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� Multiple twins give the alloy higher
work hardening ability.

� The synergistic effect of multiple
mechanisms gives the alloy excellent
comprehensive properties.

� The ultra-low lattice mismatch
between the matrix and the
precipitates ensures the ductility.
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In the present work, the Cu-1.35Ni-1Co-0.55Si alloy with multiple twins and ultra-low interfacial mis-
match precipitates was obtained by liquid nitrogen dynamic plastic deformation (DPD) and aging treat-
ment. It has abnormally high work hardening ability, which is more than twice that of the previous DPD
treatment without aging. In addition, it has excellent comprehensive properties, and its strength, electri-
cal conductivity, and elongation are 816.4 MPa, 40.2% IACS and 11.3% respectively. The fine multiple
twins do not coarsen significantly during peak aging, and the dispersed nano precipitates (�3 nm) further
enhance the strength of the Cu-Ni-Co-Si alloy. In addition, the low interfacial mismatch strain between
the precipitates and the matrix also ensures adequate elongation. The Cu-Ni-Co-Si alloy has high
strength, electrical conductivity, and ductility under the simultaneous action of various mechanisms
(grain boundary strengthening, precipitation strengthening, dislocation strengthening and stacking
faults). This strategy paves a new avenue for developing precipitation-strengthened alloys with excellent
comprehensive properties.
� 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The pursuit of materials with excellent comprehensive proper-
ties has been a lasting endeavor for the materials community
[1,2,3,4]. Strength, electrical conductivity, and ductility are very
important for copper alloys; however, these properties are often
mutually exclusive [5,6,7]. At present, designing new material
components or changing the structure of materials is the most
effective way to improve the properties.

Grain refinement is a very effective method to improve the
mechanical properties of materials. Refined grains introduce more
grain boundaries (GBs), which are barriers to intragrain dislocation
motion, making the material harder to deform plastically. Refining
grains to the ultrafine and nano-size by equal angular extrusion
and high-pressure torsion can make alloys several times stronger
but usually leads to a significant loss of electrical conductivity
and ductility [8,9]. Encouragingly, introducing nano-twins into
materials has been proven to be one of the ways to improve the
properties of alloys [1,10,11,12]. Like traditional grain boundaries
(GBs), twin boundaries (TBs) can improve the strength by hinder-
ing the dislocation movement, but the resistivity of TBs is lower
than traditional GBs. For example, the twins obtained by dynamic
plastic deformation at liquid nitrogen temperature (LNT-DPD) can
increase the tensile strength of pure copper to 610 MPa and elec-
trical conductivity to 95% IACS [13]. In addition, nano twins with
high density can cause the material to have high ductility because
the TBs can provide ample room for dislocations’ slip and storage.
For example, twins are obtained in pure copper by pulsed elec-
trodeposition technique increase the strength 10 times compared
with the coarse-grained copper, and the elongation can reach
13% while maintaining adequate electrical conductivity [1]. Inter-
estingly, scholars have found that the properties obtained by twins
with different orientations in the material are much higher than
the traditional grain refinement. For example, Zhao et al. [14] used
gentle compression in liquid nitrogen to introduce twins with dif-
ferent orientations in hexagonal closed-packed titanium. The mul-
tiple twinning improved the yield strength by 50% and ductility by
20% at room temperature. The cryogenic properties were even bet-
ter, with a 2 GPa yield strength and 100% tensile ductility before
failure. An et al. [15] introduced the gradient nano-twin structure
into the high-entropy alloy with ductility comparable to the cast
alloy and the 375% strength of the cast alloy.

Precipitation strengthening is effective strategy to improve the
properties of alloys, since the size and distribution of precipitates
have a profound impact on the conductivity and elongation of
alloys [16,17]. Traditionally, precipitation strengthening is consid-
ered the most effective method to strengthen alloys without signif-
icantly deteriorating their electrical conductivity [18]. However,
the lattice mismatch often leads to strain localization around pre-
cipitates, which causes stress concentration in the alloy during
deformation, leading to cracks at the interface between the precip-
itates and the matrix. This is the origin of the strength-ductility
tradeoff in precipitation-hardened alloys [19]. In recent years, Jiang
et al. [20] reported that when precipitates are coherent with the
matrix, that is, the interface of the precipitates is almost the same
as the surrounding matrix, and has an extremely low mismatch,
the alloy can be strengthened without sacrificing ductility (the
elongation is unchanged, and the strength is doubled).

As representative precipitation-strengthened alloys, Cu-Ni-Si
alloys have been widely used in electronic and electrical industries,
e.g., as semiconductor lead-frames and connector components, due
to their excellent comprehensive properties [21,22]. There are
many studies regarding improving the properties of Cu-Ni-Si alloys
by adding alloying elements [23,24]. Liu et al. [25] obtained excel-
lent comprehensive properties by adding Ti into the Cu-Ni-Si alloy,
with a tensile strength of 702.2 MPa, an electrical conductivity of
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40% IACS, and an elongation of 3.5%. Pan et al. [26] investigated
the effect of the Co element on Cu-Ni-Si alloy properties and
obtained the hardness of 265–290 HV and the electrical conductiv-
ity of 40.1–45.2% IACS. There is a lack of studies that introduce
extensive twins into Cu-Ni-Si alloys to improve their properties,
therefore, it is necessary to study their structural evolution and
strengthening mechanisms. Twins were prepared in the Cu-Ni-Si
alloy by the low-temperature DPD processes. From the technical
point of view, DPD processes are neither difficult nor complicated,
and the processing cost is low. The principle is that when the dis-
location recovery kinetics of metals are effectively suppressed at a
high strain rate (>103 s�1) and/or low temperature, twinning is
easy to form. Compared with other twin preparation technologies,
such as electrodeposition, the DPD process has the most potential
for industrial applications.

In this work, the Cu-Ni-Co-Si alloy with excellent comprehen-
sive properties was obtained by LNT-DPD and subsequent aging.
Interestingly, it was found that the Cu-Ni-Co-Si alloy obtained by
LNT-DPD has an abnormally high uniform elongation of 6.7% with-
out aging. The uniform elongation obtained by LNT-DPD is usu-
ally � 2% [27,28,29]. The results show that multiple twins solve
the problem of low work hardening ability caused by the dynamic
plastic deformation (DPD) treatment. In addition, the synergistic
effects of multiple mechanisms improve the comprehensive prop-
erties of the Cu-Ni-Co-Si alloy.
2. Experimental procedures

The ingot with a nominal composition of the Cu-1.35Ni-1Co-
0.55Si alloy was fabricated by the vacuum inductive melting in an
induction furnace. The ingot was heated to 1,000 �C for 2 h and then
extruded into aU 50 mm diameter cylinder using the metal profile
extrusion machine. Then, the sample undergone homogenization
treatment at 900 ℃ for 2 h followed by water quenching (WQ).
Cylindrical samples with a diameter of 5 mm and a height of
7 mm were processed by LNT-DPD with a strain of e = 1.9, e = ln
(L0/Lf), where L0 and Lf are the initial and final height of the
deformed sample, respectively. Hopkinson pressure bar was the
equipment for preparing LNT-DPD samples, and the strain rate is
above 103 s�1. Before impact, the samples need to be cooled by liq-
uid nitrogen for 3 min. In addition, four LNT-DPD treated samples
were aged for 15 min at 450 �C, 500 �C, 550 �C, and 600 �C, respec-
tively. The corresponding schematic diagram of the experimentwas
shown in Fig. 1. The cross-sectional microstructure of the LNT-DPD
samples was analyzed by a transmission electronmicroscope (TEM,
FEI Tecnai G2 F20) and a scanning electron microscopy with elec-
tron backscatter diffraction (SEM, EBSD, JSM-7800F). The samples
for TEM analysis were prepared using Gatan 691 Precision Ion Pol-
ishing System. The EBSD sampleswere prepared bymechanical pol-
ishing followed by ion beam milling, and were tested with 0.6 lm
EBSD step size. The tensile samples were cut perpendicular to the
loading direction. The room temperature tensile tests were con-
ducted using Instron-5848 at a strain rate of 10-3 s�1 with the
dog-bone shape tensile samples with a gauge geometry of
5 � 1 � 0.5 mm3. The hardness tests were carried out using the
TMVS-1 Digital Micro Vickers hardness tester with 0.3 kg load
and 15 s dwell time. The electrical conductivity was measured
using a Sigma2008 digital electrical instrument.
3. Results and discussion

3.1. Relationships between the microstructures and properties

Fig. 2(a) shows the solid solution microstructure of the Cu-Ni-
Co-Si alloy, where the average grain size is about 230 lm. Fig. 2



Fig. 1. Schematic of thermo-mechanical processing routes and the corresponding microstructure of the Cu-Ni-Co-Si alloy.

Fig. 2. Microstructures of the Cu-Ni-Co-Si alloy: (a)IPF map of solid solution state; (b) TEM image after DPD treatment; (b) IPF map after DPD treatment; (d) IPF map after
DPD treatment + aging at 450 ℃ for 15 min.
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(b) - 2 (d) shows the microstructure of the Cu-Ni-Co-Si alloy after
DPD treatment. Since the grains after DPD treatment are difficult to
be recognized by EBSD, the TEM image was selected for
microstructure analysis. It can be seen that the Cu-Ni-Co-Si alloy
after DPD treatment is composed of three structures. 1. Deforma-
tion twins (DTs) with the twin/matrix (T/M) lamellae, with an
average size of 25 nm and volume fraction of 35 vol%. 2. Lamellae
3

nanograins (NGs), with an average size of 46 nm and volume frac-
tion of 47 vol%. 3. Dislocation entanglement and dislocation cell
structure (DSs) with the size of 0.2–0.8 lm. It is worth noting that
the grain size of the Cu-Ni-Co-Si alloy after DPD treatment is much
smaller than pure copper after DPD treatment [30] because the
addition of elements reduces the stacking fault energy (SFE) of
the matrix.



Fig. 3. (a) Hardness and electrical conductivity of the Cu-Ni-Co-Si alloy after solid solution treatment, DPD, and DPD + Aging; (b) Engineering stress–strain curves of the Cu-
Ni-Co-Si alloy after solid solution treatment, DPD, and DPD + Aging; (c) Uniform elongation of different materials after DPD treatment [27,29,31,32,33,34,35,36]; (d) Tensile
strength and conductivity of this work and other Cu-Ni-Si alloys [22,25,37].
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The hardness and electrical conductivity of the Cu-Ni-Co-Si
alloy in different states are shown in Fig. 3(a). The strength of
the alloy after solid solution treatment (SST) is only 123.6 HV,
and the electrical conductivity is 26.1% IACS. After DPD treatment,
the hardness increased to 205.6 HV, and the electrical conductivity
decreased slightly to 24.5% IACS. After aging treatment, the
strength of the DPD samples reached a peak value of 260.3 HV at
450 �C for 15 min, and the conductivity was 40.2% IACS. Fig. 3(b)
shows the tensile engineering stress–strain curves of the Cu-Ni-
Co-Si alloy. After DPD treatment the alloy has a good tensile
strength of 736.2 MPa and high uniform elongation of 6.7%, which
is different from the low uniform elongation after previous DPD
treatment. Fig. 3(c) shows the uniform elongation of different
materials after DPD treatment. It can be seen that the uniform
elongation of the material obtained by DPD treatment is usually
1–3%. In addition, the strength and elongation of the Cu-Ni-Co-Si
alloy are increased after aging, i.e., 816.4 MPa and 11.3% respec-
tively, breaking the traditional strength-elongation trade-off. In
order to explain this phenomenon, the authors conducted an in-
depth material characterization.

Fig. 4 shows the TEM images of the Cu-Ni-Co-Si alloy after DPD
treatment. In addition to the three common structures after DPD
treatment, slender multiple twins of different orientations were
also found, divided into three types. 1. Twins within the T/M lamel-
lae. The lamella of these twins is much smaller than the primary
twin, with the 3–15 nm size, as seen in Fig. 4(a). 2. The multiple
twins with the 6–20 nm size independently formed in the lamellar
nanograins, as seen in Fig. 4(b). 3. Multiple twins with different ori-
entations are seen in Fig. 4(c), and nano twins with different orien-
tations labeled with different colors. The high-resolution TEM
(HRTEM) further shows the characteristics of the multiple twins,
as seen in Fig. 4(d). The Fast Fourier Transform (FFT) patterns cor-
4

responding to the HRTEM images of different regions in Fig. 4(d)
are shown in Fig. 4d1, d2, and d3. It can be seen that in addition
to extensive twins, there are also some stacking faults (SFs), and
the coexistence of SFs and twins in Fig. 4(d1).

Generally, the strain hardening capability of a material is deter-
mined by the interactions between dislocations and deformation
products. Although high strength is obtained after DPD treatment,
the uniform elongation is low. This is due to the relatively high
density of accumulated dislocations in the deformed specimen,
which limits the work hardening ability of the material [38]. How-
ever, in addition to a large number of primary T/M lamellae, a wide
range of multiple twins and SFs were also obtained in this work.
Nano twins can offer ample room for dislocation storage, and the
generation of multiple twins is more conducive to the work hard-
ening of materials because the multiple twinning can provide ade-
quate pathways for easy glide and cross-slip of dislocations to
accommodate significant plastic deformation. In addition, the
emergence of SFs also provides space for dislocation storage, which
improves the work hardening rate of the Cu-Ni-Co-Si alloy [39,40].
In terms of the strength, nano twins and grain refinement can pre-
vent the movement of dislocations to improve the strength of the
alloy. Therefore, the Cu-Ni-Co-Si alloy obtained excellent strength
and uniform elongation.

Fig. 5 shows the microstructure of the DPD Cu-Ni-Co-Si alloy
aged at 450 �C for 15 min, which is similar to the microstructure
after DPD treatment, but the grain size increases after aging. The
average T/M lamella size is 35 nm, and the average nanograin size
is 67 nm. Interestingly, the finer multiple twins do not seem to
have changed, and the size has not increased significantly, as seen
in Fig. 5(b). In addition, very few static recrystallized grains were
found, which exist at the interface of twins and nanograins, where
the stored energy is high and static recrystallization is easy to



Fig. 4. TEM characterization of multiple twins in the Cu-Ni-Co-Si alloy: (a) Multiple twins in the T/M lamellae; (b) Multiple twins formed in the lamellar nanograins; (b1)
Profuse SFs nano-bundles along with the corresponding HRTEM; (c) Multiple twins; (c1) Profuse SFs nano-bundles along with the corresponding HRTEM; (d) HRTEM of
multiple twins and stacking faults (SFs); (d1) The SFs plus nano twins and the corresponding fast Fourier transform (FFT) pattern; (d2) and (d3) The FFT pattern corresponding
to the multiple twins with different orientations in (d). For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.
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nucleate. At the same time, a large number of d-(Ni, Co)2Si nano
precipitates appear after aging. Fig. 5(c) shows the distribution of
precipitates. The precipitates are widely and evenly distributed
on the matrix and grain boundaries with a 3 nm size. There are
almost no precipitates in the nano twins because the energy pro-
vided by the interiors of the twins for the nucleation of precipitates

is low. Fig. 5(d) is the HRTEM image along [110]Cu //½1
�
00�d. The

precipitates have a disk-like shape with a 2.5 nm diameter. More-
over, these nano precipitates are highly coherent with the Cu
matrix, and no interfacial dislocations are observed. The fast Four-
ier transform (FFT) patterns corresponding to the HRTEM images in
Fig. 5(d) are shown in Fig. 5(d1) and (d2). In addition, Fig. 5(e)
shows the interface mismatch between the precipitates and the
matrix, and the mismatch strain is calculated as the following.

The interfacial mismatch strain of ð02
�
1Þd and ð11

�
1ÞCu is 0.72%,

the interfacial mismatch strain of ð021Þd and ð1
�
11ÞCu is 0.57%,

and the interfacial mismatch strain of ð002Þd and ð002ÞCu is 0.67%.
According to the tensile engineering stress–strain curves in

Fig. 3(b), the strength and elongation of the Cu-Ni-Co-Si alloy after
aging at 450 �C for 15 min have been further improved, which is
contrary to the traditional strength-elongation trade-off. After
the above analysis, this phenomenon has been reasonably
explained. First, the increase in strength is attributed to the
appearance of precipitates. The interaction of twins, nanograins,
and precipitates increases the Cu-Ni-Co-Si alloy strength. The
increase in elongation is attributed to the reduction of dislocation
5

density after aging [9]. In addition, the low interfacial mismatch
strain between the precipitates and the matrix also ensures the
high elongation of the Cu-Ni-Co-Si alloy. Because the low interfa-
cial mismatch strain between the precipitates and the matrix can
avoid the accumulation of dislocations near the interface and
relieve the stress concentration, which has a positive effect on
improving the elongation [19,41,42]. The most important is the
appearance of multiple twins, which not only ensures the strength
of the material but also provides high work hardening. It is worth
noting that there is no significant coarsening of the finer multiple
twins after aging.

3.2. The origin of multiple twins and the interaction of different
mechanisms

Multiple twins exist depending on different independent slip
systems during deformation, and twins in different directions do
not intersect each other in Fig. 4(c). However, most of the multiple
twins depend on the grain and twin boundaries for growth, as seen
in Fig. 6(a) and (b). Fig. 6(a) shows the twin existing in the grain,
which is accompanied by the kink of multiple atomic layers.
Fig. 6(b) shows the multiple twins along the DT1 twin boundary.
It can be seen that an atomic layer defect SF along the DT1 twin
boundary, and there is no numerous dislocations and kinks at the
junction of DT1 and SF. With the generation of a triple atomic layer
twin and a wider atomic layer twin, a kink platform and numerous
dislocations appear at the grain boundary junction of DT1 and DT2.



Fig. 5. TEM (HRTEM) images and corresponding FFT patterns of the Cu-Ni-Co-Si alloy aged at 450 ℃ for 15 min: (a) Bright-field TEM image; (b) Typical multiple twin
structure; (c) Distribution of precipitates, and the histogram of precipitates size; (d) HRTEM image of precipitates in (c), viewed along ½110�Cu//½1

�
00�d; (d1) and (d2) FFT

patterns corresponding to areas outlined by green and white squares in (d), respectively; (e) Interplanar spacing between precipitates and the matrix. For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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It can be seen that the local lattice mismatch preexisted between

the adjacent (1 1
�
1)M planes across the kink. The atoms near the

twin boundary undergo shuffling/displacement and rearrangement
under load, resulting in the nucleation and growth of DT2 continu-

ous nucleation along the (11 1
�
) plane. According to the thickness of

the formed DT2 twins, the kink height is not only an important fac-
tor for the nucleation of multiple twins, but also plays a crucial role
in the growth of multiple twins [43,44]. Fig. 6(b1) shows the sche-
matic diagram of multiple twins growing along the twin grain
boundary. The high kink and the occurrence of dislocation promote
the nucleation and growth of multiple twins at the original grain
boundary. Geometric phase analysis (GPA) analysis was conducted
at the junction of multiple twins in Fig. 6(b2). It can be seen that
the strain at the junction of DT1 and DT2 (and SF) is large, which
means that the stress is concentrated in this area. The stress con-
centration promotes the growth of multiple twins in different
directions.

These structures with multilayer SFs/DTs composite structure,
and intersected DTS and DTs or SF, are vital factors for the excellent
strain hardening. Specifically, besides the prevalence of single DTs
and SFs, the extensive intersected and/or multi-layered nanoscale
bundles of twins and/or SFs could subdivide the matrix into
numerous nanoscale restricted regions. Thus, the appearance of
interaction phenomenon not only facilitates microstructure refine-
ment but also induces a Hall-Petch effect like twinning, hence lead-
ing to the increased strain hardening [45]. Moreover, according to
the above analysis, it is not difficult to guess that strong interaction
would occur within those intersection nodes, thereby provide
more space for dislocation storage, which further confers strain
hardening.
6

Fig. 6(c) shows the TEM micrographs of the Cu-Ni-Co-Si alloy
aged at 450 �C for 15 min. In addition to the uniformly distributed
precipitates in the matrix, it can be seen that the precipitates pin-
ning twins and grain boundaries. By pinning the edge of twin tip
and grain boundary, the precipitates hinder the coarsening of twin
aging process, and finally make the twins have a high thermal sta-
bility. In addition, the HRTEM (Fig. 6(d)) shows that the precipi-
tates at the grain boundary also maintain high coherence and
low lattice mismatch with the matrix. The Fast Fourier Transform
(FFT) patterns corresponding to the HRTEM images of different
regions in Fig. 6(d) are shown in Fig. 6(d1) and (d2).

3.3. Source of excellent strength and comprehensive performance

In order to understand the strengthening effects of dynamic
plastic deformation and subsequent aging of the Cu-Ni-Co-Si alloy,
contributions of different strengthening mechanisms were calcu-
lated as in [46]:

Dr ¼ Dr0 þ DrP þ DrGB þ DrD þ DrSS ð1Þ
Here,Dr is the cumulative increase in strength.Dr0, DrP , DrGB,

DrD and DrSS are contributions from Precipitation strengthening,
grain boundary strengthening, dislocation strengthening and
stored solution strengthening, respectively. Dr0 is the intrinsic lat-
tice strength, which is conservatively estimated to be 52 MPa [47].
Due to that the solid solution strengthening is very limited in the
Cu-Ni-Co-Si alloy, the DrSS here can be neglected [48].

For grain boundary strengthening, the strength increment can
be described as:

DrGB ¼ Kd�1=2 ð2Þ



Fig. 6. Microstructure of the Cu-Ni-Co-Si alloy: (a) Deformation twin is generated along the grain boundary, and multi-layer atomic kinks occur at the tip of twins and grain
boundary; (b) SF and DT2 twins are generated along the DT1 twin boundary, and numerous dislocations and kinks are generated at the boundary to promote the growth of DT2
twins; (b1) The schematic diagram of multiple twins growing along the twin grain boundary; (b2) Horizontal shear strain (exx) maps obtained via geometric phase analysis,
indicating that the local stress concentration at the TB kink (marked by the white circles); (c) TEM micrographs of multiple twins and precipitates distribution; (d) High-
resolution TEM image of one nanoprecipitate at a twin boundary highly coherent with the twin boundary; (d1) and (d2) FFT patterns corresponding to areas outlined by white
and pink squares in (d), respectively. For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Here, K is the Hall-Petch coefficient, 112 MPa�lm1=2 [47], and d
is the average grain size. The average grain size after aging at 450℃
for 15 min is 130 nm. The contribution from the grain boundary
strengthening DrGB is around 310.8 MPa.

For dislocation strengthening DrD, the increment of strength is
related to the dislocation density. The corresponding calculation is
based on the Taylor formula [22]:

DrD ¼ M � a � G � b � ffiffiffiffi
q

p ð3Þ
Here, M is the Taylor factor, a = 0.3 is a geometric constant, G is

the shear modulus, b is the Burgers vector of copper [49,50], and q
is the dislocation density. The contribution from the dislocation
strengthening DrD is around 213.4 MPa. Therefore, precipitation
strengthening can be estimated as:

DrP ¼ DrExp � DrGB � DrD � Dr0 ð4Þ
Here, DrExp is the yield strength of the aged specimens mea-

sured by tensile testing. Thus, the hardening contribution caused
by precipitation strengthening can be estimated as 198.8 MPa.
The strengthening contribution of each factor was finally counted
and shown in Fig. 7(a).

For the Cu-Ni-Si alloy, precipitation strengthening is the most
important strengthening method in traditional research, and its
strengthening ability usually accounts for 60% � 80% of the yield
strength [22,47]. In this work, the strengthening brought by pre-
7

cipitation DrP accounted for 25.6%, the grain boundary strength-
ening DrGB accounted for 40.1%, and the dislocation
strengthening DrD accounted for 27.5%. Different strengthening
mechanisms play an important role in strengthening of the Cu-
Ni-Si alloy. The combination of different mechanisms not only pro-
vides strength, but also ensures electrical conductivity and ductil-
ity. In addition, in order to have high strength, electrical
conductivity and ductility, themethod of multi-stage cold rolling +-
multi-stage aging is usually used in the traditional research of Cu-
Ni-Si alloys, which greatly affects the work efficiency. In this study,
the ductility of single aging treatment was doubled while main-
taining high strength (>800 MPa) and high conductivity (>40%
IACS) [22]. This research provides a new way to develop Cu-Ni-Si
alloy, which has excellent comprehensive properties, shortens
the manufacturing process and saves energy consumption.

Based on above TEM characterization, the Schematic of
microstructure of the Cu-Ni-Co-Si alloy after aging is drawn, as
shown in Fig. 7(b). The high strength is mainly due to the forma-
tion of nanograin and nano twins (grain boundary strengthening),
precipitation strengthening of d particles and dislocation strength-
ening. The excellent elongation is due to the formation of twins
and SF, which provide sufficient space for dislocation storage,
and the twins with different orientations affect the slip of all slip
systems [40]. In addition, the low interfacial mismatch strain
between the precipitates and the matrix relieve the local stress



Fig. 7. (a) Strength distribution histograms of the Cu-Ni-Co-Si alloy; (b) Schematic illustration of the architected structure by the LNT-DPD and subsequent aging treatment.
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concentration of the material. The Cu-Ni-Co-Si alloy has excellent
comprehensive properties under the synergetic action of various
mechanisms.

According to Matthiessen’s rule [51], the electrical resistivity of
precipitation strengthening alloy can be expressed as follow:

Xalloy ¼ XCu þXGB þXP þXD þXSS ð5Þ
Here, Xalloy is the electrical resistivity of the aged specimen, XCu

is the electrical resistivity of the pure Cu (1:724� 10�8X �m
[47]),XGB, XP , XD and XSS are the resistivity increments caused by
grain boundary scattering, dislocation scattering, precipitation
scattering, and solute atom scattering. The resistivity of grain
boundary could be expressed as:

XGB ¼ 2
3
XMe�GB

s
v

� �
ð6Þ

Here, XGB�GB is the specific grain boundary electrical resistivity
of Cu (2:04� 10�16X �m2), s

v is the grain boundary area per volume,
taken to be 2.37/dgrain assuming that the grains are tetrakaidecahe-
dral [52]. dgrain is the average grain size. The electrical resistivity

caused by grain boundaries is calculated to be 3:2� 10�9X �m.
The resistivity of precipitation XP can be expressed as:

XP ¼ 3nf v XP þXCuð Þ � 3n2f v
2 XNi2SiðXP þ 3XCuÞ

XCu þ 2XNi2Si
ð7Þ

Here, XNi2Si is the electrical resistivity of Ni2Si precipitate

(2:1� 10�7X �m [53]), f v is the volume fraction of (Ni, Co)2Si pre-

cipitates (�4.7% in this work) and n ¼ XNi2Si
�XCu

2XNi2Si
þXCu

. Thus, the electrical

resistivity caused by precipitation can be calculated to be
5:4� 10�10X �m. The resistivity of dislocation XD can be expressed
as:

XD ¼ p �Xpd ð8Þ
Here, Xpd is the specific dislocation electrical resistivity of Cu,

taken to be 2 �10�25X �m3 [47], the dislocation density increases
the resistivity of the alloy by 2.4� 10�10X �m. The resistivity of
solid solution XSS can be expressed as:

XSS ¼ Xalloy �XCu �XGB �XP �XD ð9Þ
Thus, the electrical resistivity caused by solid solution can be

estimated as 1.3 �10�8 X �m. In short, the changing trend of elec-
trical conductivity is consistent with traditional aging and
increases with aging time. This is because, with the increase of
8

aging time, new precipitates appear and grow, which reduces the
content of solute atoms in the matrix. In this work, the electrical
conductivity of the Cu-Ni-Co-Si alloy at the aging peak is 40.2%
IACS, which is an excellent conductivity for high-strength Cu-Ni-
Si alloy [22]. Fig. 3(d) shows the comparison of conductivity
between this work and other Cu-Ni-Si alloys.

In addition, this also shows that multiple twins do not signifi-
cantly sacrifice conductivity to improve the strength of the alloy.
However, it is not common to obtain multiple twins by DPD treat-
ment. Therefore, more in-depth research is needed. Fortunately,
the appearance of multiple twins gives the precipitation hardening
alloys excellent properties. Furthermore, compared with other
grain refining processes, the DPD process has a higher degree of
grain refinement and is more convenient and environmentally
friendly. Other technologies have a series of disadvantages, such
as high processing costs, process complications, process-induced
contamination or porosity, or limited kinds of processable materi-
als. This work has obtained excellent properties by introducing
twins into the alloy through DPD processes, and the process is sim-
ple and suitable for industrial applications, which provides a theo-
retical basis for the development of Cu-Ni-Si alloy in the future.
4. Conclusion

In summary, the Cu-Ni-Co-Si alloy with high strength, electrical
conductivity, and ductility was prepared by the LNT-DPD treat-
ment and subsequent aging. The strength is 816.4 MPa, electrical
conductivity is 40.2% IACS and elongation is 11.3%. Different from
the previous Cu-Ni-Co-Si alloys where precipitation strengthening
was the main mechanism, various strengthening mechanisms have
played an important role in this work. Various mechanisms of
grain boundary, precipitation, dislocation, and SF strengthening
not only increase mechanical strength but also ensure electrical
conductivity and ductility. The excellent strength is attributed to
the refinement of grains (twins, nanograins) and the appearance
of precipitates. The high work hardening ability is attributed to
multiple twins with different orientation and the low interfacial
mismatch strain between the precipitates and the matrix. In addi-
tion, the finer multiple twins have no significant coarsening after
peak aging.
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