0-0.6Si-0.1Cr (wt.%) alloy with high strength and electrical conductivity
was designed. After aging, excellent properties of 857412 MPa yield strength, 30048 HV microhardness,
42.8 4+ 2.5% IACS conductivity, and 7 & 0.5% elongation were obtained. According to the atomic structure,
part of Ni atoms in Ni,Si can be replaced by Co atoms to form nano-precipitates (Ni, Co),Si. The alloy’s
high strength and conductivity are mainly attributed to the fine and uniformly distributed (Ni, Co),Si
and Cr nano precipitates. The alloy strength was also enhanced by twins, dislocations, and grain refining
strengthening. Based on the investigations of deformation microstructure and the orientation relation-
ship between the (Ni, Co),Si precipitates and the Cu matrix, the main reason for elongation increase is
attributed to the formation of deformation twins and the small lattice mismatch strain at the coherent
interfaces of precipitates and the Cu matrix.

© 2021 Published by Elsevier Ltd on behalf of Chinese Society for Metals.

1. Introduction

Designing copper alloys with high strength and electrical con-
ductivity is important for improving efficiency and reducing waste
in the electronics industry, specifically for lead-frames and elec-
trical contacts [1-3]. At present, different copper alloys have been
studied, including Cu-Be [4], Cu-Co-Si [5], Cu-Cr-Zr [6], Cu-Ag
[7] and so on. Cu-Be alloy is one of the earliest studied alloy sys-
tems. Although it has excellent properties, the Cu-Be alloy has
been replaced by other alloys due to the environmental hazards
of Be. In addition, it is found that the strength and conductiv-
ity are lower than that of the Cu-Ni-Si alloy after studying the
Cu-Co-Si alloy. For the Cu-Cr-Zr and Cu-Ag alloys, although they
have excellent electrical conductivity, the strength can only reach
600 MPa, and the high price is also a troubling factor. Therefore,
the high strength and conductivity Cu-Ni-Si alloy has been widely
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used in the electronics industry, such as C70275 and C70250 al-
loys, which have the strength of 600-900 MPa and the conductiv-
ity of 30-50%IACS. The methods for improving the alloy strength
and conductivity have been explored by several researchers, and
the introduction of the third element has been proven effective.
For example, the addition of Zr can refine the structure and im-
prove the electrical conductivity, but the mechanical properties of
the alloy are sacrificed [8]. Ti addition can accelerate the aging re-
sponse but unfortunately reduces the strength due to the agglom-
eration of precipitated phases [9]. Fine evenly distributed nanos-
tructured precipitates formed during aging cause strong hardening
of the alloy and recovered the electrical conductivity of the matrix
by consuming solute atoms [10]. Therefore, it is very important to
optimize the type and quantity of precipitates during aging. In re-
cent years, the introduction of twins into copper has proven to be
effective for improving strength and ductility. The twin boundary
is a special coherent grain boundary, which hinders the movement
of dislocations, just like the traditional grain boundary. For exam-
ple, Lu et al. [11] obtained good tensile properties by introducing
twin boundaries into Cu grains. Xue et al. [12] found that the in-
troduction of nanoscale twins into the Cu-15Al alloy can improve
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its strength and ductility, reaching 700 MPa yield strength and 13%
elongation at failure.

In this paper, deformation twins are introduced during cold de-
formation to further improve the properties of the alloy. In addi-
tion, the Co element was selected, and the introduction of Co has
been proven to effectively improve the strength with no sacrifice
of electrical conductivity. Krishna et al. [13] concluded that the
strength and conductivity of the Cu-Ni-Si alloy can be improved
by adding Co, which is attributed to the dispersion of Ni,Si and
Co,Si phases. Co can partially replace Ni atoms, reducing the num-
ber of Ni or Co solute atoms in the Cu matrix. The addition of
Co element can form orthorhombic (Ni, Co),Si precipitates sharing
the same crystal system with Ni,Si precipitates, and effectively re-
duce the Si composition in the Cu matrix, which means that there
is less tendency of spin junction decomposition to fcc (Cu) + fcc
(Si) [14]. Based on the original work [15-17], the Cu-2.4Ni-0.6Si al-
loy [18] has been designed with 700 MPa tensile strength, 210 HV
hardness, and 45% IACS (International Annealed Copper Standard)
conductivity. Another example is the Cu-4.0Ni-1.0Si alloy [19] with
704 MPa tensile strength and 48% IACS conductivity. When the
content of the Ni and Si elements is higher than 8 wt.% and
1.8 wt.%, respectively, the strength can reach 1 GPa, but the con-
ductivity is low, about 20% IACS. Therefore, the content choice of
Ni, Co, and Si elements in this experiment is 1.5 wt.%, 1.1 wt.%, and
0.6 wt.%, respectively. The intention is to make Co and Ni form (Ni,
Co),Si composite phase. In addition, the addition of Co can effec-
tively inhibit the discontinuous precipitation, making the distribu-
tion of precipitates more uniform at the grain boundary and in-
side the grain [[20],[21]]. Cr is added to further optimize the alloy
properties. Cr element has much less effect on the conductivity of
the alloy compared with some other elements, such as Zr, Al, and
Sn. Besides, the Cr particles can precipitate from the copper matrix
during aging at medium temperature. Cr and (Ni, Co),Si particles
enhance the strength of the alloy by dual-precipitation strength-
ening. Meanwhile, the addition of Cr can significantly refine the
structure and improve the high temperature stability [[22],[23]].

In this work, the Cu-1.5Ni-1.1C0-0.6Si-0.1Cr alloy with high
strength and electrical conductivity was designed. The strength of
the alloy can reach 857 MPa and the conductivity is 42.8% IACS.
It is worth noting that the elongation can reach 7%, which is 35%
higher compared with the high strength and conductivity Cu-Ni-
Co-Si alloy. This is mainly attributed to the coherent precipitates
and the introduction of twins. The type and precipitates relation-
ships of the Cu matrix in the alloy are analyzed in this paper, and
a coherent relationship between precipitates and the matrix is ob-
tained. It is found that the alloy strengthening is mainly due to
precipitation strengthening, and the precipitates are also the main
factors affecting the electrical resistivity.

2. Experimental procedures

The alloy with Cu-1.5Ni-1.1C0-0.6Si-0.1Cr (wt.%) composition
was ingot-cast. After removing the surface defects, the ingot was
homogenized at 1000 °C for 120 min, and then extruded into
@35 mm cylinders. Solution treatment was performed at 900 °C
for 2 h, followed by quenching in water. The cylinders were ma-
chined into 100 mm x 5 mm x 1 mm sheets and then deformed
50% at room temperature. Finally, the aging treatment was carried
out in a tubular furnace at 400 °C, 450 °C, 500 °C, and 550 °C for
10 min, 20 min, 30 min, 60 min, 120 min, 240 min, and 480 min,
respectively. Heat treatment was carried out under an argon pro-
tective atmosphere.

The microstructure was examined by using electron backscat-
ter diffraction (EBSD) and transmission electron microscopy (TEM).
The surface scratch of the EBSD sample was removed by mechani-
cal polishing, and then electro-polishing was carried out for 1 min
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in a solution of 50% CH3CH,0H and 50% H3PO,4 at a voltage of 5 V
at 25 °C. The EBSD images were obtained by using a JMS-7800F
field emission scanning electron microscope (SEM) with a step size
of 0.5 um and 20 kV voltage. The TEM sample was polished to
50 um and then cut into a thin sheet with a diameter of 3 mm,
and subsequently, ion thinned using Gatan 691 ion beam thinner.
TEM and high-resolution TEM (HRTEM) experiments were carried
out with an FEI Talos F200X and a JEM-2100 transmission electron
microscope. Dog-bone tensile specimens with a gage cross-section
of 12 mm x 2.25 mm were cut using electrical discharge machin-
ing (Fig. S1 in Supplementary Information). Uniaxial tensile tests
were conducted at room temperature at the initial strain rate of
1 x 1073 s~1, with tensile direction parallel to the rolling direction.
Vickers hardness measurements were performed on an HVS-1000
hardness tester, each sample was measured by five times, and the
average hardness was recorded. Electrical conductivity was mea-
sured at a ZY9987 digital micro-ohm meter, and each sample was
measured by three times.

3. Results and discussion

Fig. 1(a) shows the variation of the Cu-1.5Ni-1.1C0-0.6Si-0.1Cr
alloy hardness aged at 500 °C. The hardness increases with ag-
ing time (under-aged stage), and the highest strength range is af-
ter 45-100 min (peaking-aged stage), and the highest hardness is
300 HV after 60 min of aging. Then, the hardness decreased grad-
ually with aging time (over-aged stage). The supersaturated solid
solution spontaneously decomposed in the aging process, forming
new phases in the form of precipitates. It is well accepted that
the increase in hardness in the under-aged stage can be attributed
to the formation of primary precipitates and the decrease in the
over-aged stage to the excessive growth of the precipitates. The
hardness and conductivity under different aging time in this ex-
periment can be seen in the supplement Fig. S2. Fig. 1(b) shows
the comparison of tensile strength and conductivity of this work
and various types of alloys. The Cu-1.5Ni-1.1C0-0.6Si-0.1Cr alloy de-
signed in this work has combined high strength and electrical con-
ductivity, and the product of strength and conductivity can reach
3.5 GPae%IACS. To further study the precipitates of the alloy, we
explored the precipitates at the best aging stage at 500 °C for 1 h.

Fig. 2 shows TEM images of the Cu-1.5Ni-1.1Co-0.6Si-0.1Cr alloy
aged at 500 °C for 1 h. It can be seen from Fig. 2(a) that there
are a lot of fine and uniformly distributed precipitates in the al-
loy with 12.7 nm size. The size distribution histogram of precipi-
tates is shown in Fig. 2(a) with single peak distribution, which sug-
gests no coarsening. The selected area diffraction pattern (SADP)
along [001]c, is shown in Fig. 2(b), and the orientation relationship
(OR) between the matrix and the §-(Ni, Co),Si phase at this point
can be described as [001]c,||[010]s and (110)c,||(001)s. The forma-
tion of (Ni, Co),Si is due to the similar lattice parameters, Ni,Si:
a = 0.709 nm, b = 0.490 nm and ¢ = 0.372 nm, Pbnm (62) space
group [27], Co,Si: a = 0.71 nm, b = 0.491 nm, and ¢ = 0.378 nm
[28]. The quantitative energy dispersive spectra (EDS) results in
Fig. 2(c) show that the atomic ratio of (Ni, Co) and Si is close to
2:1. According to the EDS analysis of the particles in Fig. 2(f-h),
precipitates consist of Ni, Co, and Si, which also provides sufficient
evidence for the existence of (Ni, Co),Si.

The crystal structure of Ni,Si is orthorhombic with the Pbnm
space group. Co atoms replace Ni atoms, and Fig. 3(a) shows the
crystal structure of (Ni, Co),Si. Fig. 3(b) and (c) show the bright-
field and dark-field TEM images, respectively. A large number of
dislocations are entangled to form dislocation walls, and the pre-
cipitates are uniformly distributed in the Cu matrix. The distri-
bution of precipitates is uniform, which is beneficial to improv-
ing the alloy strength and preventing cracking. The interaction be-
tween dislocations and precipitates can be seen in Fig. 3(d), and
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Fig. 1. (a) Variation of hardness with aging time for the Cu-1.5Ni-1.1C0-0.6Si-0.1Cr alloy aged at 500 °C; (b) Tensile strength and conductivity of this work and various types
of alloys [24-26].
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Fig. 2. Microstructures of the Cu-1.5Ni-1.1C0-0.6Si-0.1Cr alloy aging at 500 °C for 1 h. (a) Bright-field TEM images of the alloy; (b) beam direction of SADP along [001]cy; (c)
EDS spectra of the §-(Ni, Co),Si in (d); (d)-(h) BF TEM image, and EDS maps of the (Ni, Co),Si, respectively.
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Fig. 3. HRTEM images and corresponding FFT patterns of the Cu-1.5Ni-1.1C0-0.6Si-0.1Cr alloy aged at 500 °C for 1 h: (a) crystal structure of (Ni, Co),Si; (b) bright-field TEM
image; (c) dark-field TEM image; (d) nanoscale stacking faults; (e) HRTEM image taken from [110]c,, (f) FFT pattern of (Ni, Co),Si in (e); (g) FFT pattern of Cu matrix in (e);
(h) HRTEM image of Cu matrix and (Ni, Co),Si boundary; (i) inversed FFT images of i region in (e); (j-1) bright-field images and SADP of Cr.
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Fig. 4. (a) Stress-strain curves of the Cu-1.5Ni-1.1C0-0.6Si-0.1Cr alloy and Cu-Ni-Si-(x) alloys designed based on aging; (b) bright-field TEM images; (c) HRTEM image of TB
layers; (d) and (e) FFT pattern of twins and Cu matrix; (f) EBSD image of Cu-1.5Ni-1.1C0-0.6Si-0.1Cr alloy aged at 500 °C for 1 h; (g) KAM map; (h) twin boundaries (TB)

maps, where the blue lines are the twin boundaries.

the precipitates are distributed on the dislocations, which can ef-
fectively hinder the movement of dislocations. Fig. 3(e) shows the
HRTEM image of the orientation relationship (OR) between the
nanoscale (Ni, Co),Si and the Cu matrix aged at 500 °C for 1 h.
The corresponding fast Fourier transform images (FFT) and in-
verse FFT (IFFT) images are shown in Fig. 3(f-g). The fully co-
herent interface between (Ni, Co),Si and Cu matrix could be ob-
served when the incident beam is parallel to [001]; and [110]¢,
zone axes, as shown in Fig. 3(e). FFT of the Cu matrix and (Ni,
Co),Si phase region was carried out, and the (220); plane was
found to be parallel to the (111)c, plane. In addition, based on
the lattice parameters of (Ni, Co),Si and Cu, the interplanar spac-
ing between the (220); and (111)c, plane is about 0.204 nm
and 0.208 nm, respectively. The lattice misfit was calculated as
£=(0.208-0.204)/(0.208+0.204)<5%. The orientation relationship
between the nanoscale (Ni, Co),Si phase and the Cu matrix could
be described as [001];]|[110]¢, and (220)s][(111)c, with a fully co-
herent interface. More coherent relations between precipitates and
Cu matrix are provided in Fig. S3. Fig. 3(h) shows the HRTEM im-
age of the Cu matrix and (Ni, Co),Si boundary. IFFT analysis of
the region I (marked by orange square) in Fig. 3(e) shows that
the coherent precipitates and the matrix have low lattice mismatch
strain, as shown in Fig. 2(i). This means that the coherent interface
between (Ni, Co),Si and Cu matrix can improve the strength with-
out sacrificing plasticity. In addition, Cr precipitates were found in
Fig. 3(j).

Fig. 4(a) shows the tensile strength and elongation of different
Cu-Ni-Si-(x) alloys [[26],[29-31]]. Poor ductility is the main and
most important problem for high-strength copper alloys. The alloy
designed in this paper has good ductility and high strength, and
the tensile strength is 8574+12 MPa, and the elongation is 7 £+ 0.5%.
The illustration in Fig. 4(a) shows the typical fracture morphology
of the Cu-1.5Ni-1.1C0-0.6Si-0.1Cr alloy, which is mainly composed
of shallow dimples (2.1 um) and large deep dimples (7.8 pm).
This means that the fracture mechanism of this alloy is dimple
fracture. The fracture mechanism of other alloys in Fig. 4(a) is a
quasi-cleavage fracture. The main reasons are the coherent inter-
faces that possess a good atomic match between (Ni, Co),Si and
the Cu matrix and the introduction of twins. In addition, Lu et al.
[11] found that the strengthening effect of the twin boundaries
is higher than that of the grain refinement when nano twins are
introduced. The strengthening caused by twin boundaries can be
quantified by the revised version of the traditional Hall-Petch grain

boundary strengthening formula [32]:
_1
Aorg = Vir x K™ x Ay (1)

where Vi is the volume fraction of twins, K™ is a constant,
and Ag is the average twin boundary spacing. It can be concluded
that decreasing the twin spacing or increasing the volume fraction
of twins enhances the strength.

Fig. 4(b) shows the distribution of deformation twins in the Cu-
1.5Ni-1.1C0-0.6Si-0.1Cr alloy. It can be seen that the twins are con-
tinuous nanoscale twins, and the width of the twin layer is tens
of nanometers. In addition, the twin layer of ~10 nm was found
in Fig. 4(c). Fig. 4(d) and (e) show the FFT patterns of the Cu ma-
trix and twins, respectively. EBSD was used to investigate the mi-
crostructure of the Cu-1.5Ni-1.1C0-0.6Si-0.1Cr alloy aged at 500 °C
aged for 1 h in Fig. 4(f). Many twins were introduced into the
alloy due to deformation, which is highlighted by blue lines in
Fig. 4(h). According to the dislocation density in the twinned re-
gion, the twinned areas have much lower kernel average misori-
entation (KAM) values than the twin-free areas, which is indicated
by the arrow in Fig. 4(g). The low internal dislocation density of
the twins means that the twins are beneficial to releasing the local
stress concentration and accommodates external stress [33]. There-
fore, the activation of prolific internal twins is beneficial to pre-
venting premature fracture and improve uniform elongation.

Multiple strengthening mechanisms are contributed to the high
strength of the Cu-1.5Ni-1.1C0-0.6Si-0.1Cr alloy, including precipi-
tation strengthening, work hardening, and grain refining strength-
ening. We evaluated the contribution of each mechanism for the
alloy aged at 500 °C for 1 h.

Precipitation strengthening is the main strengthening mecha-
nism of aged copper alloys. It is well known that the size and den-
sity of precipitates and the relationship between precipitates and
dislocations have a great influence on the alloy strength. Gener-
ally, the relationship between precipitates and dislocations can be
divided into two mechanisms: dislocation bypassing and particle
shearing. The dislocation bypassing mechanism mainly occurs on
the precipitates not coherent with the matrix. The shear mecha-
nism usually occurs when the precipitates are coherent with the
matrix [34]. At present, the (Ni, Cg),Si is widely recognized as a
hard phase, and it is difficult for dislocations to shear precipitates.
Therefore, the strengthening mechanism of the alloy is considered
to be dislocation bypassing. The increase of yield strength caused
by the bypassing mechanism (Orowan-Ashby equation) can be ex-
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Fig. 5. (a) Strength and (b) electrical resistivity distribution histograms of the Cu-1.5Ni-1.1C0-0.6Si-0.1Cr alloy.

pressed as [35]:
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Here, M is the Taylor factor, M = 3.06, G is the shear modulus of
copper, G = 48 GPa, v is the Poisson’s ratio, v = 0.34, b is the Burg-
ers vector of Cu, b = 0.2556 nm, dprecip. is the average diameter of
particles (~12.7 nm), and fprecip. is the volume fraction of precipi-
tates (~5.9%) The contribution from the precipitation strengthening
(Aop) is around 526 MPa. Grain refining strengthening can be ex-
pressed by the Hall-Petch formula [36]:

k

vV dgrain

Here, k is a constant of copper alloys, k = 0.14, frx is the vol-
ume fraction of the recrystallized region, and dg,;, is the average
diameter of grains (~0.4 um). The contribution from the grain re-
finement strengthening (Aoy) is around 118.6 MPa.

The alloy yield stress increase is attributed to increased dislo-
cations density during cold deformation, and the value can be cal-
culated by using the Taylor equation [37]:

AGg4 = MaGb/p (4)

where M is the Taylor factor, o is a geometric constant «=0.3, G
is the shear modulus, b is the Burgers vector of copper, and p is
the dislocation density. The dislocation strengthening effect mainly
results from the geometrically necessary dislocations (GNDs). The
density of GNDs can be calculated as [38]:

p=20/ub (5)

Here, wu is the scanning step size (1 um), 6 represents the
average local misorientation angle estimated based on the KAM
maps from the EBSD analysis, which gives the dislocation density
of 145 x 10" m=2, and the value caused by work hardening is
72 MPa. We can think of the strength brought by twins as: Aog =
A0gxp. — Aop — Aogr — Aoy, which is about 140 MPa, and the
precipitation strengthening is the main strengthening mechanism
of the Cu-1.5Ni-1.1C0-0.6Si-0.1Cr alloy, which can account for ~62%,
and the strength distribution shown in Fig. 5(a).

For electrical conductivity properties, according to
Matthiessen’s rule [39], the electrical resistivity of the alloy is
affected by the microstructure, including grain boundary, disloca-
tion, and precipitates. The electrical resistivity can be written as:

(3)

Aoy = frx

Q2 = Qcy + Qg + Qpis + 2p (6)

where Q¢, is the electrical resistivity of the pure Cu (1.724
x1078 Q m); Q¢ and Qpjs are the resistivity induced by grain
boundaries and dislocations, respectively; €2, is the resistance of

the precipitates. The resistivity of grain boundary could be ex-
pressed as:

N

2
Qs = 5 we-ca(5) (7)

where Qye_cgg is the specific grain boundary electrical resistiv-
ity of Cu (2.04 x10716 Q@ m?) [40], § is the grain boundary area
per volume, taken to be 2.37/dy,;, if assuming that the grains are
tetrakaidecahedral. The electrical resistivity caused by grain bound-
aries is calculated to be 0.55 x10~8 © m and dislocation electrical
resistivity is written as:

QDis = prd (8)
where €24 is the specific dislocation electrical resistivity of Cu,
taken to be 2.0 x102> Q m?3 [41], the dislocation density increases

the resistivity of the alloy by 0.012 x10~8 Q m. The electrical re-
sistivity caused by precipitates could be written as:

Qp = Q — Qcy + Lc8 + Qpis (9)

Therefore, the electrical resistivity caused by precipitation is
1.73 x10~8 Q m. The histogram of electrical resistivity distribu-
tion is shown in Fig. 5(b). It can be seen that the precipitates are
the main factors affecting the electrical resistivity of the Cu-1.5Ni-
1.1Co-0.6Si-0.1Cr alloy.

The Cu-1.5Ni-1.1C0-0.6Si-0.1Cr alloy designed in this experi-
ment has high strength and high conductivity when being aged at
500 °C for 1 h, as shown in Fig. 1(b). For the precipitation strength-
ened copper alloy, the content of solute atoms in the matrix is the
main factor affecting the electrical conductivity. The higher content
of solute atoms can result in the greater scattering effect on elec-
trons and the lower electrical conductivity [42]. With the increase
of aging time, new precipitates were formed through the diffu-
sion of solute atoms, which decreased the content of solute atoms
in the matrix and increased electrical conductivity. The change of
hardness is often divided into three intervals, as shown in Fig. 1(a).
The highest strength is only in the peak aged state. Therefore, fur-
ther optimization of deformation and aging can obtain better con-
ductivity. In addition, when elements with the characteristics of
high solubility in liquid Cu at high temperature or low solid sol-
ubility at room temperature, stable precipitates can be formed,
which increases the conductivity of the alloy. A large number of
(Ni, Co),Si particles ensure the alloy’s high hardness. In addition,
Cr can significantly refine the grain, and further improve the elec-
trical conductivity through the precipitation of Cr during aging at
a medium temperature [22].

Many uniformly distributed (12.7 nm) and coherent nano pre-
cipitates were found in the alloy, which have a better precipita-
tion strengthening effect. The precipitate strengthening mechanism
of the Cu-1.5Ni-1.1C0-0.6Si-0.1Cr alloy was defined as the disloca-
tion bypassing due to the hard particles. In addition, some reports
indicate that the strengthening effect of the single mechanism is
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not as effective as the cooperative effects of shearing and bypass-
ing modes [43]. Several technologies are used to control the orien-
tation relationship between the nano precipitates and the matrix
to improve the strength, but the chaotic phase relationship often
weakens the ductility [44]. Moreover, it is difficult to control the
orientation of precipitates, which needs further experiments to ex-
plore.

Generally, excellent elongation and high strength are contradic-
tory. Grain refinement is considered to be an effective method to
improve strength and elongation, and it was found that the addi-
tion of Cr can effectively refine the grains in our previous work
[22]. In addition, the introduction of deformation twins is also an
effective method for grain refinement, because the introduction of
twins can be regarded as reducing the grain size. In this paper,
twins are introduced through the cold rolling deformation to fur-
ther improve the alloy’s ductility. The EBSD technique shows that
the twinned areas have much lower kernel average misorientation
(KAM) values than the twin-free areas. Therefore, by reducing the
average internal dislocation density, the local pressure concentra-
tion can be effectively released and accommodates external stress.

Finally, the coherent interface between nano precipitate (Ni,
Co),Si and Cu matrix, and the low lattice mismatch strain mean
that the alloy cannot easily crack during deformation. This means
that the nanoscale (Ni, Co),Si could provide a significant strength-
ening effect without sacrificing ductility, which also contributes to
improving the high strength and high ductility of the alloy [45].

4. Conclusions

A novel Cu-1.5Ni-1.1C0-0.6Si-0.1Cr (wt.%) alloy with high
strength and high conductivity was designed. Excellent properties
were obtained after aging treatment, which included high yield
strength of 857412 MPa, the microhardness of 300+£8 HV, the con-
ductivity of 42.8 4+ 2.5%%IACS, and excellent elongation of 7 4+ 0.5%.
During the aging process, a large number of fine and uniformly
distributed nano-precipitates (Ni, Co),Si and Cr were formed. The
high strength of the alloy is attributed to the combined effect
of work-hardening, grain refinement strengthening, precipitation
strengthening, and the main strengthening mechanism of the al-
loy is precipitation strengthening. In addition, the formation of de-
formation twins and the small mismatch strain between the pre-
cipitates and Cu matrix provide good ductility of the alloy. The
precipitates relationship was determined as: [001]4]|[110]¢, and
(220)5]1(111)cy, or [120]5]|[011]cy, and (002)s]|(111)cy.
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