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a b s t r a c t

Microstructure of the Cu–Cr–Zr–Ce alloy was investigated by high resolution transmission electron
microscopy (HRTEM), along with micro-hardness and electrical conductivity measurements. The alloy
hardness and electrical conductivity can reach 170 HV and 66% IACS, respectively, after 80% cold rolling
and aging for 16 h at 300 °C. Under the same aging conditions, without cold rolling, the hardness is 90 HV
and electrical conductivity is 44% IACS. Two kinds of Cr and Cu4Zr precipitates were identified by TEM
characterization after aging at 400 °C for 8 h. HRTEM microstructure analysis shows the presence of
chromium-rich particles after aging for 18 h at 300 °C. Precipitates with ordered fcc structure are co-
herent with the matrix. Most of the precipitates are club-shaped chromium-rich particles, around 10–
15 nm in size. The phase transformation kinetics was determined during aging. This study explored
optimized processing conditions of the Cu–Cr–Zr–Ce alloy.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Copper alloys are widely used in electronics because of good
electrical conductivity and high strength [1–4]. Electronic packa-
ging lead frame is one of the main parts of an integrated circuit.
The function of the lead frame is to provide channels for electronic
signals between devices and circuits, and fixing devices on the
circuit board [5–9]. Thus, the lead frame alloys are required to have
high strength and conductivity. The copper-based lead frame
materials can be divided into three major categories: Cu–Fe–P al-
loys, Cu–Ni–Si alloys and Cu–Cr–Zr alloys. Cu–Cr–Zr alloy is con-
sidered to be the third generation of the lead frame material due
to its high strength (4600 MPa), high hardness (4180 HV) and
high electrical conductivity (480% IACS) [10–15].

In recent years, many aging processes were used to improve the
strength and electrical conductivity of the Cu–Cr–Zr alloy. During
the aging treatment, precipitation strengthening mechanisms
make a great contribution to the strength and electrical con-
ductivity of the alloy. Xia et al. [16] studied the hot rolled-quen-
ched Cu–0.39Cr–0.24Zr–0.072Mg–0.021Si alloy and found that the
hardness, strength, and electrical conductivity of the alloy are up
to 198 HV, 567 MPa, and 77.8% IACS, achieved by the two-step cold
,

rolling and aging process. Mu et al. [17] have identified three kinds
of precipitates to be the chromium-rich phase, the zirconium-rich
phase and the Hesuler phase in the Cu–0.43Cr–0.17Zr–0.05Mg–
0.1RE alloy. Pan et al. [18] found Cr and Cu5Zr by studying the
Cu–0.81Cr–0.12Zr–0.05Y–0.05La alloy. Liu et al. [19] found the
Hesuler phase, CrCu2(Zr,Mg) and Cu4Zr at the grain boundaries
after studying the Cu–0.6Cr–0.15Zr–0.05Mg alloy by rapid soli-
dification. Su et al. [20] also found similar results by studying the
Cu–0.7Cr–0.13Zr alloy. However, there has been no unanimous
agreement on the phase transformation and strengthening me-
chanisms of the Cu–Cr–Zr alloys. Almost all studies used the aging
temperature of more than 400 °C. Thus, it is necessary to study the
phase transformation and strengthening mechanisms of the Cu–
Cr–Zr alloys aging at 400 °C.

In this study, Cu–Cr–Zr alloy containing Ce was investigated.
The microstructure and physical properties of the Cu–Cr–Zr–Ce
alloy were investigated. In addition, the influence of the aging
processes on the strengthening particles was discussed in relation
with the phase transformation mechanisms.
2. Experimental details

The experimental alloy was melted in a vacuum induction fur-
nace under argon atmosphere using cathode copper, pure chro-
mium, pure spongy zirconium and pure cerium, and then cast into a
low carbon steel mold with Φ 83 mm�150 mm dimensions. Its
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chemical composition in wt% is: 0.4Cr, 0.15Zr, 0.05Ce and Cu bal-
ance. The ingot was homogenized at 930 °C for 2 h to remove the
alloying elements segregation. Subsequently, the ingot was forged
into bars 25 mm in diameter. The forged bars were solution-treated
at 900 °C for 1 h, followed by water quenching. The alloy was cold
rolled with 40%, 60%, or 80% reduction, respectively. The aging
treatments were carried out in a tube electric resistance furnace in
argon with 75 °C temperature accuracy. The aging temperature
and time were ranged from 250 °C to 400 °C and 2 h to 24 h, re-
spectively. The microhardness was measured using a HVS-1000
hardness tester with 200 g load and 5 s holding time. Electrical
resistance was measured using the ZY9987 micro-ohmmeter. Mi-
crostructure was investigated using OLYMPUS PMG3 metallo-
graphic microscope. Samples for transmission electron microscopy
(TEM) characterization were prepared using Gatan 691 Ion Beam
Thinner. The precipitated phase was identified by the JEM-2100
high resolution transmission electron microscope (HRTEM).
Aging time, h

0 8 16 24

40

60

80

C
on

du
ct

iv
ity

, %
IA

C
S

Aging time, h

250 C
300 C
350 C
400 C

Fig. 1. Aging temperature effect on: (a) the hardness and (b) conductivity of the
80% cold rolled Cu–Cr–Zr–Ce alloy.
3. Results and discussion

3.1. Physical properties

The variation in hardness of the alloy aged at 250 °C, 300 °C,
350 °C and 400 °C after 80% cold rolling reduction is shown in
Fig. 1(a). It can be seen that the hardness of the alloy aged at
350 °C and 400 °C increases quickly initially and then slowly with
the aging time. The cold-rolled alloy shows a peak hardness of
183 HV after an aging time of 6 h at 400 °C and 172 HV after an
aging time of 10 h at 350 °C, respectively. The higher the aging
temperature, the faster the solute diffusion and therefore the
shorter the time to reach the maximum hardness. It was shown
that the hardness decreased first and then increased with aging
time under the aging temperature of 300 °C. This is because the
aging temperature was too low, so the precipitation rate of the
secondary phase was too slow. The secondary phase precipitation
strengthening was weaker than the softening effect from heating.
After that, the hardness of the alloy increased slowly.

The curves of the conductivity of the alloys aged at 250 °C,
300 °C, 350 °C and 400 °C are shown in Fig. 1(b). At the beginning
of aging electrical conductivity increased rapidly, but the time for
reaching the peak conductivity is different for the alloy aged at
different temperature. The higher the aging temperature, the
shorter the time for reaching the peak conductivity. The con-
ductivity can reach 83% IACS for the alloy aged at 400 °C for 2 h.
This is due to the solute elements precipitating out of the super-
saturated solution. As aging time increases further, conductivity
reaches a stable value and then increases slightly as the solute
concentration in copper approaches equilibrium. The aging tem-
perature of 250 °C was too low and the conductivity did not
change much.

Fig. 2 shows variations in hardness and conductivity for the
Cu–Cr–Zr–Ce alloy aged at 300 °C. With increasing cold rolling
reduction the Cu–Cr–Zr–Ce alloy hardness increased in Fig. 2(a).
The hardness of the alloy with 80% cold rolling aged for 16 h at
300 °C increased to a maximum value of 170 HV and then de-
creased. Under the same aging conditions without cold rolling, the
hardness is only 90 HV. Dislocations resulting from cold rolling act
as diffusion paths for solute atoms and provide nucleation sites for
precipitation during aging treatment [21].

The alloy conductivity increased after aging with cold rolling
reduction in Fig. 2(b). With 40%, 60% and 80% cold rolling reduc-
tion, the alloy conductivity reached 60%, 63% and 66% IACS when
aged at 300 °C for 16 h, respectively. Under the same aging con-
ditions with no deformation, electrical conductivity is only 44%
IACS. The conductivity had a slow increase up to 16 h of aging and
then became nearly constant with further increase in aging time,
up to 24 h.

3.2. Microstructure characterization

Fig. 3 shows TEM images of the Cu–Cr–Zr–Ce alloy cold rolled
60% and aged at 300 °C for 2 h. High dislocation density is in-
troduced and dislocation tangles are formed by heavy cold rolling
in Fig. 3(a). Grains of the secondary phases are found in the Cu
matrix and along the grain boundaries in Fig. 3(b). These dispersed
particles provide resistance to the motion of dislocations. An-
nealing twins were observed after recovery of the deformed
grains. Dislocation density decreased in the grains. It can be seen
in Fig. 2(a) that the hardness of the alloy cold rolled by 60% de-
creased after aging at 300 °C for 2 h.

Fig. 4 shows TEM images of the Cu–Cr–Zr–Ce alloy cold rolled
80% and aged at 350 °C for 4 h and 8 h. It can be seen that small
and well dispersed particles precipitate in the Cu matrix. With the
increase of the aging time, more precipitates were observed in
Fig. 4(b). Cold rolling of the alloy results in a high density of dis-
locations and deformation bands, which depend on the degree of
deformation. Dislocations and deformation bands generated dur-
ing cold rolling act as nucleation sites for further precipitation
during aging treatment [22]. High dislocation density provides a
large number of nucleation sites and therefore faster rate of



40

50

60

70

Aging time, h

C
on

du
ct

iv
ity

, %
IA

C
S

0%
40%
60%
80%

0 8 16 24

0 8 16 24

80

120

160

200

H
ar

dn
es

s, 
H

V

Aging time, h

0%
40%
60%
80%

Fig. 2. Cold deformation effect on: (a) the hardness and (b) conductivity of the Cu–
Cr–Zr–Ce alloy aged at 300 °C.
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precipitation and growth. Therefore, more precipitates were ob-
served in Fig. 4 than in Fig. 3.

TEM images with corresponding selected area electron diffrac-
tion (SAED) pattern of the Cu–Cr–Zr–Ce alloy cold rolled at 80% and
aged at 400 °C for 4 h and 8 h are shown in Fig. 5. Compared with
Fig. 4, a large number of small and well dispersed particles pre-
cipitated in the Cu matrix at the same aging time. Two kinds of Cr
and Cu4Zr precipitates were identified by TEM characterization after
aging for 8 h at 400 °C. It appears that these precipitates can act as
obstacles to prevent dislocation movement during cold rolling. As a
result, the alloy was strongly strengthened compared with aging at
350 °C. Therefore, higher hardness was obtained with aging at
400 °C compared with 350 °C, as shown in Fig. 1(a). The precipita-
tion hardening effect is strongly dependent on the size and dis-
tribution of precipitates. According to Fig. 5(b), the coarsening of
precipitates was observed after aging for 8 h at 400 °C. Thus, it can
be seen that the hardness decreased with the aging time in Fig. 1(a).
Due to precipitation and coarsening of precipitates from the Cu
matrix, the increase in conductivity was attributed to the decrease
in the scattering surfaces for the conducting electrons. Thus, the
conductivity increased with the aging temperature in Fig. 1(b).

TEM and HRTEM micrographs, along with the corresponding
selected area electron diffraction (SAED) pattern are shown in
Fig. 6(a)–(c), respectively. Fig. 6(a) shows that a large amount of
particles had precipitated in the Cu matrix during aging. To in-
vestigate the precipitates dispersed in the matrix, HRTEM was
used to examine the shape of the precipitates aged at 300 °C for
18 h after cold rolling. Precipitates are coherent with the matrix.
Most of the precipitates are club-shaped chromium-rich particles,
around 10–15 nm in size. Selected area diffraction patterns ob-
tained from the precipitate are shown in Fig. 6c. Precipitates have
a structure corresponding to the fcc chromium-rich phase. This is
in agreement with the previous results, where ordered fcc pre-
cipitates were considered to be precursors for the chromium-rich
ordered bcc precipitates formation [8]. However, there are many
different opinions about the types of precipitates in the Cu–Cr–Zr
alloy. Other research results concluded that the precipitates were
Cr, Cu4Zr, CrCu2, Cu5Zr and so on [16,17,19,20]. This may be be-
cause the temperature in previous investigations was more than
400 °C, while in the present study initial precipitation stage is
under 400 °C. Small additions of Ce can have beneficial effects on
200 nm 
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Fig. 4. TEM images of the Cu–Cr–Zr–Ce alloy after 80% cold rolling and 350 °C aging for: (a) 4 h and (b) 8 h.
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Fig. 5. TEM images and SAED patterns of Cu–Cr–Zr–Ce alloy after 80% cold rolling and 400 °C aging for 4 h (a), 8 h (b) and (c) SAED pattern for (b).
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Fig. 6. TEM micrographs and SAED pattern of the alloy aged at 300 °C for 18 h: (a) substructure; (b) HRTEM micrograph of the precipitates; (c) SAED pattern from (a).
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the Cu–Cr alloy properties. The additions may clean the grain
boundary and increase the nucleation rate of the precipitates
[23,24]. However, investigators could not reach an agreement
about the effects of Ce because no fine precipitates with Ce have
been explicitly observed during aging.
3.3. Phase transformation kinetics equation

The phase transformation of this alloy can be investigated
through the variations of electrical conductivity during aging. The
volume fraction of phase transformation can be expressed as [25]:

f V V/ 1c= ( )

here, Vc is the equilibrium volume of new precipitates in a unit
volume of the matrix at the end of precipitation. V stands for the
volume of new precipitates formed in a unit volume of the matrix
for a certain time. Before phase transformation, V¼0 and f¼0.
After a long aging time, the electrical conductivity can hardly in-
crease, so V¼Vc and f¼1. According to the Matthiesen's rule, the
electrical conductivity and volume fraction of precipitates has a
linear relationship, which can be expressed as:
f 20 max 0σ σ σ σ= + ( − ) ( )

According to Eq. (2), f /0 max 0σ σ σ σ= ( − ) ( − ). Thus, f can be
calculated at any aging temperature. The kinetics Avrami equation
of phase transformation can be expressed as [26]:

f bt1 exp 3n= − ( − ) ( )

here, f is the volume fraction of the transformed phase; b and n
are constants and t is aging time. Taking natural logarithms of both
sides of Eq. (3):

f b n tlog ln 1/ 1 log log 4[ ( ( − ))] = + ( )

The relationship between flg ln 1/ 1[ ( ( − ))] and log t is shown
in Fig. 7. Here, n is the slope of the line and log b is the intercept.
Therefore, the phase transformation kinetics equation of the Cu–
Cr–Zr–Ag alloy cold rolled by 80% and aged at 300 °C, 350 °C and
400 °C can be expressed as:

⎡⎣ ⎤⎦t300 C 42.48 23.52 1 exp 0.004 52.4σ° = + − ( − ) ( )

⎡⎣ ⎤⎦t350 C 42.48 29.36 1 exp 0.25 6
1.05( )σ° = + − − ( )
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⎡⎣ ⎤⎦t400 C 42.48 41.99 1 exp 0.93 7
1.3( )σ° = + − − ( )

The phase transformation kinetics curves are shown in Fig. 8,
based on Eqs. (5)–(7). It can be seen that the experimentally ob-
tained values are in agreement with theoretical analysis.
4. Conclusions

Cold-rolled Cu–Cr–Zr–Ce alloy shows a peak hardness of
183 HV after 6 h aging at 400 °C with 80% cold rolling. Electrical
conductivity can reach 83% IACS when aged at 400 °C for 2 h.
Hardness and electrical conductivity can reach 170 HV and 66%
IACS, respectively, after 80% cold rolling and 16 h aging at 300 °C.
Under the same aging conditions without cold rolling, hardness
and electrical conductivity is 90 HV and 44% IACS, respectively.
Two kinds of Cr and Cu4Zr precipitates were identified by TEM
characterization after aging at 400 °C for 8 h. Precipitates with
ordered fcc structure are coherent with the matrix after aging at
300 °C for 18 h. Most of the precipitates are club-shaped chro-
mium-rich particles, around 10–15 nm in size. The phase trans-
formation kinetics equations of Cu–Cr–Zr–Ag alloy cold rolled at
80% and aged at 300 °C, 350 °C and 400 °C were determined dur-
ing aging. This study found optimized processing conditions for
the Cu–Cr–Zr–Ce alloy from the standpoint of maximum hardness
and electrical conductivity for the lead frame applications.
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