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a b s t r a c t

Cu-Ni-Si alloys are widely used for electrical applications owing to high strength and high electrical
conductivity. In this work, the effects of Cr and Zr additions on microstructure and properties of Cu-Ni-Si
alloys were investigated. The addition of Cr and Zr results in formation of Cr3Si and Ni2SiZr intermetallic
compounds, respectively, thus increases the electrical conductivity of Cu-Ni-Si alloy and refines the
microstructure. Microstructure analysis confirms the presence of δ-Ni2Si precipitates, which strengthens
the alloy through Orowan mechanism. Alloying with Zr element deteriorates the mechanical property of
Cu-Ni-Si alloy, whereas in the presence of Cr, to the contrary, the ultimate tensile strength is increased,
whether Zr is incorporated or not. Moreover, the addition of Zr can decrease the stacking fault energy
(SFE) and promote formation of deformation twins. The best integrated performance is obtained through
co-addition of Cr and Zr elements. The ultimate strength, elongation and electrical conductivity are
706 MPa, 9.5% and 48.2% IACS, respectively. The precipitation kinetics was discussed in terms of Avrami
equation and the activation energy of Ni2Si precipitation was obtained. The calculated activation energies
of precipitation are 105, 89, 115 and 111 kJ/mol for Cu-Ni-Si, Cu-Ni-Si-Zr, Cu-Ni-Si-Cr and Cu-Ni-Si-Cr-Zr
alloy, respectively.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Copper alloys exhibiting both high strength and high electrical
conductivity are widely used for electrical applications, such as
lead frames, railway contact wires and connectors [1–3]. Various
copper alloys have been developed to meet industrial demands,
such as Cu-Be [4], Cu-Cr [5–7], Cu-Fe-P [8], Cu-Ni-Si [9–11] and Cu-
Mg [12] alloys. Of all the copper based alloy systems, precipitation
strengthened Cu-Ni-Si system alloys have attracted much atten-
tion due to their ultrahigh strength and high electrical con-
ductivity. The formation of Ni-Si precipitates in copper matrix
increases the strength with minimum decrease in electrical con-
ductivity [13]. Despite applications in electrical industry, the Cu-
Ni-Si system alloys are also used as resistance welding electrodes
and molding tolls, and are the preferred candidate material for the
first wall of nuclear reactor [14,15].

In recent decades, attempts have been made to further improve
the strength of Cu-Ni-Si alloys and addition of trace amount of
alloying elements appears to be an effective way. Addition of Co
element can form orthorhombic (Ni, Co)2Si precipitates sharing
the same crystal system with Ni2Si precipitates and decrease the
inner-precipitate spacing as well as dislocation density [16,17].
Trace amount of P can suppress the discontinuous precipitation
reaction, resulting in enhancement of both strength and elonga-
tion [18]. Adding Cr to a Cu-Ni-Si-P alloy decreases the grain size
greatly [18]. V addition suppresses the recrystallization, retards the
grain growth, and accelerates the precipitation of Ni2Si metallic
compounds [19]. The addition of trace Ti reduces grain size and
greatly increases elongation. In addition, the equilibrium con-
centration of Ni2Si in copper matrix is reduced and precipitation is
accelerated by trace Ti [20].

Due to the low solubility of Cr and Zr in copper, Cu-Cr and Cu-
Zr alloys are capable of preserving high electric conductivity [7,21].
Some of recent reports pointed out that Zr lowers the stacking
fault energy in copper and thus contributes to higher work hard-
ening [22,23]. In this study, trace amount of Cr and Zr additions
were added to a Cu-2.0 wt%Ni-0.5 wt%Si alloy for the sake of
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Table 1
Designed and tested chemical compositions of Cu-Ni-Si alloys with Cr and Zr
additions.

Alloys Designed Tested

Ni Si Cr Zr Cu Ni Si Cr Zr Cu

CuNiSi 2 0.5 – – Bal. 1.9168 0.5226 / / Bal.
CuNiSiZr 2 0.5 – 0.15 Bal. 1.8670 0.4726 / 0.1608 Bal.
CuNiSiCr 2 0.5 0.3 – Bal. 1.8275 0.4881 0.3957 / Bal.
CuNiSiCrZr 2 0.5 0.15 0.15 Bal. 1.8794 0.5995 0.2158 0.2482 Bal.

W. Wang et al. / Materials Science & Engineering A 673 (2016) 378–390 379
improving mechanical property while maintaining electrical
conductivity.
2. Experimental

Ingots of Cu-2.0 wt%Ni-0.5 wt%Si alloys with Cr and Zr addi-
tions were prepared by induction melting in a graphite furnace
under argon atmosphere. The designed and tested chemical
compositions are listed in Table 1. The ingots were casted at
1523 K in a quasi-cubic iron mold, homogenized at 1233 K for 24 h
and hot-rolled with 66% reduction in thickness at 1123 K. The hot
rolled sheets were solution treated at 1233 K for 1 h and quenched
in water before cold rolled with 60% reduction at room tempera-
ture. These rolled plates were then isochronally aged for 1 h at
various temperatures and isothermally aged at 723 K and 773 K for
various time. As for tensile test, the rolled plates were pre-aged at
723 K for 1 h, cold rolled with 50% reduction and finally aged at
648 K for 8 h.

Microhardness tests were performed using Vickers method on
Fig. 1. Optical macrostructures of as cast Cu-Ni-Si alloys: (a) Cu-Ni-Si allo
a MH-50 type microhardness tester. The indentations were made
with a diamond square-based pyramid under a load of 0.2 kg for
10 s dwelling time on well polished surface of samples. The test
was repeated 5 times for each sample to obtain an arithmetic
average value. For the electrical conductivity, a D60K digital elec-
trical instrument was applied at 293 K and the results are pre-
sented by International annealed copper standard (IACS). The
microstructures were observed using a JSM-5600LV type of scan-
ning electronic microscopy (SEM) and an Olympus GX51 type of
optical microscopy (OM). The samples were prepared by conven-
tional mechanical polishing method and etched in an aqueous
solution containing 3 g FeCl3þ95 ml C2H5OHþ2 ml HCl. Trans-
mission electron microscope (TEM) samples were obtained by
double jet electrolytic-polishing at �30 °C within a bath con-
taining 30% nitric acid and 70% methanol. The resulting foil spe-
cimens were observed under Talos F200� microscope with an
acceleration voltage of 200 kV. The synchrotron X-ray radiation
analysis was performed at 4B9A beamline of Beijing Synchrotron
Radiation Facility (BSRF). The samples were illuminated with a
monochromatic X-ray beam at an energy of 8050 eV (λ¼1.54 nm)
to acquire an accurate measurement.
3. Results and discussions

3.1. Microstructure

3.1.1. Microstructure changes during thermomechanical treatment
Fig. 1 shows the optical macrostructures of as cast designed Cu-

Ni-Si-(Cr-Zr) alloys. Large grains whose size exceeds several mi-
crometers are observed in all cases owing to the low cooling speed
of iron mold surrounded by sands. For raw Cu-Ni-Si alloys, typical
y; (b) Cu-Ni-Si-Zr alloy; (c) Cu-Ni-Si-Cr alloy; (d) Cu-Ni-Si-Cr-Zr alloy.



Fig. 2. SEM micrographs and the elemental mapping images of designed Cu-Ni-Si-(Cr-Zr) alloys after homogenization at 1233 K for 24 h: (a1)–(a3) Cu-Ni-Si alloy; (b1)–(b4)
Cu-Ni-Si-Zr alloy; (c1)–(c4) Cu-Ni-Si-Cr alloy; (d1)–(d5) Cu-Ni-Si-Cr-Zr alloy.

Fig. 3. Synchrotron X-ray diffraction patterns of designed Cu-Ni-Si-(Cr-Zr) alloys
after homogenization at 1233 K for 24 h.
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columnar grains prevail in the microstructure (Fig. 1(a)). The ad-
dition of Cr and Zr separately refines the grain size slightly while
maintaining the columnar structure (Fig. 1(b) and (c)). However,
the grains are significantly refined upon co-addition of Cr and Zr
(Fig. 1(d)), and the morphology changes from columnar to quasi-
equiaxed grains.

Fig. 2 shows the element distribution of designed Cu-Ni-Si-(Cr-
Zr) alloys after homogenization at 1233 K for 24 h. For raw Cu-Ni-
Si alloy, Ni and Si elements distribute uniformly in copper matrix
and no intermetallic is observed. With the addition of Cr and Zr
elements, intermetallic particles are observed. Elemental mapping
images indicate that intermetallic particles are rich in Cr and Si for
Cu-Ni-Si-Cr alloy and rich in Ni, Si, Zr for Cu-Ni-Si-Zr and Cu-Ni-Si-
Cr-Zr alloys. According to Energy Dispersive Spectrometer (EDS)
analysis, the compositions of the intermetallic particles are close
to Ni2SiZr, Cr3Si and Ni2SiZr respectively. Unlike Cu-Ni-Si-Cr alloy,
Cr element distributes uniformly in Cu-Ni-Si-Cr-Zr alloy rather
than segregates with Si element. Fig. 3 illustrates synchrotron
X-ray diffraction patterns of designed alloys after homogenization
at 1233 K for 24 h. Typical peaks of Cu can be identified in all cases
and additional peaks are observed with Cr and Zr additions. Cr3Si
phase is indexed with Cr additions, and additional peak with Zr
addition is attributed to the formation of Ni2SiZr phase [24].

Fig. 4 illustrates the optical microstructure of solution treated
alloys. Recrystallization took place and grains grew into equiaxed
grains with typical annealed twins during solution treatment. The
addition of Cr and Zr refines the microstructure after solution
treatment. The addition of Cr element separately has the minimal
effect, followed by Zr addition separately, and co-addition of Cr
and Zr elements has the best effects on grain refinement. The SEM
micrographs of designed Cu-Ni-Si-(Cr-Zr) alloys after solution
treatment are shown in Fig. 5. It can be seen that precipitates are
absent in both the interior and boundaries of the grains for Cu-Ni-
Si alloy, indicating complete solid solution of solutes. With Cr and
Zr additions, the intermetallic particles formed during solidifica-
tion remain after solution treatment. These particles could act as
barriers for grain boundary migration by Zener pinning. According
to the Zener's Equation, the pinning pressure of particles can be
expressed as [25].

=
γ

( )Z
3 F

2r 1p
DB v

Where γDB is the energy per unit area for a high angle boundary, Fv
is the volume fraction of particles and r is the radius. Apart from
the slight difference in size and morphology, the main difference
of intermetallic particles between Cu-Ni-Si-Cr and Cu-Ni-Si-Zr al-
loy is their distribution. The Cr3Si particles lie inside the grains and
exhibit consecutive necklace-like morphology with smooth
boundaries, whereas the Ni2SiZr particles mainly segregate at
grain boundaries and show more characteristics of polygons with
sharp edges. This indicates that during the recrystallization pro-
cess, grain boundaries moved across Cr3Si particles, but were
pinned by Ni2SiZr particles. As a result, Cu-Ni-Si-Zr alloy exhibits
better refining effects than Cu-Ni-Si-Cr alloy. As for Cu-Ni-Si-Cr-Zr
alloy, the finer grains are attributed to more Cr solutes in the
matrix which reduces the mobility of grain migration compared
with Cu-Ni-Si-Zr alloy.



Fig. 4. Optical microstructure of designed Cu-Ni-Si-(Cr-Zr) alloys after solution treatment: (a) Cu-Ni-Si alloy; (b) Cu-Ni-Si-Zr alloy; (c) Cu-Ni-Si-Cr alloy; (d) Cu-Ni-Si-Cr-Zr
alloy.
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3.1.2. Microstructure of aged samples
Bright field TEM micrographs of designed Cu-Ni-Si-(Cr-Zr) al-

loys are shown in Fig. 6. Numerous nano-scaled precipitates can be
observed. With Cr and Zr alloying, the grains are significantly re-
fined and more sub-grains appear in the field of view. Meanwhile,
extended dislocations nodes (showing the “Y” shape) introduced
by heavy cold working are observed within the refined grains, as
indicated by the arrows. It should be noted that with more sub-
grains, the precipitates tend to form at sub-grain boundaries and
dislocations owing to lower nucleation energy.

Fig. 7 illustrates dark field TEM image and corresponding se-
lected area electron diffraction (SAED) pattern along [001]Cu of Cu-
Ni-Si alloy aged at 773 K for 2 h. The mean diameter of precipitates
is 5.2 nm according to Fig. 7(a). The indexed patterns in Fig. 7
(b) confirm the existence of Cu and δ-Ni2Si phase in the specimen.
Cu has face center cubic (FCC) structure, a¼3.615 nm, and δ-Ni2Si
phase has orthorhombic structure, a¼0.706 nm, b¼0.499 nm,
c¼0.372 nm [26]. The reflection spots in Fig. 7(b) is slightly
streaked, which is attributed to the strain arising in the matrix due
to the formation of the ordered product phase in a very fine state
of subdivision [27].

Fig. 8 illustrates the TEM images of Cu-Ni-Si-Zr alloy aged at
773 K for 2 h. Elongated grains with dislocations and deformation
twins are observed. The high resolution transmission electron
microscopy (HRTEM) analysis of twins indicates precipitation at
twin-matrix boundaries and stacking faults induced by stress near
twin boundaries (Fig. 11(b)). The precipitate occupying both matrix
and twins is marked by circle and corresponding fast Fourier
transformation (FFT) image indicates the presence of δ-Ni2Si
phase. The formation of δ-Ni2Si phase can be attributed to lower
nucleation energy at defects, which refers to the twin-matrix in-
terface on this occasion. In ternary alloying, addition of a small
amount of Zr is effective in introducing the stacking faults [23] and
the SFE of Cu-Ni-Si alloy is lowered by Zr alloying. The critical twin
nucleus thickness, λc, is correlated to the twin boundary energy
(γTB) by the following equation [28].

λ
πρ γ

σ
=

( )
G5

2 2c
TB

2

Where G is the shear modulus, ρ is the ratio of thickness to dia-
meter of the twin embryo (a constant), γTB is the twin boundary
energy, which is proportional to the SFE, and s is the driving stress
of twin nucleation. Hence, the critical twin nucleus thickness λc is
proportional to γTB, which is proportional to the SFE. Lowering of
SFE reduces the critical twin nucleus thickness, hence promoting
the formation of deformation twins in Cu-Ni-Si-Zr alloy. The
morphology of the intermetallic particles and corresponding SAED
Pattern are shown in Fig. 8(c), near-elliptic particle with a major
axis of 712 nm and a minor axis of 476 nm is observed. The results
of energy dispersive X-ray (EDX) indicate the composition of Cu,
Ni, Si and Zr, which is consistent with EDS results in Fig. 2.

Fig. 9 illustrates TEM images of Cu-Ni-Si-Cr alloy aged at 773 K
for 2 h. HRTEM image (Fig. 9(a)) shows basket-weave structure
with fine precipitates. The FFT image of marked area in Fig. 9(a) is
shown in Fig. 9(b), in which δ-Ni2Si phase is indexed. Moreover,
superlattice spots around spots representing FCC copper matrix
are observed, which indicates the occurrence of spinodal decom-
position [29]. Fig. 9(c) illustrates spherical particles with a dia-
meter of 340 nm and corresponding SAED patterns. The coarse
particle is indexed as cubic Cr3Si phase, a¼0.4558 nm, which is
confirmed by EDX results showing Cu, Cr and Si composition. The
Cr3Si phase is mainly formed during melting and solidification.
Although Cr3Si phase contribute little to the hardening of the



Fig. 5. SEM micrographs of designed Cu-Ni-Si-(Cr-Zr) alloys after solution treatment: (a) Cu-Ni-Si alloy; (b) Cu-Ni-Si-Zr alloy; (c) Cu-Ni-Si-Cr alloy; (d) Cu-Ni-Si-Cr-Zr alloy.
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alloys, it can improve primarily the high temperature stability and
impede grain growth during heating [30].

3.1.3. Fracture
In order to better understand the deformation behavior, the

fracture surface of designed Cu-Ni-Si-(Cr-Zr) alloys are compared
in Fig. 10. Quasi-cleavage ruptures appear in the Cu-Ni-Si alloy
with tear ridges and fine shallow dimples of uniform distribution.
Fine Ni2Si precipitates can be observed at the bottom of dimples.
With Cr and Zr alloying, typical dimple ruptures with bimodal
distribution of dimples can be observed. The microstructure is
composed of large deep dimples and fine shallow dimples. The
homogeneity of Cu-Ni-Si alloy is spoiled by the intermetallic par-
ticles (Cr3Si and Ni2SiZr) produced by Cr and Zr elements, which
accounts for the change of ruptures from quasi-cleavage to dimple.
The intermetallic particles serve as nucleating sites of dimples
during loading, resulting in the large dimples.

3.2. Properties

3.2.1. Hardness and electrical conductivity
Fig. 11 shows the variation of hardness and electrical con-

ductivity of designed Cu-Ni-Si-(Cr/Zr) alloys versus temperature
upon ageing for 1 h. The hardness of designed alloys is close at
lower aging temperature. With the increase of ageing temperature,
the hardness reaches the maximum value at about 723 K, and
decreases at higher temperature. The peak values of hardness are
all obtained upon ageing at 723 K for 1 h. The values are 232, 217,
224 and 227 HV for raw Cu-Ni-Si alloy, Cu-Ni-Si-Zr alloy, Cu-Ni-Si-
Cr alloy and Cu-Ni-Si-Cr-Zr alloy, respectively. Generally, the
hardness of Cu-Ni-Si alloy is about 10 HV higher than Cu-Ni-Si-Cr
and Cu-Ni-Si-Cr-Zr alloy, and 20 HV higher than Cu-Ni-Si-Zr alloy.
However, once over aged, the hardness of Cu-Ni-Si-Cr-Zr alloy and
Cu-Ni-Si-Cr alloy becomes close to Cu-Ni-Si alloy. As shown in
Fig. 11(b), the electrical conductivity of Cu-Ni-Si-(Cr-Zr) alloys in-
creases with the increase of temperature, and the addition of Cr
and Zr alloy increases the electrical conductivity slightly at all
temperatures. The electrical conductivity of Cu-Ni-Si-Zr alloy is the
highest under 748 K and exceeded by Cu-Ni-Si-Cr alloy thereafter.

Fig. 12 shows the variation of hardness and electrical con-
ductivity of cold rolled Cu-Ni-Si-(Cr/Zr) alloys against isothermal
aging at 723 K and 773 K, respectively. When aged at 723 K, the
hardness of tested alloys increases rapidly at the beginning and
reaches the peak and then remains stable with slight decrease. The
hardness of Cu-Ni-Si-Zr is the lowest in the full range, while the
hardness of Cu-Ni-Si-Cr and Cu-Ni-Si-Cr-Zr alloy is lower at the
beginning and exceeds Cu-Ni-Si alloy when aged for 180 min or
more. Peak values are 232 HV for Cu-Ni-Si alloy ageing for 60 min,
217 HV for Cu-Ni-Si-Zr alloy ageing for 60 min, 232 HV for Cu-Ni-
Si-Cr alloy ageing for 120 min and 229 HV for Cu-Ni-Si-Cr-Zr alloy
ageing for 120 min. As shown in Fig. 12(b), the electrical con-
ductivity of all tested alloys increases with the increase of ageing
time, and the addition of Cr and Zr elements increases the elec-
trical conductivity under all conditions. The electrical conductivity
of Cu-Ni-Si-Zr alloy is the highest. When aged at 773 K, the
hardness increases dramatically to reach the peak value and de-
creases dramatically thereafter. Peak values are 237 HV for Cu-Ni-
Si alloy ageing for 10 min, 205 HV for Cu-Ni-Si-Zr alloy ageing for
30 min, 232 HV for Cu-Ni-Si-Cr alloy ageing for 30 min and 222 HV
for Cu-Ni-Si-Cr-Zr alloy ageing for 30 min. The addition of Cr and
Zr obviously retards the precipitation process. As for the variation
of electrical conductivity, specimens aged at 773 K generally show
the same trend as those aged at 723 K. The electrical conductivity
increases with the increase of time and can be improved by the



Fig. 6. TEM images of designed Cu-Ni-Si-(Cr-Zr) alloys aged at 773 K for 2 h: (a) Cu-Ni-Si alloy; (b) Cu-Ni-Si-Zr alloy; (c) Cu-Ni-Si-Cr alloy; (d) Cu-Ni-Si-Cr-Zr alloy.
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addition of Cr and Zr elements. However, Cu-Ni-Si-Cr alloy exhibits
the highest electrical conductivity when aged at 773 K instead of
Cu-Ni-Si-Zr alloy.

3.2.2. Comprehensive properties and comparisons
Fig. 13 illustrates the engineering stress-strain of designed Cu-

Ni-Si-(Cr-Zr) alloys. The comprehensive properties are shown in
Table 2. The ultimate tensile strength of Cu-Ni-Si alloy is 625 MPa
and the electrical conductivity is 47.1% IACS. Adding Zr element
deteriorates the mechanical strength (587 MPa) with very little
improvement in electrical conductivity (47.5% IACS). Adding Cr
element and co-adding Cr and Zr elements both improve the
mechanical strength and electrical conductivity at the same time.
The ultimate strength reaches 700 and 706 MPa, and the electrical
conductivity is 49.7% and 48.5% IACS, respectively. It's worth not-
ing that the elongation of Cu-Ni-Si-Cr-Zr alloy reaches 9.5%, while
Cu-Ni-Si-Cr alloy only reaches 6.6%.

The comparison of properties of various Cu-Ni-Si system alloys
with designed Cu-Ni-Si-Cr-Zr alloy is shown in Table 3. It should
be noted that alloys with a dominating composition of Cu-2.0 wt%
Ni-0.5 wt%Si are employed. The Cu-Ni-Si-Mg [31] alloy shows
better elongation but the ultimate strength reaches 630 MPa only.
Both the ultimate strength and hardness of Cu-Ni-Si-Ti alloy ex-
ceeds designed Cu-Ni-Si-Cr-Zr alloy (710 MPa and 227 HV re-
spectively) [32]. However, the elongation and electrical con-
ductivity of Cu-Ni-Si-Ti alloy is relatively low. As for the Cu-Ni-Si-V
alloy, the hardness reaches 202 HV, but the electrical conductivity
is the lowest (42% IACS) [19]. The designed Cu-Ni-Si-Cr-Zr alloy
possesses excellent comprehensive mechanical properties and
relatively high electrical conductivity.
3.2.3. Effects of Cr and Zr additions on mechanical properties of Cu-
Ni-Si alloys

It is suggested by earlier researchers that the yield stress of the
Cu-Ni-Si system alloys containing δ-Ni2Si precipitates at room
temperature is controlled by the Orowan mechanism under peak-
aging and over-aging conditions [33]. The Orowan stress is in-
versely proportional to the inter-precipitate spacing, λ [32]. The
change in strength induced by Cr and Zr alloying can be discussed
by estimating, λ, which is considered to be the square lattice
spacing in parallel planes and written as [34].



Fig. 7. Dark field TEM image (a) and corresponding SAED Pattern along [001]Cu, (b) of Cu-Ni-Si alloy aged at 773 K for 2 h.
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Where r0 is the is the average radius of spherical precipitates
and f is the volume fraction of precipitates. With the addition of Zr
element, the amount of solutes in the matrix is reduced owing to
the formation of Ni2SiZr phase, which results in the decrease of
precipitate volume fraction f. According to Eq. (3), λ increases
when f decreases, and strengthening from Orowan looping me-
chanism is decreased. Owing to the larger solute limit of Cr in
copper, the addition of Cr separately introduces additional Cr so-
lutes into copper matrix despite the formation of Cr3Si phase, thus
increasing precipitate volume fraction f and promoting Orowan
strengthening. As for co-addition of Cr and Zr elements, Zr reacts
with Ni and Si to form Ni2SiZr phase and Cr mainly dissolves into
copper matrix (Fig. 2(d1)–(d5)). The amount of solutes is increased
by Cr solutioning and Orowan strengthening is promoted as a
result. Both Cr and Zr elements reduce the grain size of re-
crystallized grains during solution treatment and subsequently
refine the microstructure after cold rolling. Strengthening from
grain refinement is improved according to the Hall-Patch re-
lationship [35]. However, the effect of grain refinement strength-
ening is minor compared to Orowan strengthening. Generally, the
addition of Zr deteriorates mechanical strength, and addition of Cr
separately and co-addition of Cr and Zr improve mechanical
property.

As mentioned above, the addition of Zr results in the lowering
of SFE, which would lead to the dissociation of screw dislocations
into particles making cross-glide difficult. In other words, it means
the alloy would be a planar-slip material in contrast to the wary-
slip nature of pure copper [36]. As a result, better elongation is
obtained with Zr additions. In addition, the addition of Zr shows
significant grain refinement, which also promotes elongation. In
this study, the designed Cu-Ni-Si-Zr exhibits best elongation
(18.5%), and the elongation of Cu-Ni-Si-Cr-Zr alloy exceeds Cu-Ni-
Si-Cr alloy (9.5–6.6%).

3.2.4. Effects of Cr and Zr additions on electrical conductivity of Cu-
Ni-Si alloys

According to Matthiessen's rule, the electrical resistivity of
metals is given by
ρ ρ ρ ρ ρ= + Δ + Δ + Δ ( )4s I D P

Where ρ is the real resistivity, ρS, ΔρI, ΔρD and ΔρP are the re-
sistivity sourcing from solute atoms, dislocations, interfaces and
phonon scattering respectively. Solution scattering is dependent
on the amount of solution atoms, which is the dominating factor
for substitutional alloys. Phonon scattering sources from thermal
vibrations and is dependent on temperature. Thus ΔρP take a
constant value as all electrical conductivity tests were performed
at 293 K. Dislocation scattering is dependent on the dislocation
density. Interface scattering is dependent on the amount of in-
terfaces. With Cr and Zr additions, new particle-matrix interfaces
are introduced by Cr3Si and Ni2SiZr particles and more grain
boundaries arise due to grain refinement. As a result, interface
scattering is prompted. However, the influence of interface scat-
tering is minor compared to solution scattering. The Effects of Cr
and Zr addition on electrical conductivity of Cu-Ni-Si alloys is
discussed on the basis of solution scattering.

Table 4 illustrates the electrical conductivity of designed Cu-Ni-
Si-(Cr-Zr) alloy in different states. In solution treated states, the
electrical conductivity of Cu-Ni-Si-Zr alloy is improved owing to
the formation of Ni2SiZr phase, which reduces the amount of Ni
and Si solutes. However, the influence of Cr element is quite dif-
ferent. During solidification, part of the added Cr elements reacts
with Si to form Cr3Si particles, while the rest dissolves into copper
matrix. The overall amount of solutes is increased and electrical
conductivity is deteriorated. For Cu-Ni-Si-Cr-Zr alloy, Zr element
reacts with Ni and Si to form Ni2SiZr particles and Cr element
dissolves into copper matrix, which results in the decrease in
electrical conductivity. In the subsequent cold rolling, numerous
dislocations are generated and the electrical conductivity of all
tested alloys is slightly decreased due to the increased dislocation
scattering. During ageing, solute atoms precipitate from copper
matrix and the electrical conductivity is significantly improved.
Due to the reduced dissolution limits of Cr in copper, Cr element
precipitates upon ageing and reduces the amount of solutes in the
matrix. As a result, the electrical conductivity of Cu-Ni-Si-Cr and
Cu-Ni-Si-Cr-Zr alloy exceeds Cu-Ni-Si alloy after ageing treatment.

3.3. Precipitation kinetics

The kinetics of precipitation can be empirically expressed by



Fig. 8. TEM images of Cu-Ni-Si-Zr alloy aged at 773 K for 2 h: (a) bright field image showing twins; (b) HRTEM of twins with precipitates and corresponding FFT; (c) bright
field image of coarse eutectic particles with SAED and corresponding EDX results (d).
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the Avrami-equation:

( )= − − ( )X 1 exp kt 5
n

( )( )( ) ( ) ( )+ = − ( )ln k nln t ln ln 1/ 1 X 6

Where k is a constant depending on temperature, composition of
supersaturated solid solution and grain size, and n is a constant
depending on the type of phase transformation and nucleation.
During aging at certain temperature, solute atoms precipitate from
supersaturated solid solution to form precipitate particles. The
volume fraction of precipitates, X, can be expressed as

=
( )

X
V

V 7max

Where V is the volume of precipitates formed in unit volume at
given time t and Vmax is the maximum volume of precipitates that
can be precipitate formed in unit volume at certain temperature,
which is equal to the balance volume in thermal dynamics. Ac-
cording to the simplified Matthiessen's law, there's a linear
relationship between electrical conductivity and volume fraction
of precipitates for solid solutions. Thus the electrical conductivity
C at given time t is expressed as

( )= + − ⋅ ( )C C C C X 80 max 0

Where C0 is the electrical conductivity at the very beginning of
precipitation and Cmax is the maximum electrical conductivity,
which corresponds with Vmax. Solve Eq. (8) for X, the volume
fraction of precipitates X can be expressed as

=
−

− ( )
X

C C
C C 9

0

max 0

Therefore, the volume fraction of precipitates at given time, t,
could be obtained through measurements of electrical con-
ductivity. In the present study, the alloys were casted, homo-
genized, hot-rolled, solution treated, cold rolled and finally aged.
Neglecting natural aging at room temperature, C0 takes the value
of alloys in the cold rolled state, and Cmax takes the value of alloys
aged for enough time (240 min for ageing at 723 K and 180 min for
ageing at 773 K). The electrical conductivity and volume fraction of



Fig. 9. TEM images of Cu-Ni-Si-Cr alloy aged at 773 K for 2 h: (a) HRTEM showing precipitates; (b) FFT image of marked area in (a); (c) bright field image of eutectic particles,
the inset in (c) is corresponding SAED Pattern; (d) corresponding EDX results of (c).
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precipitates of designed Cu-Ni-Si-Cr-Zr alloys aged at 723 K and
773 K are shown in Tables 5 and 6 respectively.

Fig. 14 presents plots of ln (ln (1/(1�X))) versus ln (t) utilizing
data of t and X in Tables 5 and 6. The values of k and n can be
obtained from the linear fitting of plots according to Eq. (6). The
calculated kinetic Avrami equations of designed Cu-Ni-Si-(Cr/Zr)
alloys for precipitation are listed in Table 7. When the ageing
temperature increases from 723 K to 773 K, the values of k for all
alloys are increased, which is consistent with accelerated pre-
cipitation process due to enhanced diffusion at higher
temperatures.

According to Arrhenius equation, the precipitation rate of Ni2Si
is expressed as

∂
∂

= −
( )

⎛
⎝⎜

⎞
⎠⎟

X
t

Aexp
E
RT 10

a

Where A is the pre-exponential factor which can be taken as a
constant, Ea is the activation energy and R is the gas constant.
Integrate Eq. (11) and solve for Ea, the activation energy can be
obtained by
( )( ) ( )= − ∂ ∂ ∂ ∂
( )

⎡⎣ ⎤⎦E R ln X/ t / 1/T
11a

X0.01

Where the volume fraction of precipitates X¼0.01(1%) is taken as
the beginning of precipitation and ln (∂X/∂t) is calculated from kinetic
equations in Table 7. The plot of ln (∂X/∂t) against 1/T is shown in
Fig. 15 and ∂(ln (∂X/∂t)/∂(1/T)) can be obtained from the slope. Ac-
cording to Eq. (11), the calculated activation energies for Ni2Si pre-
cipitation are 105 kJ/mol for Cu-Ni-Si alloy, 89 kJ/mol for Cu-Ni-Si-Zr
alloy, 115 kJ/mol for Cu-Ni-Si-Cr alloy and 111 kJ/mol for Cu-Ni-Si-Cr-
Zr alloy. Our results are reliable compared with previous studies. The
volume diffusion activation energies of Cu, Ni and Si in copper are
211, 236 and 172 kJ/mol respectively [37]. Donoso studied a Cu–
2.8Ni–1.4Si (at%) alloy through microcalorimetric analysis and the
calculated activation energy for the precipitation of δ-Ni2Si was
108 kJ/mol [38]. Shinji studied the microstructure of a forged Cu-
4.2Ni-1.0Si (at%) alloy determined the activation energies for Ni2Si
precipitation as 124 kJ/mol for Cu-Ni-Si alloy [37]. The difference may
be attributed the composition imparity and different deformation
degrees. The addition of Zr reduces the activation energy of Ni2Si
precipitation for Cu-Ni-Si alloy, whereas the addition of Cr and co-
addition of Cr and Zr increase the value of it. It is worth to be noted



Fig. 10. Fracture surface of designed Cu-Ni-Si-(Cr-Zr) alloys: (a) Cu-Ni-Si alloy; (b) Cu-Ni-Si-Zr alloy; (c) Cu-Ni-Si-Cr alloy; (d) Cu-Ni-Si-Cr-Zr alloy.

Fig. 11. Variation of hardness and electrical conductivity of designed Cu-Ni-Si-(Cr-Zr) alloys versus temperature upon ageing for 1 h.
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that increased the activation energy of co-addition of Cr and Zr is
lower than that of Cr addition.
4. Conclusions
(1) The addition of Cr and Zr results in formation of Cr3Si and
Ni2SiZr intermetallic compounds, respectively, thus increases
the electrical conductivity of Cu-Ni-Si alloy and refines the
microstructure.
(2) Alloying with Zr element deteriorates mechanical strength of
Cu-Ni-Si alloy, whereas in the presence of Cr, to the contrary,
the ultimate tensile strength is increased, whether Zr is in-
corporated or not.

(3) Microstructure analysis confirms the presence of δ-Ni2Si
precipitates, which strengthens the alloy through Orowan
mechanism.

(4) According to Avrami equation, the calculated activation en-
ergies of precipitation are 105, 89, 115 and 111 kJ/mol for Cu-
Ni-Si, Cu-Ni-Si-Zr, Cu-Ni-Si-Cr and Cu-Ni-Si-Cr-Zr alloy,
respectively.



Fig. 12. Variation of hardness and electrical conductivity of designed Cu-Ni-Si-(Cr-Zr) alloys aged at 723 K (a and b) and 773 K (c and d).

Fig. 13. Engineering stress versus strain of designed Cu-Ni-Si-(Cr-Zr) alloys.

Table 2
Comprehensive properties of designed Cu-Ni-Si-(Cr/Zr) alloys.

UTS/MPa δ/% Electrical conductivity/(%
IACS)

Vickers Hardness

Cu-Ni-Si 625 15.1 47.10 189.4
Cu-Ni-Si-Zr 587 18.5 47.50 168.3
Cu-Ni-Si-Cr 700 6.6 49.70 212.5
Cu-Ni-Si-Cr-
Zr

706 9.5 48.20 208.8

Table 3
Comparison of properties of various Cu-Ni-Si system alloys with designed Cu-Ni-Si-
Cr-Zr alloy.

sUTS/MPa δ/% Electrical conductivity/(%
IACS)

Vickers
Hardness

Cu-Ni-Si-Cr-
Zr

706 9.2 48.2 208.8

Cu-Ni-Si-Mg 630 11 44 /
Cu-Ni-Si-Ti 710 6 45.1 227
Cu-Ni-Si-V / / 42 202

Table 4
Electrical conductivity of designed Cu-Ni-Si-(Cr-Zr) alloy in different states.

Cu-Ni-Si Cu-Ni-Si-
Zr

Cu-Ni-Si-
Cr

Cu-Ni-Si-Cr-
Zr

Solution treated/(%IACS) 22.0 23.6 21.6 21.4
Cold rolled/(%IACS) 21.7 23.3 21 21.2
723 K Aged for 180 min/(%
IACS)

43.8 45.8 45 44.5

W. Wang et al. / Materials Science & Engineering A 673 (2016) 378–390388
(5) The best integrated performance is obtained through co-ad-
dition of Cr and Zr elements. The ultimate strength, elongation
and electrical conductivity are 706 MPa, 9.5% and 48.2% IACS,
respectively.



Table 5
Electrical conductivity (C) and volume fraction of precipitates (X) of designed Cu-Ni-Si-(Cr/Zr) alloys aged at 723 K for different time.

t/min Cu-Ni-Si Cu-Ni-Si-Zr Cu-Ni-Si-Cr Cu-Ni-Si-Cr-Zr

C/%IACS X/% C/%IACS X/% C/%IACS X/% C/%IACS X/%

0 21.7 0 23.3 0 21 0 21.2 0
1 22.9 5.08 24.1 3.33 22.8 7.00 22.9 6.77
10 28.9 30.51 32.1 36.67 30.7 37.74 31.3 40.24
30 35.6 58.90 38.8 64.58 36.3 59.53 36.4 60.56
60 38.3 70.34 41.4 75.42 39.1 70.43 38.5 68.92
90 40.3 78.81 43 82.08 41.7 80.54 41.3 80.08
120 41.3 83.05 44.3 87.50 43.3 86.77 42.4 84.46
150 42.4 87.71 44.7 89.17 44.7 92.22 43.8 90.04
180 43.8 93.64 45.8 93.75 45 93.39 44.5 92.83
240 45.3 100.00 47.3 100.00 46.7 100.00 46.3 100.00

Table 6
Electrical conductivity (C) and volume fraction of precipitates (X) of designed Cu-Ni-Si-(Cr/Zr) alloys aged at 773 K for different time.

t/min Cu-Ni-Si Cu-Ni-Si-Zr Cu-Ni-Si-Cr Cu-Ni-Si-Cr-Zr

C/%IACS X/% C/%IACS X/% C/%IACS X/% C/%IACS X/%

0 21.7 0 23.3 0 21 0 21.2 0
1 23.9 8.66 24.4 4.26 24.8 12.93 24.6 12.14
10 37.2 61.02 37 53.10 37.2 55.10 36.7 55.36
30 39.5 70.08 42.4 74.03 42.1 71.77 41.2 71.43
90 43.7 86.61 46.5 89.92 46.8 87.76 45.5 86.79
120 45.6 94.09 47.5 93.80 48.4 93.20 47 92.14
150 47 99.61 48.8 98.84 49.8 97.96 48.1 96.07
180 47.1 100.00 49.1 100.00 50.4 100.00 49.2 100.00

Fig. 14. Plots of ln (ln (1/(1�X))) against ln (t) of designed Cu-Ni-Si-(Cr-Zr) alloys
aged at 723 K and 773 K.

Table 7
Kinetic Avrami equations of designed Cu-Ni-Si-(Cr/Zr) alloys aged at 723 K and
773 K.

Alloy 723 K 773 K

CuNiSi 1�exp(�0.003t0.73) 1�exp(�0.0074t0.68)
CuNiSiZr 1�exp(�0.0017t0.81) 1�exp(�0.0046t0.72)
CuNiSiCr 1�exp(�0.005t0.68) 1�exp(�0.0122t0.62)
CuNiSiCrZr 1�exp(�0.0054t0.67) 1�exp(�0.0126t0.61)

Fig. 15. Plots of ln (∂X/∂t) against 1/T of designed Cu-Ni-Si-(Cr-Zr) alloys.
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