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Hot deformation behavior of the Cu-2Ni-0.5Si-0.15Ag alloy was investigated by hot
compression tests using the Gleeble-1500D thermo-simulator in the 873 K to 1073 K (600 �C
to 800 �C) temperatures range with the 0.01 to 5 s�1 strain rate. The flow stress strongly depends
on the deformation parameters, including temperature and strain rate. The flow stress decreases
with the deformation temperature and increases with the strain rate. The constitutive
relationship between the peak stress, the strain rate, and the deformation temperature can be
described by the Zener–Hollomon Z parameter in the hyperbolic sine function with the hot
deformation activation energy of 316 kJ/mol. The dynamic recrystallization (DRX) is one of the
important softening mechanisms of the Cu-2Ni-0.5Si-0.15Ag alloy during hot deformation. The
DRX behavior of the Cu-2Ni-0.5Si-0.15Ag alloy is strongly affected by the Z parameter. Lower
Z parameter leads to more adequate DRX proceeding.
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I. INTRODUCTION

THE lead frame is the foundation of the integrated
circuits, which plays the main role of supporting the
chip, along with electrical signal transmission and heat
dissipation in the integrated circuit. Thus, the lead frame
is very important for the microelectronics industry.[1]

The lead frame material should be adequate heat and
electrical conductor, have high strength and heat resis-
tance, along with excellent processing properties. Many
experts have conducted a lot of research to obtain the
desired material for the lead frame. Due to the high
electrical conductivity, Cu alloys are widely used as the
lead frame materials, including Cu-Ni-Si, Cu-Fe,
Cu-Fe-P, Cu-Cr-Zr, and Cu-Ag alloys. Among these
alloys, Cu-Ni-Si has become a research focus due to its
high strength and hardness, good processing properties,
and modest electrical conductivity.[2–13]

Cu-Ni-Si alloy is one of the age-hardening alloys.
Corson had been the first to find the hardening behavior
of this alloy in 1927, and attributed this age-hardening
behavior to the precipitation of the d-Ni2Si phase.

[14] The

microalloyed technology has been used to further improve
the comprehensive performance of the Cu-Ni-Si alloy, and
then the Cu-Ni-Si-Ag alloy was developed. The strength
and hardness of the Cu-Ni-Si alloy can be enhanced
significantly by adding a small quantity of silver. Silver
atomsdissolve in thematrixand induceobvioushardening.
Solid solution strengthening tends to decrease the electrical
conductivity of the Cu alloys, since lattice distortions
induced by the solute atoms increase electron scatter-
ing.[15,16] However, the solid solution ofAg atoms does not
cause a clear decline in the electrical conductivity of the
Cu-Ni-Si alloy, since Ag addition promotes Ni2Si phase
precipitation. The Ni2Si phase precipitation weakens the
lattice distortion, which is induced by the Ni and Si atoms,
so it can be said that the precipitation of the Ni2Si phase
offsets the adverse effects of Ag addition on the electrical
conductivity.There aremany similar results ofAgaffecting
precipitation of copper alloys.[17,18] In the previous study, it
was found that the comprehensive performance of the
Cu-2Ni-0.5Si alloy can be improved by the addition of
0.15 wt pct Ag, and the hardness, electrical conductivity,
and strengthof theCu-2Ni-0.5Si-0.15Agalloy increasedby
2.1, 15.3, and 8.7 pct, respectively, compared with the
Cu-2Ni-0.5Si alloy.[19]

Because of the excellent comprehensive properties, the
Cu-2Ni-0.5Si-0.15Ag alloy has a great prospect for
applications in the microelectronics industry as the lead
frame material. Hot rolling is commonly used to
manufacture the lead frame strips, thus studying hot
deformation behavior and deformation resistance is
quite useful for producing the Cu-2Ni-0.5Si-0.15Ag
alloy strips. Studies show that hot deformation param-
eters, such as temperature and strain rate, have a major
influence on the hot deformation behavior of metals. It
is necessary to study the constitutive relation of the
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Cu-2Ni-0.5Si-0.15Ag alloy in order to optimize the hot
rolling process.

In this study, the effects of deformation parameters,
including temperature and strain rate, on the flow stress
of the Cu-2Ni-0.5Si-0.15Ag alloy have been investigated
by hot compression tests. The constitutive constants of
this alloy have been determined, and constitutive equa-
tions relating the Zener–Hollomon Z parameter and hot
deformation activation energy, Q, have been derived for
this alloy. The effects of deformation parameters on the
microstructure evolution of this alloy during hot defor-
mation have been also studied in detail. This study
provides valuable information for optimizing the hot
deformation processing parameters of the lead frame
strips with desirable microstructure.

II. EXPERIMENTAL PROCEDURE

The experimental alloy was melted in a vacuum
induction furnace under argon atmosphere, using cath-
ode copper, pure nickel, and pure silver, and then cast
into a low-carbon steel mold with F83 mm 9 150 mm
dimensions. The alloy chemical composition is as
follows in wt pct: 1.96Ni, 0.51Si, 0.15Ag, and Cu
balance. The chemical composition of the alloy was
determined by the SPECTRO ARCOS ICP-OES ana-
lyzer. The ingot was homogenized at 1203 K (930 �C)
for 2 hour to remove the alloying elements segregation
and then forged into bars with 25-mm diameter. Finally,
the forged bars were solution treated at 1173 K (900 �C)
for 1 hour, followed by water quenching.

Cylindrical compression specimens with 10-mm diam-
eter and 15-mm height were machined from the solu-
tion-treated bars. Figure 1 shows the microstructure of
the Cu-2Ni-0.5Si-0.15Ag alloy after solution treatment.
Hot compression tests were carried out using the
Gleeble-1500D thermo-simulator at a strain rate of
0.01 to 5 s�1 and deformation temperature of 873 K to
1073 K (600 �C to 800 �C). The specimens were heated
to the deformation temperature at 10 K/s (10 �C/s) rate.
Before deformation, all specimens were kept at defor-
mation temperature for 180 s to make sure that the
temperature is homogeneous. All specimens were com-
pressed to a true strain of 0.9. After compression testing,
the specimens were immediately quenched in water. The
deformed specimens were sectioned through the longi-
tudinal axis. All specimens were polished and then
etched with a solution of FeCl3 (5 g)+C2H5OH
(85 mL)+HCl (10 mL). The microstructure was
observed using optical microscopy (OLYMPUS
PMG3).

III. RESULTS AND DISCUSSION

A. Flow Stress Behavior

The true stress–strain curves of the Cu-2Ni-0.5-
Si-0.15Ag alloy deformed at various strain rates and
deformation temperatures are shown in Figure 2. The
flow stress level increases with increasing the strain rate

and decreasing the deformation temperature. For the
same strain rate and higher deformation temperature,
the flow stress level is lower. It can be seen from
Figure 2(a) that during the compression test at 873 K
(600 �C) and 0.01 s�1, continuous strain hardening was
observed over the entire deformation range. However,
the strain hardening behavior does not appear in other
stress–strain curves, even at higher strain rates. As
mentioned, the Cu-2Ni-0.5Si-0.15Ag alloy is age-hard-
ened copper alloy, and its aging treatment is performed
at around 773 K (500 �C). Therefore, when the speci-
men is deformed at 873 K (600 �C), the Ni2Si phase
precipitates out during deformation, leading to a
monotonous increase of the flow stress. Moreover, the
Ni2Si phase nucleation needs time, so the strain hard-
ening behavior can only be observed during the hot
deformation with a low strain rate. On the other hand,
the other stress–strain curves exhibit flow softening, as
seen in Figure 2(c). The flow softening behavior of the
metallic materials during hot deformation is due to the
dynamic recovery (DRV) and dynamic recrystallization
(DRX). The flow stress curves with the DRV feature
first reach the maximum stress, followed by a steady
flow stress. For example, the flow curve of the sample
deformed at 873 K (600 �C) and 1 s�1 belongs to this
type (Figure 2(c)). The flow stress curves with the DRX
feature exhibit a peak stress, after which the flow stress
decreased gradually until the end of compression,
showing dynamic softening. For example, the flow
curve of the sample deformed at 1023 K (750 �C) and
1 s�1 belongs to this type in Figure 2(c).

B. Constitutive Analysis

For the hot deformation of metals, the constitutive
relationship between the flow stress, strain rate, and
deformation temperature can be expressed using the
following equations[20–22]:

_e ¼ A1r
n exp � Q

RT

� �
ðar<0:8Þ; ½1�

Fig. 1— Microstructures of the Cu-Ni-Si-Ag alloy after solution
treatment at 1173 K (900 �C) for 1 h.
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_e ¼ A2 expðbrÞ exp � Q

RT

� �
ðar>1:2Þ; ½2�

_e ¼ A sinhðarÞ½ �nexp � Q

RT

� �
; ½3�

where _e is the strain rate, T is the absolute temperature,
r is the flow stress, R is the gas constant, Q is the
activation energy for hot deformation and A, A1, A2, n,
n1, a, and b are material constants. The power law in
Eq. [1] breaks down at high stress levels, whereas the
exponential law in Eq. [2] breaks down at the low stress
levels. The hyperbolic sine law in Eq. [3] is a universal
form suitable for a wide stress range.

Hot deformation behavior of metallic materials is
represented by the Zener–Hollomon parameter (Z),
which is related to the strain rate, deformation temper-
ature, and hot deformation activation energy as

Z ¼ _e exp
Q

RT

� �
: ½4�

By combining Eqs. [3] and[4], the relationship
between the Z parameter and the flow stress can be
described by the following equation:

Z ¼ A sinh arð Þ½ �n: ½5�

In this paper, the peak stress, rp, is used for the r term
in the above equations. The stress multiplier, a, is an
adjustable constant that brings the arp values into a
suitable range, and a is defined as in[23–25]:

a ¼ b
n
� b

n1
: ½6�

The stress exponent, n1, in the power law determined
from the experimental data measured at high tempera-
tures and low strain rates, whereas b in the exponential
law determined from the experimental data measured at
low temperatures and high strain rates. Finally, the
values of n1 and b were determined as 6.14 and 0.124,
respectively, and then the stress multiplier, a, was
determined as 0.02.
By taking natural logarithms and then partial deriva-

tives of both side of Eq. [3], one gets

ln _e ¼ lnAþ n ln sinh arð Þ½ � � Q

RT
½7�

@ ln _eð Þ ¼ n@ ln sinh arð Þ½ � �Q

R
@

1

T

� �
: ½8�

Fig. 2— True stress–true strain curves of the Cu-Ni-Si-Ag alloy during hot compression at various temperatures and different strain rates of: (a)
0.01 s�1; (b) 0.1 s�1; (c) 1 s�1 and (d) 5 s�1.
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If T is a constant, Eq. [8] can be written as

n ¼ @ ln _eð Þ
@ ln sinh arð Þ½ � jT: ½9�

If _e is a constant, Eq. [8] can be written as

Q ¼ R
@ ln _eð Þ

@ ln sinh arð Þ½ �

� �
T

@ ln sinh arð Þ½ �
@ 1=Tð Þ

� �
_e

¼ RnS: ½10�

Here, n and S are the slopes of the plots of ln_e vs
ln[sinh(ar)] at constant temperature and ln[sinh(ar)] vs
1000/T at constant strain rates, respectively. A good
linear relationship between ln_e and lnr, ln_e and r, ln_e
and ln[sinh(ar)] exists when T remains constant, as seen
in Figure 3(a), (b) and (c), respectively. It was shown
that the ln[sinh(ar)] is linear with (1000/T) when _e
remains constant in Figure 4. Then the values of n and S
can be determined as 5.86 and 6.50, respectively, by
means of linear regression analysis. Consequently, the
value of Q for the experimental alloy is 316.4 kJ/mol.
The hot deformation activation energy Q is an impor-
tant physical parameter serving as an indicator of the
degree of deformation difficulty in plastic deformation.
The hot deformation activation energy Q for the
Cu-2Ni-0.5Si-0.15Ag alloy is higher than for the
KFCTM copper alloy, but lower than for the
Cu-3.45 wt pct Ti alloy. The value of Q for the
Cu-2Ni-0.5Si-0.15Ag alloy is close to that of the C194
alloy with the following chemical composition in wt pct:
2.43Fe, 0.02P, and 0.13Zn. The higher Q value for the
Cu-2Ni-0.5Si-0.15Ag alloy may be associated with the
additions of Ni and Ag atoms, which act as extra
obstacles for dislocations motion, and increase the flow
stress level during hot deformation. In addition, the Ag
addition promotes the Ni2Si phase precipitation, while
the dynamic precipitation of the Ni2Si phase may also
increase the flow stress. Generally, the value of Q is a
function of the chemical composition of the alloy and
increases with the alloying elements content.
In order to determine the value of A, Eq. [5] can be

rewritten as

lnZ ¼ lnAþ n ln sinh arð Þ½ �: ½11�

It can be found that lnA is the intercept of the plots of
lnZ vs ln[sinh(ar)]. The relationship between ln[sinh(ar)]
and lnZ is plotted in Figure 5. It can be seen that there is
a linear relationship between ln[sinh(ar)] and lnZ, and
the linear correlation coefficient is above 0.97. Thus, the
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Fig. 3— Peak stress vs strain rate at different deforming tempera-
tures, based on the three semi-empirical models: (a) the power law
model; (b) the exponential law model; and (c) the hyperbolic sine
model.
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Fig. 4— Variation of ln[sinh(ar)] vs (1000/T) at different strain rates
for evaluating the hot deformation activation energy, Q.
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constitutive equation of the Cu-2.0Ni-0.5Si-0.15Ag alloy
in the hyperbolic sine function can be expressed as

_e ¼ 8:67� 1011 sinh 0:018� rð Þ½ �6:326exp � 312:3� 103

RT

� �
:

½12�

C. Microstructure Evolution

In the hot compression process, DRX is one of the
most important mechanisms for the flow softening,
which can easily take place in metals and alloys with low
and medium stacking fault energy, such as copper
alloys, austenitic stainless steels, and c-iron. Figure 6(a)
shows an optical image of the microstructure of the
Cu-2Ni-0.5Si-0.15Ag alloy deformed at 873 K (600 �C)
and 1 s�1. The original grains were elongated along the
deformation direction, and the initial grain and twin
boundaries were finely serrated (arrows in Figure 6(a)),
demonstrating the occurrence of dynamic nucleation. It
was suggested that dynamic nucleation takes place by
bulging out of the serrated grain boundaries.[26] More-
over, grain boundaries are frequently serrated before
nucleation and geometrically necessary dislocation
sub-boundaries with high misorientation are developed
near the interface between the new grains and the parent
grains during nucleation. The characteristic of DRX is
becoming more evident with the increase of deformation
temperature, and then a large number of fine DRX
grains appear along the initial grain boundaries, as
shown in Figure 6(b). Thus, DRX is one of the main
softening mechanisms, resulting in an obvious flow
softening during the hot deformation processing of the
Cu-2Ni-0.5Si-0.15Ag alloy.

The DRX grain size strongly depends on the defor-
mation parameters, including temperature and strain
rate. The effects of deformation temperature and strain
rate on the DRX grain size can be simultaneously
reflected by the Z parameter. Figure 7 shows optical
images of the microstructure of the

Cu-2Ni-0.5Si-0.15Ag alloy deformed at various temper-
atures and strain rates. The DRX grain size of the
compressed sample deformed at 973 K (700 �C) and
5 s�1 is shown in Figure 7(a). It has finer grain size
compared with the grain size of the sample deformed at
1073 K (800 �C) and 0.1 s�1, as shown in Figure 7(b).
Therefore, it can be concluded that the DRX behavior
of the Cu-2Ni-0.5Si-0.15Ag alloy strongly depends on
the deformation parameters, and lower Z parameter
leads to more adequate DRX processing.

IV. CONCLUSIONS

Hot compression tests of the Cu-2Ni-0.5Si-0.15Ag
alloy were carried out using the Gleeble-1500D
thermo-simulator at 0.01 to 5 s�1 strain rate range and
873 K to 1073 K (600 �C to 800 �C) deformation
temperature range. The addition of Ag can evidently
refine the grain and optimize the hot workability of the
Cu-Ni-Si alloy. Deformation at 1073 K (800 �C) and

-0.5 0 0.5 1 1.5 2
30

35

40

45

ln
Z

ln[sinh(ασ)]

Fig. 5— The Zener–Hollomon parameter, Z, as a function of the
flow stress.

Fig. 6— Optical images of the Cu-Ni-Si-Ag alloy microstructure de-
formed at (a) 873 K (600 �C) and 1 s�1 and (b) 923 K (650 �C) and
1 s�1.
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5 s�1 strain rate is desirable and feasible for the
Cu-2Ni-0.5Si-0.15Ag alloy.

(1) The flow stress of the Cu-2Ni-0.5Si-0.15Ag alloy
increases with increasing the strain rate and
decreasing the deformation temperature.

(2) The constitutive relationship between the peak
stress, strain rate, and deformation temperature
can be described by the Z parameter in the
hyperbolic sine function with the hot deformation
activation energy of 316 kJ/mol. The constitutive
equation of the Cu-2Ni-0.5Si-0.15Ag alloy can be
expressed as

_e ¼ 8:67� 1011 sinh 0:018� rð Þ½ �6:326exp � 312:3� 103

RT

� �

(3) The DRX mechanism is one of the most impor-
tant softening mechanisms during hot deforma-
tion for the Cu-2Ni-0.5Si-0.15Ag alloy. The DRX
grain size of the Cu-2Ni-0.5Si-0.15Ag alloy

strongly depends on the deformation parameters,
which can be simultaneously reflected by the
Zener–Hollomon parameter, Z. Lower Z param-
eter leads to more adequate DRX processing.
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