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Abstract: The Cu–20 wt% Ag alloy wire rod was prepared
using three-chamber vacuum cold mold vertical contin-

uous up-casting followed by multi-pass continuous
drawing. The evolution of microstructure, mechanical
property, and electrical property of the Cu–20 wt% Ag
alloy wire during multi-pass continuous drawing was
studied. After multi-pass continuous drawing, the con-
tinuous network eutectic structure in the longitudinal
section of the as-casted rod was gradually drawn into
long fibers that approximately parallel to the axial direc-
tion, while the space of the continuous network eutectic
structure in the transverse section is getting smaller and
smaller. Both the preferred orientation of copper and
silver grains are (1,1,1). With the increase of drawing
strain (η), the tensile strength of Cu–20 wt% Ag alloy
wire gradually increases while the elongation gradually
decreases. When the diameter is drawn to 0.02 mm (η =
11.94), the tensile strength of the alloy is 1,682 MPa and
elongation is 2.0%. The relationship between tensile
strength, elongation, and diameter conforms to Allometric
and Boltzmann functions, respectively.
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1 Introduction

Copper alloy and copper matrix composite materials have
many advantages of good arc erosion corrosion resis-
tance [1], wear resistance [2], high strength [3], and other
special properties [4]. Due to the excellent strength and
high conductivity of Cu–Ag alloy, they are widely used as
bonding wire in high-end fields such as integrated circuit
packaging, connector [5], electronic communication [6],
and audio and video transmission [7]. At present, the
Cu–Ag alloy mainly contains low-silver and high-silver
alloy wire according to the silver content [8]. Cu–Ag alloy
wire with silver content of 0.06–0.3 wt% is widely used as
contact wire and data wire [9]. It can replace pure copper
as data wire because it has a higher strength, and at the
same time, its processing characteristics are the same as
those of pure copper wire [10]. The Cu–Ag alloy wire with
silver content of 1–20 wt%mainly includes Cu–1 wt% Ag,
Cu–2 wt% Ag, Cu–3 wt% Ag, Cu–4 wt% Ag, Cu–6 wt%
Ag, Cu–10 wt% Ag, and Cu–20 wt% Ag. Cu–Ag alloy wire
with silver content of 1–6 wt% is widely used as voice
coil, flexible cables, and bending resistance cable in the
field of automotive, medical, and smart devices [11].
When the silver content is more than 10.0 wt%, the
Cu–Ag alloy wire is often used as conductive material
in splice pieces and precise resistance [12].

The traditional method to prepare Cu–Ag alloy wire
is cold mold continuous casting, followed by multi-pass
drawing and intermediate annealing [13]. The obtained
materials by this mature method usually present good
stability [14]. However, segregation and defects always
can be observed when we prepared Cu–Ag alloy with
high Ag content because of wide solidification range,
which leads to breaking during the subsequent drawing
process [15]. As a result, super long and slim Cu–Ag alloy
wire with high Ag content is difficult to be prepared
[16,17]. At present, many researchers in the world are
working on the preparation technology of Cu–Ag alloy
wire [18]. Feng et al. [19] have studied the influence of
drawing process on the performance of directional soli-
dified Cu–Ag alloy wire. The result shows that Cu–Ag
alloy wire with the diameter of 0.12 mm can be prepared
through the horizontal continuous solidification, fol-
lowed by multiple cold drawing. The electrical conduc-
tivity of the material is up to 58.0 MS/m, with a tensile
strength of 300MPa and elongation of 23%. Ning et al.
[20] have researched the preparation of Cu–10Ag in situ
nanofiber composite by large deformation, and the results
show that the tensile strength of the Cu–Ag alloy wire is
up to 1,190MPa and the conductivity is 68.7% IACS.
Zhang et al. [21,22] and Konakov et al. [23] have studied

the effects of fiber phase and alloying elements on the
microstructure, mechanical properties, and electrical
properties of Cu–Ag alloy wire. The result shows that
when the eutectic fiber bundle space is more than
150 nm, the relationship between tensile strength and
the eutectic fiber bundle space is consistent with Hall–
Pecth, and the strengthening effect is considered to be
the dislocation plug mechanism [24]. For the as-casted
Cu–Ag alloy with low Ag content, few second phases
were draw into loosely arranged fibers after cold drawing,
which loosely distributed in the copper dendrite gap [25].
However, for the alloy with high Ag content, second
phases in the microstructure exist in the form of reticular
continuous eutectic layer, and the fibers were arranged in
a straight and dense manner after cold drawing. Zuo et al.
[26] and Zhao et al. [27] have studied the microstructure
and properties of nanostructured Cu–28 wt% Ag micro-
composite deformed after solidifying under a high mag-
netic field. The result shows that the strength of Cu–Ag
alloy composites solidified under a high magnetic field is
significantly improved due to the smaller space of silver
eutectic tissue. Previous research work reported by Liu
et al. [28] evaluated the evolution of microstructure and
properties of Cu–Ag microcomposites with different Ag
content. They found that the increased deformation may
lead to the improved tensile strength and decreased elec-
trical conductivity of Cu–Ag alloy. The morphology of
eutectic microstructure of Cu–24 wt% Ag alloy has a
greater influence on the strength and conductivity than
its volume fraction.

In this paper, Cu–20 wt% Ag alloy wire was prepared
through three-chamber vacuum and cold mold vertical
continuous up-casting followed by multi-pass contin-
uous drawing [29]. The effect of drawing process on the
microstructure, texture, mechanical properties, and elec-
trical performance of Cu–20 wt% Ag alloy wire was sys-
tematically studied. This study will provide theoretical
basis for the superfine, continuous, and accurate drawing
control of Cu–Ag alloy with high Ag content.

2 Experiment

2.1 Experimental process

The as-cast Cu–20Ag rod was prepared by self-developed
three-chamber vacuum and cold mold vertical contin-
uous up-casting equipment, as shown in Figure 1. Elec-
trolytic copper (99.95%) and high-purity silver particles
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(99.99%) were used as raw materials. They were placed
with a mass proportion of 4:1 in vacuum chamber I. After
that, the vacuum chamber I was vacuumed. Secondly,
they were smelted in an intermediate frequency induc-
tion furnace (≤2,000 Hz) in vacuum chamber II [30].
Thirdly, the as-cast Cu–20Ag rod with a diameter (Φ) of
7.83 mm was prepared from casting mold with a speed of
150mm/min by cooling after they were fully mixed [31].
Finally, the as-cast Cu–20Ag rod was continuously cold
drawn from Φ 7.83 mm to Φ 0.02 mm. Then the materials
were heated at 550°C for 1 s. The drawing strain is calcu-
lated by η = ln(A0/A), where A0 and A are initial and final
cross-sectional areas, respectively. The total drawing
strain ƞ is 11.94.

2.2 Analysis methods

The longitudinal and transverse samples were taken from
as-cast rod and as-drawn wire with different diameters
during multi-pass continuous drawing. After the surface
is polished and corroded, the samples were etched using
the mixture solution containing 30% NH3·H2O and 20%
H2O2 (vol% 1:1). The microstructure was analyzed using a
Zeiss AxioVert A1 optical microscope and a field-emission

scanning electron microscope (FE-SEM, JSM-7800F,
JEOL, Japan). The texture was analyzed using a X-
Ray Diffraction (Model D8 Bruker, Germany) with a Cu
Kα1 source at 40 kV and 40mA. Tensile mechanical tests
were carried out using a AG-I250KN electronic universal
materials testing machine at room temperature. The elec-
trical conductivity were measured using ZY9987 electrical
conductivity gauge.

3 Results and discussion

3.1 Microstructure and texture

Figure 2 shows the longitudinal macrophotograph, long-
itudinal and transverse microstructure of as-cast rod, and
as-drawn wire during multi-pass continuous drawing.

As shown in Figure 2b, the longitudinal microstruc-
ture of as-cast rod prepared using three-chamber vacuum
cold mold vertical continuous up-casting consists of two
components: Cu-rich proeutectic matrix (dark contrasts)
and Ag-rich eutectic dendrite (light contrasts), which
form a rhombic network along the axial direction [32].

Figure 1: Three-chamber vacuum cold mold vertical drawing continuous casting device (a) and its schematic diagram (b).
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Compared with Figure 2e, h, and k, the continuous net-
work eutectic structure in the longitudinal section of the
as-cast rod is gradually drawn into long fibers during
multi-pass continuous drawing. Those fibers are approxi-
mately completely parallel to the axial direction as a
function of drawing strain and its space is getting smaller
and smaller [33]. In addition, longitudinal macrophoto-
graphs in Figure 2a, d, g, and j show that the space of the
peripheral fibers is much smaller than that of the core,

indicating that the deformation of the periphery in the
wire is significantly greater than that of the core during
multi-pass continuous drawing [34]. What is more, the
deformation gradually weakens from the circumference
to the core along the diameter direction. This is mainly
due to the deformation process during the drawing: the
metal of the periphery in the wire first deforms as a result
of shear force when the wire goes across the obconical
mould, and then grains in the center slip being motivated

Figure 2: The longitudinal macrophotograph, longitudinal, and transverse microstructure of as-cast rod and as-drawn wire with different
diameters (a–c – 7.83mm, η = 0; d–f – 2.13 mm, η = 2.6; g–i – 1.00mm, η = 4.1; j–l – 0.45 mm, η = 5.7).
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by the deformation of the periphery. As a result, the
deformation of the periphery in the wire is significantly
greater than that of the core during multi-pass continuous
drawing [35]. Figure 2c shows that the transverse micro-
structure of as-cast rod is composed of Cu-rich proeutectic
matrix and Ag-rich eutectic dendrite, which form a ruleless
network. Compared with Figure 2f, i, and l, after multi-
pass continuous drawing, they are still ruleless network
in the transverse microstructure, but the space is getting
smaller and smaller and the microstructure is getting more
dense [36]. In conclusion, after multi-pass continuous
drawing, the continuous network eutectic structure in
the longitudinal section of the as-cast rod is gradually
drawn into long fibers which are approximately parallel
to the axial direction, while the cross section is gradually
drawn into ruleless network with a smaller space.

Figure 3 shows XRD patterns of as-casted rod and as-
drawn wire with different diameters after multi-pass con-
tinuous drawing. Three diffraction peaks of Cu(111), Cu
(220), and Cu(311) and two diffraction peaks of Ag(111)
and Ag(311) can be observed in the as-casted rod pre-
pared using three-chamber vacuum cold mold vertical
continuous up-casting. The intensity of Cu(111) and Cu
(311) diffraction peaks is stronger than that of Cu(220),
and Ag(311) is stronger than that of Ag(111). This is mainly
determined by in-house crystal structure and the para-
meters of vertical continuous up-casting. During multi-
pass continuous drawing, the intensity of diffraction peak
Cu(111) increases. At the same time, the diffraction peak
of Cu(200) can be observed, the intensity of which wea-
kened with the decrease of diameter. The diffraction peak
of Cu(220)was weak in the as-cast rod and the wire with a

diameter of 5.34 mm, but it increases when the diameter
of the wire is drawn to 2.95 mm, indicating that the pro-
cess is conducive to the growth of Cu(220) and the
volume fraction of Cu(220) increases in its structure.
Then, its intensity weakens with the decreasing diameter.
However, the intensity of Cu(311) peak changed a little
during multi-pass continuous drawing. The intensity of
Ag(111) peak increases after drawing, and the intensity
without obvious difference with the decreased diameter.
At the same time, the diffraction peak of Ag(200) arises,
and its intensity decreases with the decreased diameter.
In addition, the diffraction peaks of Ag(311) gradually
disappear, indicating that the volume fraction of Cu
(311) gradually decreases. It can be concluded that, after
multi-pass continuous drawing, the slip plane and the
slip direction of each grain in the Cu–20 wt% Ag wire
turn toward the direction of drawing as a function of
drawing strain, resulting in the formation of organized
grain orientation. The strongest peak is Cu(111) and the
preferred orientation of copper grains is (1,1,1) [37]. The
intensity of Ag(111) peak is the highest and the preferred
orientation of silver grains is (1,1,1).

3.2 Mechanical properties

Figure 4 shows the tensile strength and elongation of
alloy wires with different diameters during multi-pass
continuous drawing.

Figure 4 shows the tensile strength and elongation of
alloy wires with different diameters during multi-pass
continuous drawing. The rod prepared using three-

Figure 3: XRD patterns of as-cast rod and as-drawn wire with dif-
ferent diameters during multi-pass continuous drawing (a – as-cast;
b–f – as-drawn).
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Figure 4: Mechanical properties of as-drawn wires with different
diameters during multi-pass continuous drawing.
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chamber vacuum cold moertical continuous up-casting
presents excellent plasticity, with a tensile strength of
284 MPa and elongation of 48.0%. During the multi-
pass continuous drawing, its tensile strength increases
gradually with the decrease of diameter [38]. The tensile
strength continuously increases when the diameter of
alloy wires is drawn from 7.83 to 1.00mm (η = 4.12).
When the diameter is drawn from 1.00 to 0.02 mm (η =
11.94), the tensile strength of alloy wires gradually
increases to 1,682 MPa. This is mainly attributed to the
fact that the continuous network eutectic structure in
the longitudinal section is gradually drawn into long
fibers through multi-pass continuous drawing, which
are approximately parallel to the axial direction. Mean-
while, work-hardening occurs as the function of drawing
strain, which leads to a gradual increase of the tensile
strength[39]. However, the elongation of the Cu–20 wt%
Ag alloy wire is closely related to the diameter, which
decreases rapidly from 48% to 3.68% when the diameter
of alloy wires is drawn from 7.83 to 2.95 mm (η = 1.95) due
to the sharp increase of the dislocation density inside the
grains after drawing deformation [40]. When the dia-
meter is gradually drawn from 2.13 mm (η = 2.60) to
0.02 mm, the elongation of Cu–20 wt% Ag alloy wire
tends to be stable at a range of 1.8–3.3%. This is mainly
attributed to the fact that the silver fibers have been

approximately parallel to the axial direction with a dia-
meter less than 2.13 mm [41].

In order to further research the relationship between
the diameter and mechanical properties of Cu–20 wt%
Ag alloy wires during multi-pass continuous drawing,
Allometric and Boltzmann functions were used to fit the
data of the tensile strength and elongation of the alloy
wires, respectively. The fitting results were shown in
Figure 4. The relationship for tensile strength (δ), elonga-
tion (e), and diameter (x) is shown as the following
equation:

= − ×δ x178285.85 177468.84 0.00118 (1)

= ( − )/

( + ( − / ))

e
x x

5437.56257 5435.11958
1 exp 12.71763 d

(2)

The correlation coefficients between tensile strength (δ),
elongation (e), and diameter (x) are calculated as 0.98656
and 0.99763, respectively, indicating that the fitting results
are highly reliable.

Figure 5 shows the fracture morphology of the as-
casted rod and as-drawn wire with different diameters
during multi-pass continuous drawing. Significant differ-
ences can be found for the fracture dimples with different
diameters. Numerous dimples with large size and deep
depth can be observed on the as-casted rod fracture,

Figure 5: Fracture morphology of as-cast rod and as-drawn wire with different diameters (a and b – 7.83mm, η = 0; c and d – 5.34 mm,
η = 0.77; e and f – 2.95mm, η = 1.95; g and h – 2.13 mm, η = 2.6; k and l – 1.49 mm, η = 3.31).
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presenting apparent necking phenomenon, which belongs
to a typical ductile fracture. With the increase of the
drawing strain, the necking phenomenon of the fracture
becomes weaker, especially when the diameter is less than
2.13mm (η = 2.6), the fracture almost tends to be flat. In
addition, the number, depth, and size of the fracture dim-
ples gradually become smaller and more uniform, which
indicates that the microstructure of the alloy wire has been
refined and its structure ismore andmore uniform through
the deformation in the process of multi-pass continuous
drawing. In addition, the tensile strength of the material is
significantly improved, and the plasticity is greatly reduced,
which is in accordance with the change rule of tensile
strength and elongation in Figure 4.

3.3 Electrical properties

Figure 6 shows the conductivity, DC resistance, and elec-
trical resistivity of Cu–20 wt% Ag alloy wires with dif-
ferent diameters during multi-pass continuous drawing.

It can be seen that the conductivity, resistivity, and
DC resistance for the as-casted rod obtained by vacuum
cold mold vertical continuous up-casting are 79.30%
IACS, 2.17 × 10−2Ω/M, and 4.51 × 10−4Ω, respectively.
During multi-pass continuous drawing, with the decrease
of the diameter (the drawing strain increases, namely),
the conductivity of alloy wires gradually decreases, while
the electrical resistivity and DC resistance gradually
increase [42]. When the diameter of the alloy wire is
drawn from 7.83 mm (η = 0) to 0.452 mm (η = 5.70), its
conductivity gradually decreases, while electrical resis-
tivity gradually increases and the DC resistance slightly
increases. When the diameter of the alloy wire is drawn
from 0.452 to 0.0435 mm (η = 10.39), the conductivity

rapidly decreases, while the electrical resistivity and DC
resistance both rapidly increase. When the diameter of
the alloy wire is gradually drawn from 0.0435 to 0.02 mm
(η = 11.94), the conductivity rapidly decreases, while the
electrical resistivity and DC resistivity sharply increase.
Meanwhile, when the diameter of the alloy wire is gradu-
ally drawn from 0.435 to 0.02 mm, its conductivity drops
sharply from 58.5% IACS to 54.4% IACS, electrical resis-
tivity increases greatly from 2.95 × 10−2 to 3.17 × 10−2Ω/M,
and the DC resistance increases sharply from 19.82 to
100.88Ω. This is mainly attributed to that, as the drawing
proceeds, crystal defects such as microscopic cracks,
inter-space, lattice defects, and dislocations are gener-
ated in the intragranular [43]. These defects will accumu-
late as the amount of deformation increases, resulting
in the increase of the electrical resistance and decrease
of the conductivity [44]. On the other hand, compared
to the microstructure in Figure 2, it can be noticed that
the average distance of the fibrous structure gradually
becomes smaller, and the interface scattering increases
with the decrease of distance of the fibers, which will
cause the increase of the electrical resistivity and the
decrease of the conductivity simultaneously [45].

In order to further research the relationship between
the diameter and electrical properties of Cu–20 wt%
Ag alloy wires during multi-pass continuous drawing,
ExpAssoc and Allometric functions were used to fit the
data of conductivity, DC resistance, and electrical resis-
tivity of the alloy wires, respectively. The curves in Figure 6
are the fitting results. The conductivity (σ), electrical resis-
tivity (ρ), and DC resistance (R), respectively, satisfy the
following equation:

= + × ( − (− / ))

+ × ( − (− / ))

σ x
x

54.14533 13.22378 1 exp 0.16254
25.25106 1 exp 12.39722

(3)

= − × ( − (− / ))

− × ( − (− / ))

ρ x
x

0.03204 0.00499 1 exp 4.49466
0.00603 1 exp 0.11232

(4)

= ×

−R x0.02852 2.08785 (5)

The correlation coefficients between conductivity (σ),
electrical resistivity (ρ), and DC resistance (R) and dia-
meter (x) are, respectively, calculated as 0.9907, 0.9857,
and 0.9997, indicating that the fitting results are highly
reliable.

4 Conclusions

During the multi-pass continuous drawing process, the
continuous network eutectic structure in the longitudinal

Figure 6: Electrical properties of as-drawn wires with different dia-
meters during multi-pass continuous drawing.
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section of the as-casted Cu–20 wt% Ag rod is gradually
drawn into long fibers that approximately parallel to the
axial direction. However, the space of the continuous
network eutectic structure in the transverse section
became much more smaller. The obtained wire present
typical (1,1,1) face-centered cubic structure. With the
increase of drawing strain, the tensile strength of Cu–20
wt% Ag alloy wire appeared an increasing trend, while
the elongation showed an opposite character. The rela-
tionship between tensile strength, elongation, and its
diameter conforms to Allometric and Boltzmann func-
tions, respectively. The conductivity decreases while the
resistivity and DC resistance gradually increase, and the
relationship between conductivity, resistivity, DC resistance,
and its diameter conforms to the ExpAssoc. ExpAssoc, and
Allometric function relation, respectively.
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