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Microstructure of the Cu-Ni-Si-P alloy was investigated by transmission electron microscopy (TEM). The
alloy had 551 MPa tensile strength, 226 HV hardness, and 36% IACS electrical conductivity after 80%
cold rolling and aging at 450 �C for 2 h. Under the same aging conditions, but without the cold rolling, the
strength, hardness, and electrical conductivity were 379 MPa, 216 HV, and 32% IACS, respectively. The
precipitates identified by TEM characterization were d-Ni2Si. Some semi-coherent spherical precipitates
with a typical coffee bean contrast were found after aging for 48 h at 450 �C. The average diameter of the
observed semi-coherent precipitates is about 5 nm. The morphology of the fracture surface was observed by
scanning electron microscopy. All samples showed typical ductile fracture. The addition of P refined the
grain size and increased the nucleation rate of the precipitates. The precipitated phase coarsening was
inhibited by the small additions of P. After aging, the Cu-Ni-Si-P alloy can gain excellent mechanical
properties with 804 MPa strength and 49% IACS conductivity. This study aimed to optimize processing
conditions of the Cu-Ni-Si-P alloys.
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1. Introduction

Electronic packaging lead frame is an important part of
integrated circuits. Lead frame alloys are required to have high
strength and conductivity (Ref 1-5). Cu-Ni-Si alloys are widely
used in lead frames because of their good electrical conduc-
tivity and high strength (Ref 6-10). In order to obtain better
mechanical properties with lower conductivity loss, many types
of Cu-Ni-Si alloys have been utilized, including Cu-Ni-Si-Ag
(Ref 11), Cu-Ni-Si-Mg (Ref 12), Cu-Ni-Si-Co-Zr (Ref 13), Cu-
Ni-Si-Zr (Ref 14), Cu-Ni-Si-Al (Ref 15), and Cu-Ni-Si-Zn (Ref
16). These alloys can gain high strength and conductivity by
precipitation of hard secondary phases upon aging, such as
Ni2Si, Ni3Al, Co2Si, Ni3Si, and Cr3Si. Zhang et al. (Ref 11)
have studied the Cu-Ni-Si-Ag alloy and found that the addition
of Ag can refine the grain and optimize the hot workability of
the Cu-Ni-Si alloy. Lei et al. (Ref 12) studied the Cu-8.0Ni-
1.8Si-0.15Mg alloy and found that precipitates of b-Ni3Si and
d-Ni2Si occurred when the alloy was aged at 450 �C for

30 min. Krishna et al. (Ref 13) studied the Cu-Ni-Si-Co-Zr
alloy and found that the hardness and electrical conductivity
can reach 216 HVand 45% IACS upon aging at 500 �C for 3 h
followed by air cooling. The increase in strength after aging is
attributed to the precipitation of fine Ni2Si and Co2Si particles.
Xiao et al. (Ref 14) have identified three kinds of precipitates
resulting from spinodal decomposition and the d-Ni2Si phase
with disk-like structure appearing in the (Ni, Si)-rich regions
during aging of the Cu-2.1Ni-0.5Si-0.2Zr alloy. Shen et al. (Ref
15) found nano-scale Ni3Al and Ni2Si particles precipitated in
the Cu-10Ni-3Al-0.8Si alloy during aging. Zhao et al. (Ref 16)
studied the Cu-3.2Ni-0.75Si-0.3Zn alloy and found three
different transformation products: a modulated structure result-
ing from spinodal decomposition, (Cu, Ni)3Si with DO22-
ordered structure nucleating from the modulated structure and
the disk-like d-Ni2Si phase appearing in the (Ni, Si)-rich
regions. However, there are little studies of the Cu-Ni-Si alloys
with P addition, which can improve strength and conductivity.

A study of the phase transformations and physical properties
of the Cu-Ni-Si-P alloy has been carried out in this paper. In
addition, the influence of aging processes on strengthening is
discussed in relation with the phase transformation mecha-
nisms. Precipitates were characterized by electron microscopy
and correlated with the alloy strength.

2. Experimental Details

The Cu-Ni-Si-P alloy was prepared with pure Cu, Ni, Si,
and P by melting in a vacuum induction furnace under argon
atmosphere, and then cast into a low-carbon steel mold with /
83 mm9 150 mm dimensions. Its chemical composition in
wt.% is as follows: 2% Ni, 0.5% Si, 0.03% P, and Cu balance.
The ingot was homogenized at 850 �C for 2 h to remove
segregation of the alloying elements. Subsequently, the ingot
was forged into bars of 25 mm in diameter. The forged bars
were solution treated at 950 �C for 1 h, followed by water
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quenching. The alloy was cold rolled with 40, 60, or 80%
reduction. The aging temperature ranged from 400 to 500 �C.
The aging treatment was carried out in argon in a tube electric
resistance furnace with 5 �C temperature accuracy. Electrical
resistance was measured using ZY9987-type micro-ohmmeter
with measurement error of less than 1% IACS. Hardness was
measured using HVS-1000-type hardness tester under a 200 g
load and 5-s holding time. Hardness measurement accuracy is
better than 1.5%. Tensile tests were carried out on a screw-
driven SHIMADZU-AG-I 250 kN testing machine, and the
tensile strength standard deviation meets the ASTM-E8 stan-
dard. The microstructure was investigated using a JSM JEOL-
5610LV scanning electron microscope. All specimens were
polished and then etched with a solution of FeCl3
(5 g) + C2H5OH (85 mL) + HCl (10 mL). The samples for
transmission electronic microscopy (TEM) characterization
were prepared using a Gatan 691 ion beam thinner. The
precipitated phase was identified using a JEM-2100 high-
resolution transmission electron microscope (HRTEM).

3. Results and Discussion

3.1 Physical Properties

The variation in hardness of the alloy aged at 400, 450, and
500 �C is shown in Fig. 1(a). It can be seen that for a given
temperature, the alloy hardness initially increases rapidly and then
plateauswith aging time.The alloy showspeakhardness of 225HV
after 4 h aging at 450 �C and 208 HV after 4 h aging at 500 �C,
respectively. For a given aging time, the hardness of the alloy aged
at 450 �C is higher than that at 500 �C.This is because higher aging
temperature and longer aging time lead to overaging (Ref 17).

Electrical conductivity curves of the alloy aged at 400, 450,
and 500 �C are shown in Fig. 1(b). Due to the solute elements
precipitating out of the supersaturated solution, electrical
conductivity increased rapidly at the beginning of aging, and
then increased slightly as the solute concentration in copper
approached equilibrium. Electrical conductivity can reach 32%
IACS for the alloy aged at 450 �C for 2 h and 30% IACS after
2 h aging at 500 �C, respectively.

Figure 2 shows the hardness and conductivity curves of the
Cu-Ni-Si-P alloy aged at 450 �C for a different cold working
prior to aging. The peak hardness increases with cold rolling
reduction and reaches 226, 229, and 240 HV with 40, 60, and
80% cold rolling, respectively. The peak hardness is only
216 HV without cold rolling. Dislocations resulting from cold
rolling act as diffusion paths for solute atoms and provide
nucleation sites for precipitation during aging treatment (Ref 18).
The greater the cold rolling, the higher the peak hardness is.

The change of conductivity of the alloy aged at 450 �C is
shown in Fig. 2(b). It can be seen that the conductivity of the alloy
increases rapidly during initial stages of the aging process. That is
because the growth of precipitates reduces the amount of solute
atoms in the matrix, and then the conductivity increases contin-
uously during aging (Ref 19). For a given aging time, greater cold
rolling leads to higher conductivity. With 0, 40, 60, and 80% cold
rolling reduction, the alloy conductivity reached 32, 36, 38, and
41% IACS when aged at 450 �C for 2 h, respectively.

Variation in the tensile strength values of the alloy aged at
450 �C is shown in Fig. 3. With 40% cold rolling reduction, the
alloy shows peak strength of 562 MPa when aged at 450 �C for

1 h and then the strength continuously decreased with aging
time. This is due to overaging when the aging time is longer
than 1 h. The strength is only 372 MPa without cold rolling
after 1 h aging at 450 �C. Some research results show that the
increase in strength obtained at cold rolling is due to increased
dislocation density (Ref 11-15).

Figure 4 shows the tensile fractographs of the alloy aged at
450 �C for 1 h. The morphology of the fracture surface was
observed by SEM. All samples showed typical ductile fracture
patterns. The precipitation particles were very hard and have
been broken away from the matrix grains (Ref 20). Many
shallow dimples were observed. It can be seen that the alloy
with 40% cold rolling in Fig. 4(b) has more dimples than
without cold rolling in Fig. 4(a). This is due to the higher
number of precipitates at these conditions.

3.2 Microstructure Characterization

Transmission electron microscopy and selected area diffrac-
tion pattern (SADP) of the solution-treated alloy aged at 450 �C
for 2 h and 48 h are shown in Fig. 5(a)-(c), respectively.
Figure 5(a) and (b) shows that a large amount of nano-scale
particles precipitated in the Cu matrix during aging. With
increasing aging time, more precipitates were observed
(Fig. 5b) and they gradually grew in size. Figure 5(b) illustrates
the typical coffee bean contrast of some semi-coherent
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Fig. 1 Aging temperature effects on (a) the hardness and (b) con-
ductivity of the Cu-Ni-Si-P alloy
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spherical precipitates (marked by arrows) in the sample aged
for 48 h at 450 �C. The average diameter of the observed semi-
coherent precipitates is about 5 nm. Similar results were
observed by Altenberger and Lockyer in Ref 21, 22. SADPs
obtained from the precipitates are shown in Fig. 5(c). It can be
seen that the precipitates identified in the present study were d-
Ni2Si. It appears that these precipitates can act as obstacles to
prevent dislocations movement during cold rolling. As a result,
the alloy was strengthened effectively by the Orowan strength-
ening mechanism (Ref 23). Some researchers added different

kinds of trace elements, such as Mg, Co, and Al into Cu-Ni-Si
alloys. This can enhance the variety of precipitates (b-Ni3Si and
d-Ni2Si, Ni2Si and Co2Si, Ni2Si and Ni3Al) (Ref 12, 13, 15).
However, small additions of P can have beneficial effects on the
Cu-Ni-Si alloy properties. The addition of P can refine grain
size and increase the nucleation rate of the precipitates, as
shown in Fig. 7. Thus, the Cu-Ni-Si-P alloy can gain excellent
mechanical properties.

HRTEM images and corresponding Fourier transform patterns
of solution-treated Cu-Ni-Si-P alloy aged at 450 �C for 48 h are
shown in Fig. 6. Fourier transform patterns of Fig. 6(b)-(d) show
that the diffraction patterns came from the d-Ni2Si phase. To
investigate if precipitates are coherent with the matrix, the misfit
strain value of the precipitates can be calculated as (Ref 15):

d ¼ 2
dp � dm
dp þ dm

; ðEq 1Þ

where dp and dm are the plane spacing of the precipitation
and the copper matrix, respectively.

d ¼ 2
dð002Þd�N2Si

� dð002ÞCu
dð002Þd�N2Si

þ dð002ÞCu
¼ 2

1:8645� 1:8075

1:8645þ 1:8075
¼ 0:031:

ðEq 2Þ

According to the obtained misfit strain, the misfit value
between (002)Cu and ð002Þd�Ni2Si

was 0.031, which is less than
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Fig. 2 Cold deformation effects on (a) the hardness and (b) con-
ductivity of the Cu-Ni-Si-P alloy aged at 450 �C
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Fig. 3 Tensile strength of the Cu-Ni-Si-P alloy aged at 450 �C

Fig. 4 Tensile-tested fracture surfaces of the Cu-Ni-Si-P alloy aged
at 450 �C for 1 h: (a) no cold rolling and (b) 40% cold rolling
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0.05. Therefore, the orientation relationship between (002)Cu
and ð002Þd�Ni2Si

is semi-coherent after 48 h of aging. The

precipitated phase coarsening was inhibited by the small
additions of P. The precipitate’s misfit value of the Cu-2.4Ni-
0.7Si-0.4Cr alloy was calculated in Ref 24. It is much higher
than in the present study for the similar aging process. The
present study shows that the addition of P can increase the
hardness of the solution-treated Cu-Ni-Si alloy during aging. It
can also effectively improve the alloy strength.

4. Discussion

Compared with the Cu-2.0Ni-0.5Si alloy studied by Zhang
et al. (Ref 25), the addition of P has important effects on the
alloy aging behavior. Figure 7(a) and (b) shows the microstruc-
ture of the Cu-Ni-Si and Cu-Ni-Si-P alloys after solution
treatment, where the P addition can evidently refine the grain.

Figure 8 shows the strength and conductivity curves of the
Cu-Ni-Si and Cu-Ni-Si-P alloys aged at the following process-
ing conditions: 40% cold rolled+aging at 450 �C and 2 h+40%
cold rolled+aging at 450 �C. According to Fig. 8(a), the Cu-Ni-

Si and Cu-Ni-Si-P alloys show the peak strength of 724 and
804 MPa when aged at 450 �C and 0.5 h, respectively.
Comparing the peak strength of the two alloys, the peak
strength was increased by 10% with P addition. Due to the
overaging, the strength decreased very fast after reaching the
peak strength, as shown in Fig. 8(a). At the same aging
conditions in Fig. 8(b), the conductivity of the Cu-Ni-Si and
Cu-Ni-Si-P alloys is 45% IACS and 49% IACS, respectively.
The conductivity also increased by 8.2% with P addition.
According to the above analysis, it can be concluded that the
addition of P can effectively refine the grain size of the Cu-Ni-
Si alloy. The Cu-Ni-Si-P alloy can gain excellent mechanical
properties with strength of 804 MPa and conductivity of 49%
IACS after 40% cold rolling and aging at 450 �C for 2 h,
followed by 40% cold rolling and aging at 450 �C for 0.5 h.

5. Conclusions

After aging at 450 �C for 2 h with 80% cold rolling, Cu-Ni-
Si-P alloy achieved excellent combined properties: 551 MPa
tensile strength, 226 HV hardness, and 36% IACS electrical

Fig. 5 TEM micrographs of the Cu-Ni-Si-P alloy aged at 450 �C for: (a) 2 h; (b) 48 h; (c) selected area diffraction pattern from (b)
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conductivity. Nano-scale d-Ni2Si particles precipitated in the
alloy after aging for 48 h at 450 �C. The increase in strength
and hardness after aging is attributed to the precipitation of fine
d-Ni2Si particles. The morphology of the fracture surface with a
typical ductile fracture pattern appeared in the Cu-Ni-Si-P alloy.

The addition of P refined the microstructure and increased the
nucleation rate of the precipitates, inhibited the precipitated
phase coarsening and effectively enhanced the strength and
hardness. The Cu-Ni-Si-P alloy can gain excellent mechanical
properties with 804 MPa strength and 49% IACS conductivity

Fig. 6 HRTEM images and corresponding Fourier transform patterns of the alloy aged at 450 �C for 48 h

Fig. 7 Microstructure of (a) Cu-Ni-Si and (b) Cu-Ni-Si-P alloys after solution treatment at 950 �C for 1 h
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after aging at 450 �C for 2 h, followed by cold rolling and
additional aging at 450 �C for 0.5 h.
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Fig. 8 (a) Tensile strength and (b) conductivity of the Cu-Ni-Si and
Cu-Ni-Si-P alloys after 40% cold rolling and aging at 450 �C for
2 h, followed by additional 40% cold rolling and aging at 450 �C
for 0.5 h
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