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Abstract: Cu-8wt%Ag alloy was prepared by two kinds of preparation techniques, namely continuous casting +cold wire-drawing
deformation preparation (CC + CD) and continuous casting + equal channel angular pressing + cold wire-drawing deformation
preparation (CC+ECAP +CD), and subsequently the aging treatment was performed. We measured the mechanical property and the
electrical property of the Cu-8wt%Ag alloy with different strains, explored the changing rules of the microstructure, the mechanical

property and the electrical property by different preparation techniques. Then we analyzed the changing reasons of performance and
discussed whether the better comprehensive performance could be acquired by combining the ECAP with the traditional
cold-processing. The results show that the comprehensive performance of the Cu-8wt%Ag alloy prepared by CC+ECAP +CD is a
little better than that by CC+CD. It is significant and valuable to solve the waxing and waning problem between the high strength

and high conductivity of the Cu-Ag alloy.
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With the rapid development in the electronic industries,
the Cu-Ag alloy has been applied to many fields such as
microelectronics, transportation, aerospace and mechanical
manufacturing, and because of its excellent strength and
electrical conductivity, has been the preferred conductor
material in products such as the medical equipment, the
contact wire of the high-speed train, the strong magnetic
field system and the lead frame of the large scale integrated
circuit ™% But there is a waxing and waning relationship
between strength and conductivity of the Cu-Ag alloy;
therefore it is a key research and development direction for
researchers to solve the contradictory relationship and to
find a kind of material with both of high strength and high
conductivity and a preparation technique .

In the past forty years, the size of the Cu-Ag alloy in-situ
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composites with the fibrous microstructure has been down
to nanometer through cold-working such as rolling, drawing
and forging, and owing to the great compatibility between
Cu phase and Ag phase, the strength of mixture is usually
more than the theoretical estimate value *“. In addition,
severe plastic deformation (SPD), such as equal channel
angular pressing (ECAP), high-pressure torsion (HPT), and
accumulative roll bonding (ARB), due to the simple process
and low cost, has been recognized as one of the most
promising technology by international researchers®”. At
present, many researchers have focused on the combination
between the severe plastic deformation and the traditional
cold working or the heat treatment process to obtain better
comprehensive performance®™®. For example, Young et
al.™ have got a nano structural Cu-3wt%Ag alloy by
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combining the ECAP with the traditional cold working
technique, the strength and the conductivity of which are
765 MPa and 86%IACS, respectively. But there are a few
literatures about how this combinative technique improves
the comprehensive performance of the alloys and the
improvement is not clear. Therefore, in the present paper,
the Cu-8wt%Ag alloy is prepared by two kinds of
preparation techniques, namely CC + CD and CC + ECAP
+ CD. This paper analyzed its microstructural transfor-
mation by the different preparation techniques, researched
the effects of its strength, micro hardness and conductivity
on the mechanical property and the electrical property and
discussed whether the better comprehensive performance
could be obtained by combining the ECAP with the
traditional cold working technique.

1 Experiment

Bars with @8 mm were prepared by the continuous
casting, where Ag materials with the purity of 99.5% and
99.99% (Ag content of 8wt%) were continuously cast in a
high speed continuous casting furnace of the set
temperature 1180 <C, the vacuum degree 1.1x10° Pa,
pressure 8.6x10° Pa, the cooling water temperature 27.4 <C
and the speed 130 mm/min. By chemical analysis, Ag
content of the alloys was 7.94 wt%.

There were two Kinds of preparation techniques designed:

CC + CD and CC + ECAP + CD. In the former, bars having
been continuously cast were drawn at room temperature to
wires with @1.078, ¢0.398 and ¢0.148 mm (corresponding
with the true strain # = 4.01, 6.02, 7.95). The drawing
reduction was expressed by the tensile ratio:

7 = In(A/A) Q)
where, Ay and A are the initial and the final cross-sectional
area of samples, respectively.

In the latter, bars having been continuously cast were
processed by a wire cutting machine to cylindrical samples
with the diameter @8 mm and the length 50 mm. Samples
were processed by two passes of ECAP at speed of 5
mm/min and the C path™™? with the best grain refinement
effect and the final equivalent strain was 2. The die of the
ECAP was made of 9SiCr and its internal angle was 90<
The mixture of MoS, and engine oil worked as a lubricant.
And then the samples after two passes of the ECAP were
drawn at room temperature by the above-mentioned same
cold-drawing method followed by the aging treatment at
350 <C, 15 min to obtain the fine wires with @0.148 mm.

The longitudinal section of bars, ECAP samples and
drawn-wires was observed by scanning electron microscopy.
The corrosive liquid used to be polishing samples was made
of 2.0 g FeCl;, 100 mL C,HsOH and 5.0 mL HCI. According
to the national standard of metallic materials tensile testing at
ambient temperature GB-T228-2002, drawn-wires were
processed to tensile samples with the scale distance 100 mm.

At room temperature, the tensile experiment was carried out
at speed of 1 mm/min by an electronic universal testing
machine (SHIMADZU AG-X, Japan) to test the mechanical
property of samples. The micro hardness of the alloys with
the different diameter was measured by intelligent digital
micro hardness tester (HXS-1000A). The electrical resistance
of the alloys was measured by the DC digital resistance tester
(SB2230) and the conductivity can be calculated by the
following equations. At 20 <C, the conductivity (IACS) of
the copper wires annealed is 0.017241 Qmm’m?, as
follows:

@1ACs) = 201724 1000 @)

R = Pl _ 4_/’1 =p= @ (3)
S =D 4
where, p is the electrical resistivity, @ mm?m™; R is the
electrical resistance, mQ; | is the length of wires, m, and the
testing value is 1 m; D is the diameter, mm.
Eq.(3) into Eq.(2) we got

0.017 241;1000 x 4 <100% (4)
nD°R

(%IACS) =

2 Results and Discussion

2.1 Microstructure

Fig.1 shows the SEM images of the Cu-8wt%Ag alloy
under different states. We find through the microstructural
evolution of the alloys under different processing states that
under the continuous casting state the eutectic phase and the
secondary Ag phase are arrayed along the casting direction
and form a certain orientation, as seen in Fig.1la. After one
pass of the ECAP grains are continuously crushed, slid and
rotated to make the Cu matrix, the eutectic phase and the
secondary Ag phase elongated along the direction of 45°
with the extrusion direction are refined to a large extent, we
observe the apparent slip band, as seen the black arrow in
Fig.1b.

In the drawing deformation process, with the increase of
the true strain, the secondary Ag phase with dot distribution
gradually appears in the matrix, and tissue in radial
direction is gradually refined while it in longitudinal
direction gradually forms fiber along the drawing direction.
For the alloy prepared by CC + CD after the aging treatment,
the fine secondary Ag phase is precipitated around the
fibrous phase, part of which is distorted because the phase
boundary partly migrates, as seen in Fig.1c. It demonstrates
that recrystallization occurs in tissue, but migration of the
grain boundary is never across the initial position of the
phase boundary, limiting the size of most of the
recrystallization grains within the fibrous dimension, which
is called the in-situ recrystallization. The in-situ
recrystallization would occur because the pinning effect of
the fine relative dislocation precipitated during the aging
treatment seriously hinders the nucleation and growth of
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recrystallization and the geometrical softening of the Cu
alloys caused by recrystallization™*®. In the alloy prepared
by CC + ECAP + CD followed by the aging treatment, a
small amount of larger grains are obviously observed (as
seen in Fig.1d). Through the microscope, we observe that
the fine recrystallization grains are clearly distinguished,
part of the grain boundaries begin to migrate across the
phase boundary of the fibrous phase resulting in the phase
boundary apparently bending and that some fibrous tissue is
partially coarsened and disconnected to form the
discontinuous globular grains but the genetic form of the
initial fibrous tissue is still foiled ™. Finally, comparing
the alloys prepared by two kinds of different preparation
techniques after the aging treatment, we find that the
fibrous tissue of the alloys prepared by CC + ECAP + CD is
obviously finer than that by CC +CD and the secondary Ag
phase is diffusely precipitated more obviously.
2.2 Mechanical property

Fig.2 shows the relationship between the ultimate tensile
strength & the micro hardness and the wire-diameter of the
Cu-8wt%Ag by the different preparation techniques. The
alloys which are deformed with the true strain of 2 by the
ECAP process are cold-drawn to be different diameter wires
with ©1.078, ©0.398 and ©0.148 mm corresponding to the
true strain of CD #=4.01, 6.02, 7.95. The alloys without
ECAP are cold-drawn to be the same three kinds of
diameter wires by the same way. These wires are employed
in tests of ultimate tensile strength and HV. As seen in Fig.2,
it is apparent that both of the ultimate tensile strength and
the micro hardness increase to some extent and the

secondary Ag phase gradually transforms to the Ag fibrous
bundle with the gradual decrease of the wire-diameter
(namely the gradual increase of the true strain). The
diameter and the gap between the Ag fibrous bundles in the
eutectic fiber gradually decrease with the increase of the
strain. Besides owing to the gradual redution of the gap
between boundaries the dislocation structure can not exist
stably and is absorbed by the boundaries, hindering the
proliferation of the dislocation, which is difficult to move to
improve the capacity of the grain resistance to plastic
deformation. Meanwhile, the strengthening of the alloys are
mainly composed of boundary strengthening, Ag fibrous
strengthening in eutectic tissue and secondary Ag fibrous
strengthening %71,

As seen in Fig.2a, it is apparent that the ultimate tensile
strength of the alloys prepared by CC + ECAP +CD is
obvious higher than that by CC + CD. Specifically, when the
wire-diameter is ©1.078, ©0.398 and ©0.148 mm the
ultimate tensile strength increases by 22.93%, 15.95% and
9.61%, respectively. After the severe deformation the
ultimate tensile strength of the alloys is improved greatly
because of the eutectic phase and the Ag precipitation phase
in the alloys transforming to the fibrous tissue reinforcement
phase, the solid-solution strengthening and the deformation
strengthening™. Meanwhile, as seen in Fig.2b, it is apparent
that the microhardness of the alloys prepared by CC+ECAP
+CD is obvious higher than that by CC +CD specifically,
when the wire-diameter is ¢1.078, ¢0.398 and ¢0.148 mm
the hardness increases by 16.08%, 14.77% and 5.62%,
respectively. Consequently, it is an effective criterion for the

Fig.1 SEM images of Cu-8wt%Ag alloy: (a) continuous casting state, (b) one pass of ECAP, (c) CC + CD +aging treatment, and (d) CC +

ECAP + CD + aging treatment
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Fig.2 Ultimate tensile strength-wire diameter curves (a) and
curves of hardness-wire diameter (b) of Cu-8wt%Ag alloy
by different processing techniques

ECAP extrusion technology to improve the mechanical
property of the material. Because the grains in the alloys after
the ECAP experience the severe shear deformation, the
dislocation is continuously rotated and the grains are
continuously crushed and refined to reduce the proportion of
the grain boundary. Meanwhile, the density is higher with the
continuous proliferation of the dislocation, which offers the
good initial tissue for the subsequent cold-drawing
deformation and also works as the foundation of the final
performance of the alloys.
2.3 Electrical property

Fig.3 shows the conductivity calculated by Eq.(3), of the
Cu-8wt%Ag alloy by different preparation techniques. It
declines with the decrease of the wire-diameter (namely the
increase of the cold-drawing true strain 7). With the decrease
of the wire-diameter, namely the increase of the true strain,
the fibration of the tissue in the alloys is more and more
apparent, especially during the high strain stage (7 > 6).
When the diameter of the fibrous bundles is less than the
mean free distance with the continuous decrease of the gap
between the fibrous bundles, the dislocation substructure can
not exist stably and is absorbed by the boundaries gradually
to reduce seriously the dislocation density in the Cu matrix,
weakening gradually the scattering effect of the dislocation
on the conductive electrons. It is the main factor to the
conductivity of the alloys that the scattering effect is

~ ~
o ©
(]

Conductivity/%IACS
~
SN

72} i
> ~&—CC+CD
70 ~#—CC+ECAP+CD
-
68

00 02 04 06 08 1.0 1.2
Diameter/mm

Fig.3 Curves of conductivity-wire diameter of Cu-8wt%Ag alloy
with different processing techniques

strengthened on the interface between the eutectic fiber and
the Cu matrix fiber, the interface between the secondary Ag
fiber and the Cu matrix and the Cu matrix grain boundary to
decrease the electrical resistance of the alloys™®*.

Comparing the two kinds of preparation techniques, it is
found that the conductivity of the alloys prepared by CC +
CD is higher than that by CC + ECAP + CD. Specifically,
when the wire-diameter is ¢1.078, ¢0.398 and ¢0.148 mm
the ultimate tensile strength increases by 6.02%, 6.88% and
4.09%, respectively, as seen in Fig.2. It is a possible reason
that the grains of the alloys processed by ECAP before
cold-drawing are deformed, rotated and crushed by the
shearing force to refine continuously the grains to increase
the proportion of the grain boundaries, resulting in
strengthening the scattering effect of the surface defects (the
grain boundaries and the phase boundaries, etc.). Meanwhile,
with the increase of the shear strain, the dislocation of the
alloys is also more and more to strengthen the scattering
effect of the line defect (dislocation) on electrons. Therefore
the conductivity of the alloys is improved by the increase of
the scattering value (pgis) of the line defect on electrons and
the scattering value (pi,;) of the face defect on electrons.
Consequently, the alloys processed by ECAP before
cold-drawing obtain the microstructure with the high line
defect and the high face defect.
2.4 Comprehensive performance

For the general conductive alloys, there is the waxing and
waning relationship between strength and conductivity. In the
present paper, the mechanical property of the Cu-8wt%Ag
alloy prepared by two kinds of preparation techniques
improves while the conductivity declines, as seen in Fig.2
and Fig.3. Both of the tensile strength and the micro hardness
are improved by the aging treatment. The initial tissue form
influences directly the final fiber distribution. Through the
aging treatment the strengthening phase in the initial tissue is
distributed reasonably, the secondary Ag phase appears
significantly near the large angle, the dislocation density
gradually declines and the rate of the flow stress and the work
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Table 1 Ultimate tensile strength (UTS), microhardness (HV) and conductivity of Cu-8wt%Ag alloy by different preparation

techniques before and after the aging treatment

Processing Ultimate tensile strength/MPa Microhardness, HV/MPa Conductivity/%IACS
condition Processing state  Aging treatment Processing state Aging treatment  Processing state Aging treatment
CC+CD 1066.333 689.671 2544 1718 71.70 88.50

CC+ECAP+CD 1168.820 708.327 2687 2015 68.88 90.05

hardening are continuously reduced. When the desolvation of
the solid-solution is basically completed, the conductivity
tends to be constant®. As a result, the conductivity of the
alloys is greatly improved while the strength is decreased.

Table 1 shows the performance comparison between the
Cu-8wt%Ag alloys prepared by different preparation
techniques before and after the aging treatment when the
wire-diameter is @0.148 mm. By investigating the effect
of two kinds of different preparation techniques on the
mechanical property and the electrical property, we find
that the improvement of the mechanical property of the
alloys prepared by CC + ECAP + CD is more than that by
CC + CD while the conductivity declines. But finally after
the aging treatment the conductivity of the alloys by the
two preparation techniques is both increased while the
mechanical property declines slightly. In addition, the
comprehensive performance of the alloys prepared by CC
+ ECAP +CD is a little better than that by CC + CD.
Specifically, the tensile strength, the micro hardness and
the conductivity of the alloys processed by ECAP are
increased by 2.71%, 17.29% and 1.75%, respectively, as
seen in Table 1.

Although the ECAP extrusion process is not easy to, it
does improve the comprehensive performance of the alloys
from the above data. Therefore, it is a significant and
valuable method to the alloys prepared by CC + ECAP + CD.

3 Conclusions

1) After one pass of ECAP the grains are continuously
crushed, slid and rotated to elongate every phase along the
direction of 45<with the extrusion direction and are refined
to a large extent. After the aging treatment the fibrous tissue
of the alloys prepared by CC + ECAP + CD is apparently
finer than that by CC + CD and the secondary Ag phase is
diffusely precipitated more obviously.

2) The conductivity of the alloys prepared by CC+ECAP
+ CD is lower than that by CC + CD while the tensile
strength and the micro hardness are much better. It indicates
that the ECAP process affects sensitively the mechanical
property and the electrical property of the alloys to the
ECAP process. The grains in the alloys after the ECAP
experience the severe shear deformation and are
continuously crushed and refined, which offers the initial
microstructure to increase the strength and to decrease the
conductivity of the alloys.

3) After the aging treatment, the comprehensive
performance of the Cu-8wt%Ag alloy prepared by CC +
ECAP + CD is a little better than that by CC + CD.
Consequently, the ECAP extrusion process is not easy to
industrially produce, but it does improve the comprehensive
performance of the alloys. It is significant and valuable to
solve the waxing and waning problem between the high
strength and high conductivity of the Cu-Ag alloy.
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T EHIE L ZXES Cu-8%Ag && NFEMENSBENFMN

oA, ub o, R R, KESE, EEYL | O3, E o
(BMIstemTTip MisteREa AR ERENLRE, Z8 RY 650106)

OB RIS LY, B +A RN T L (CC+ CD) RIS +4 12 3k E+VAhi 241 1. 1. 2 (CC + ECAP + CD) #l % Cu-8%Ag & 4
(PR %), BERHBHATIN AL EE . 20 BIPIHR T AN A N AR 5 N Cu-8%AgH & 1 1A MEREFI L 22 P RE, R 7T T ANRHI & T2 T &4 EMmA
2 DIk Re S H R RR AR AR, AT T e R L, IR T ECAPEIR 54 G4 I LH ARARSE & /& 75 ] LLIRAS B4
MgEaTERg. 45 REM: RACC+ECAP+CDHI&ICU-8%AgE & Lk A E RIS T T CC+ CDRIE I & 4 . XM R Cu-Ag A 4 1T 9
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