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Cu-0.25Se-0.25Te alloy has been melted in a vacuum induction furnace and
then heat treated. Afterwards, equal-channel angular pressing (ECAP) and
subsequent annealing were carried out on the obtained samples. The effects of
the ECAP process and subsequent annealing on the microstructure and
properties of the alloy have also been investigated by scanning electron mi-
croscopy, Vickers microhardness testing, and eddy-current conductivity
measurements. The results suggest a morphological evolution of the grains
during the ECAP process. The equiaxed grains of the heat-treated alloy ini-
tially developed into shapes elongated along the shearing plane, then a series
of smaller streamlined strip-like grains appeared and were eventually crushed
into fine and equiaxed grains with a size of about 5 lm after different numbers
of ECAP passes (one, two, four, or eight), along with a deformed strain e.
Furthermore, the microhardness (HV) rose sharply from 68 N/mm2 to 140 N/
mm2 and then climbed steadily to 169 N/mm2 under the comprehensive effect
of e and the refinement of deformed grains. By contrast, the electrical con-
ductivity decreased slowly from 96.2% international annealing copper stan-
dard (IACS) to 93.5% IACS. The microhardness and the electrical conductivity
of the samples were found to vary contrarily with the change of annealing
temperature and stabilized at 500�C. Notably, the electrical conductivity in-
creased gradually, whereas the hardness of the alloys that were subject to a
higher number of ECAP passes decreased remarkably with increasing
annealing time at 300�C.
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INTRODUCTION

Copper alloys are widely used in various electrical
and electronic applications, e.g., as connectors, in
integrated circuits, as contact wires for high-speed
railways, etc.1 With the rapid development of
manufacturing in recent years, copper alloys with
high strength and high conductivity have been
explored to obtain good comprehensive proper-
ties.2–4 However, addition of alloy elements (Cr,
Zr, Mg, and Ag) would increase the defects in the Cu
matrix, thus impairing the electrical conductivity.5

To alleviate this problem, severe plastic deformation
(SPD) techniques have been developed as an effec-
tive process to obtain ultrafine-grained (UFG) mate-
rials with superior mechanical properties and good
electrical conductivity. To date, equal-channel
angular pressing (ECAP), which allows the achieve-
ment of extremely large imposed strains through
intensive simple shear in a bulk sample, is consid-
ered one of the most promising SPD processes to
procure materials with high strength and high
conductivity simultaneously.6–8 In ECAP, signifi-
cant grain refinement occurs together with disloca-
tion hardening, resulting in radical changes in both
the mechanical and electrical performance.9 Several
groups have investigated the microstructure and
mechanical behavior of pure Cu,10 Cu-Cr,9–11 Cu-(Received July 8, 2019; accepted January 24, 2020;
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Cr-Zr,6,12,13 Cu-Ni-Si,8,14 and Cu-Mg-Ce15 alloys
after ECAP deformation, and their results suggest
that the mean grain size decreased gradually, while
the dislocation density multiplied as the number of
ECAP passes was increased. The enhanced strength
was attributed to grain refinement and high dislo-
cation density deriving from large strain deforma-
tion, but the deformation strengthening
contribution was greater than the fine-grain
strengthening.13,16 In previous studies, addition of
Te or Se to the Cu matrix has been demonstrated to
be beneficial for the reduction of impurity elements
(O, Al, H, S, P, etc.) and amelioration of the
microstructure.17 The binary phase diagrams18 of
Cu-Te and Cu-Se alloys show that the solubility of
Te and Se in pure Cu is very low, nearly zero at
room temperature, with Te or Se being present as
Cu2Te or Cu2Se, indicating that they would be of
great benefit to enhance the alloy’s strength without
undermining its intrinsic high electrical conductiv-
ity. Zhu’s group17,19 studied the effects of the
annealing temperature on the electrical conductiv-
ity and mechanical properties of Cu-Te alloys, and
their results show that the tensile strength of
copper alloys could be improved by adding Te to
pure copper, while the electrical conductivity could
reach 94% to 98% IACS. Jiao et al.20 investigated
the corrosion behavior of Cu-Se-Te alloys in 3.5%
sodium chloride solution and found that adding a
small amount of Te and Se could improve the
corrosion resistance of pure copper. Therefore, Cu-
Se-Te alloy is expected to show good comprehensive
performance and combine high strength with high
conductivity. To further improve the mechanical
and electrical properties of Cu-Se-Te alloys, ECAP
was chosen in this work as an effective measure.
Accordingly, the aim of this study is to investigate
the evolution of the microstructure of the Cu-Se-Te
alloy during the ECAP process and the effect of
ECAP on its mechanical properties and electrical
conductivity. The thermal stability and subsequent
annealing of the studied alloy are also discussed.
Cu-Se-Te alloy is expected to be widely applied in
contact wires, transformers, and other electric or
electronic fields due to its high strength and high
conductivity.

EXPERIMENTAL PROCEDURES

First, the required raw materials were weighed
according to the designed ratio of the Cu-0.25Se-
0.25Te (wt.%) alloy and then melted using a vacuum
induction furnace under an argon protected

atmosphere. Since both the melting and boiling
points of selenium and tellurium are low (221�C and
685�C for Se, 449.5�C and 988�C for Te), they are
easy to volatilize. To reduce the burning loss and
consequently improve the utilization efficiency of
the added alloy elements, both Se and Te elements
were added as intermediate alloys (Cu-5Te, Cu-5Se)
by the powder metallurgy method.

The detailed procedures for alloy melting were as
follows: (1) A two-stage vacuum device including a
mechanical pump and a diffusion pump was first
used to achieve a vacuum degree in the melting
furnace cavity below 10�1 Pa; (2) The cavity was
then vacuumized after the remaining air had been
discharged by high-purity argon (99.99%), after
which argon was filled repeatedly for three times
to reduce the influence of impurity elements in the
atmosphere on the melting process of the alloy; (3)
In the melting process of the alloy, the melting
temperature was controlled by adjusting the cur-
rent (power) and a magnetic stirring device was
used to ensure the uniformity of the composition in
each melting process. The actual composition of the
investigated sample ingots was determined by x-ray
fluorescence (XRF; ADVAN). The designed and
measured contents of Se and Te are listed in
Table I.

After being kept at 850�C for 4 h, the ingots were
quenched and subsequently forged into copper plate
with a thickness of 18 mm. Several cylindrical rods,
with dimensions of U9.8 mm 9 90 mm, were cut
from the central copper plate, as shown in Fig. 1a.
ECAP was conducted at room temperature using a
die with an internal channel angle of U = 110� and
an outer arc curvature of w = 20� at the intersection

Table I. Designed and measured contents of Te and Se (wt.%) for Cu-0.25Se-0.25Te alloy

Designed Se Content
(wt.%)

Measured Se Content
(wt.%)

Designed Te Content
(wt.%)

Measured Te Content
(wt.%)

0.25 0.149 0.25 0.243

Fig. 1. Schematic illustration of (a) cutting of cylindrical rods for
ECAP, (b) geometry of die used, and (c) position of samples for
microstructure analysis and annealing in ECAP-processed rod.

Huang, Zhu, Liao, and Yao2618



of two parts of the channel, as depicted in Fig. 1b.
An imposed strain of � 0.5 was exerted in each
separate pass using these angles. The billets were
covered with MoS2 powder as lubricant before
extrusion, then the extrusion speed was controlled
at 7 mm/s through a total number of one, two, four,
and eight passes using a route in which each billet
was rotated 90� around the pressing direction
between each pass. Segalll and Iwahashi21,22 inves-
tigated the effect of the internal channel angle U
and outer arc curvature of w on the stress and
corresponding strain under good lubrication due to
the neglected friction:
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2 cot /

2 þ
w
2

� �
þ wcosec /
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ffiffiffi
3
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After ECAP processing, samples with dimensions
of U9.8 mm 9 10 mm were machined from the
billets as shown in Fig. 1c, and annealed at 200�C,
300�C, 350�C, 400�C, 450�C, and 500�C for 1 h in a
tube furnace with argon gas atmosphere. The
microhardness was measured using a Vickers
microhardness tester with a load of 1.98 N for 15 s
at different locations. The electrical conductivity
was measured by an eddy-current conductivity
meter according to the international annealed cop-
per standard (IACS). After that, the morphology of
the samples was observed by scanning electron
microscopy (SEM, JSM-5910 LV) at a 15-kV accel-
erating voltage. By contrast, backscattered electron
(BSE) imaging and element composition measure-
ments were carried out on the alloys by SEM
(Apreo; Thermo Scientific) equipped with energy-
dispersive x-ray spectroscopy (EDX, X-Max 80;

Oxford; with Aztec software) at a 20-kV accelerating
voltage.

RESULTS AND DISCUSSION

Effect of ECAP on Microstructure
of Cu-0.25Se-0.25Te Alloy

Figure 2 presents the SEM morphology of the
samples after different numbers of ECAP passes.
Note that the number of passes had an obvious
effect on the microstructure. Before ECAP, the
microstructure of the initial material after heat
treatment mainly consisted of undeformed and
equiaxed grains with an average size of about
80 lm (Fig. 2a), along with some dispersed sec-
ondary phase. After the first pass of ECAP, many
unevenly deformed grains with a length of about
50 lm and a width of about 20 lm were yielded
under the shear force. After the second and fourth
passes of extrusion, the grains were further elon-
gated along the shearing plane, and a streamlined
strip structure appeared. It is notable that the grain
width after the fourth pass of extrusion was appar-
ently smaller than that after the second pass.
However, the strip-like grains were broken into fine
and equiaxed grains with a size of about 5 lm when
the number of ECAP passes reached eight. This
evolution of the microstructure matches well with
the three typical refinement stages of ECAP.10

To confirm the elemental distribution and compo-
sition of the secondary phases, backscattered elec-
tron (BSE) analysis combined with energy-
dispersive x-ray spectroscopy (EDX) analysis was
carried out in detail on the sample subjected to eight
ECAP passes and annealing at 400�C. EDX map-
ping of Cu, Se, Te, and O in the annealed sample is
depicted in Fig. 3, and the element composition of

Fig. 2. SEM morphology of samples after different numbers of ECAP passes: (a) zero, (b) one, (c) two, (d) four, and (e) eight.
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Fig. 3. BSE morphology (a); EDX mapping of Cu (b), Se (c), Te (d), and O (e); EDX spectra at points marked A (f) and B (g).
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the second phases marked A and B is listed in
Table II. It is deduced that Se and Te exist as the
second phases at the same site, since both of them
share some similar characteristics, such as their
location in the same group of the Periodic Table and
very low solubility in copper at room temperature.

Effect of ECAP on Microhardness
and Electrical Conductivity

Figure 4 shows that increasing the number of
ECAP passes improved the microhardness of the
sample.

In particular, the microhardness (HV) was dra-
matically enhanced from 68 N/mm2 to 140 N/mm2

after the first pass. With continuation of the ECAP
process, the microhardness (HV) increased gradu-
ally to 169 N/mm2 due to the comprehensive effect
of e and refinement of deformed grains. By contrast,
the electrical conductivity of the sample decreased
slowly from 96.2% IACS to 93.5% IACS after eight
passes. Firstly, in the process of ECAP extrusion, an
additional e forms along with a large number of
dislocations, which is helpful to enhance the stress
field and strain field in the crystal. Thus, the
resistance to dislocation slip rises via the

interaction of accumulated dislocations; i.e., the
movement of dislocations is restrained under exter-
nal stress.21 Secondly, with increasing number of
ECAP passes, the grains are refined. According to
the Hall–Petch principle, Eq. 2 the finer the grains,
the higher the hardness of the metal6:

HV ¼ HV0 þ KHVd
�1=2; ð2Þ

where HV represents the hardness number of the
material, HV0 stands for the hardness number with
infinite grains, KHV refers to the hardening coeffi-
cient, and d is the average grain size.

Therefore, with increasing number of ECAP
passes, the strength or hardness of the material
increases, since the deformed grains become smaller
along with an increase in the dislocations and e.
However, the presence of vacancies, dislocations, or
crystal boundaries, which act as point, linear, and
planar defects in the crystal, respectively, reduces
the electrical conductivity, since all defects increase
the scattering of mobile electrons in metals. van
Beuren defines the dependence of the electrical
resistivity on defects as

Dq ¼ Cen; ð3Þ

where Dq represents the increment of the electrical
resistivity, C is a constant related to the purity of
the metal, e refers to the degree of plastic deforma-
tion, and n varies from 0 to 2.

Although the additional e increases with increas-
ing number of ECAP passes, which can be evaluated
using Eq. 1, fortunately, the electrical resistivity
rises only slightly by 2% to 6% even under severe
deformation, and the resulting decrease of the
electrical conductivity is confined to within 3%
IACS.

Effects of Annealing Temperature
on Microstructure and Properties of the Alloy

Figure 5 displays the SEM morphology of the
alloy samples after annealing for 1 h at different
temperatures. Note that deformed grains still exist
in the case of low annealing temperature below
200�C. However, when the annealing temperature
is increased to 300�C, the deformed grains are
replaced by small equiaxed grains, indicative of
recrystallization. Even coarse grains with twin
wafers can be found after annealing at tempera-
ture of 500�C. Compared with the traditional
annealing temperature of deformed copper alloys
of 400�C, it is verified that severe deformation
(eight passes) can decrease the recrystallization
temperature.

Figure 6 depicts the effect of the annealing tem-
perature on the electrical conductivity and hardness
of the samples after different numbers of ECAP
passes. For the sample not treated by mechanical
deformation processing (zero passes), the biggest
change in microstructure is that Se and Te

Table II. Elemental composition of second phases
in sample

Element
A B

at.% at.%

Cu K 53.77 75.88
Se L 21.71 7.88
Te L 16.87 10.51
O K 7.65 5.73
Total 100.00 100.00

Sample subjected to eight ECAP passes and annealing at 400�C.

Fig. 4. Microhardness and electrical conductivity of samples after
different numbers of ECAP passes.
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precipitate as the second phase Cu2(Se,Te), thus the
conductivity still rises. However, this kind of pre-
cipitation has two opposite effects on the hardness:
one is that the solid-solution strengthening effect is
weakened, whereas the precipitation strengthening
can be enhanced, thus the final hardness remains
slightly increased. By contrast, for the samples
subjected to different numbers of ECAP passes, it
was found that the electrical conductivity remained
practically constant below 300�C then rose rapidly,

while the microhardness decreased with increasing
annealing temperature. In addition, it can also be
seen that the electrical conductivity and microhard-
ness of the samples subjected to a higher number of
ECAP passes changed more remarkably, even
though the final values reached a relatively
stable level when the annealing temperature was
500�C. This phenomenon can be explained as fol-
lows: With increasing annealing temperature, the
deformed grains tend to recover, recrystallize, and

Fig. 5. SEM morphology of alloy samples (subjected to eight ECAP passes) after annealing for 1 h at (a) 200�C, (b) 300�C, (c) 400�C, and (d)
500�C.

Fig. 6. Effect of annealing temperature (for 1 h) on the (a) electrical conductivity and (b) microhardness of samples subjected to different
numbers of ECAP passes.

Huang, Zhu, Liao, and Yao2622



grow, as shown in Fig. 4, resulting in a decrease,
and even elimination, of the deformation strain e
and the dislocations present in the ECAP sample, as
well as a corresponding reduction of the grain
boundaries. Meanwhile, with increasing numbers

of ECAP passes, the temperature at which recovery
and recrystallization occur reduced, since severe
deformation always enhances the metastability of
microstructure with higher distortional strain
energy.

Fig. 7. Effect of annealing time on (a) electrical conductivity and (b) microhardness of alloys annealed at 300�C.

Fig. 8. SEM morphology of alloy after eight ECAP passes and annealing at 300�C for (a) 0.5 h, (b) 1 h, (c) 2 h, and (d) 4 h.
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Effects of Annealing Time on Microstructure
and Properties of the Alloy

Figures 7 and 8 exhibit the effect of the annealing
time at 300�C on the electrical conductivity, micro-
hardness, and microstructure of the alloys. With
prolongation of the annealing time, the electrical
conductivity gradually increased, since the
deformed alloys only recovered partially at the
relatively low annealing temperature of 300�C. By
contrast, the hardness of the alloys decreased
slightly. In particular, for the alloys subjected to
eight passes of ECAP, the hardness (HV) initially
decreased obviously from 169 N/mm2 to 96 N/mm2,
but increased with continuing annealing, which
may result from the fact that recovery, recrystal-
lization, and grain growth, along with precipitation
of the second phase, occurred successively.

CONCLUSIONS

The following conclusions can be drawn from the
investigation of the effect of the ECAP process and
subsequent annealing on the microstructure and
properties of Cu-0.25Se-0.25Te alloy:

1. After different numbers of ECAP passes (one,
two, four, and eight), the grains of the heat-
treated alloy evolved from equiaxed to a shape
elongated along the shearing plane, then a
smaller streamlined strip structure appeared,
and eventually, the stripped grains were broken
into fine and equiaxed grains with a size of about
5 lm; e after each ECAP pass can be predicted.

2. With increasing number of ECAP passes, the
microhardness rose obviously from 68 HV to
140 HV at the beginning, then climbed gradu-
ally to 169 HV under the comprehensive effect
of e and refinement of deformed grains. By
contrast, the electrical conductivity decreased
slowly from 96.2% IACS to 93.5% IACS.

3. After annealing at different temperatures for
1 h, the microhardness of the samples de-
creased while the electrical conductivity rose
obviously, and finally both the microhardness
and electrical conductivity reached stable values
at annealing temperature of 500�C.

4. As the annealing time at 300�C was prolonged,
the electrical conductivity gradually increased;
by contrast, the hardness of the alloys subjected
to a higher number of ECAP passes decreased
remarkably.
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