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Abstract: Copper-based wire has excellent comprehensive
performance and is widely used in integrated circuit packa-
ging, electronic communication, connectors, audio and video
transmission, and other fields. Based on the crystal plasticity
finite element method, the crystal plasticity finite element
model of multi-pass continuous drawing deformation of
pure copper micro wires was established, and the reliability
of the model was proved. The continuous drawing deforma-
tion behavior of micro wires under high-speed deformation
and micro wire diameter scale effect was studied. The
research shows that there is a fracture risk zone under
the alternating action of positive and negative stress values
in the deformation zone of the drawn wire. The changing
drawing force and contact stress during the continuous
drawing process of the wire will also reduce the stability
and surface quality of the wire during the drawing process.
The shear deformation and slip degree of the surface grain
of the drawn wire are greater than those of the core grain,
and the drawing die has a greater impact on the slip system
state of the surface of the wire. With the increase in drawing
passes, the mechanical characteristics inside the wire increase
accordingly, and the deformation uniformity inside the grains
is improved. The established model can demonstrate the

deformation history characteristics and structure inheritance
of the continuous wire drawing process.

Keywords: crystal plasticity, finite element, copper, micro
wire, drawing deformation

1 Introduction

The processing of wire has gone through two processes:
the preparation of continuous casting rod billets and the
continuous drawing deformation of wire. The multi-pass
continuous drawing deformation process is the most important
link that impacts the comprehensive performance of wire.With
the rapid development of the electronic industry and commu-
nication technology, in recent years, electronic devices have
rapidly developed towards high integration and miniaturiza-
tion, which has present higher demands for the comprehensive
performance of wire, such as high conductivity and high elon-
gation. The process performance is developing towards ultra-
fine, ultra-long, and ultra-precision, and the demand for micro
wires in the field of integrated circuits has been increasing. The
micron-scale wire drawing process and the mechanical beha-
vior of materials at the micro-nano scale have attracted more
and more attention, and also put forward a huge demand for
large-scale manufacturing of micro parts [1–3].

In recent years, many scholars have conducted research
on the microstructure, properties, and macroscopic mechan-
ical behavior of copper wire. Hanazaki et al. [4] prepared
copper wire with ultra-fine grain structure and high strength
by multiple-pass deep drawing. Sun et al. [2] found that
oxygen-free copper wire exhibited simultaneous improve-
ments in strength and conductivity at the late stage of cold
drawing deformation, which was possibly attributed to the
formation of fine elongated grains inside the wire. Yang et al.
[5,3] discovered that the microstructure inside low-oxygen
copper wire gradually fibrously transformed with increasing
deformation, forming a <001> and <111> fiber texture. Chen
and Huang [6] studied the mechanical behavior of brass alloy
wire during the drawing process using rigid-plastic finite
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element and optimized process parameters. Chang et al. [7]
established the strain–hardness relationship model of copper
wire and used finite element simulation to predict the hard-
ness of copper wire drawing. The model was found to be
suitable for small deformation copper wire drawing. Celen-
tano [8] developed a thermodynamic simulation model of
copper wire drawing process, which proved to be effective
in predicting the mechanical and thermodynamic behaviors
of copper wire during drawing. Tang et al. [9] studied the
evolution of damage during multi-pass wire drawing process
and found that the damage value inside the wire continu-
ously increased with the increase in the drawing passes
and exhibited nonlinear characteristics.

When the size of the formed metal parts is reduced to the
micro scale, the forming process, mechanical behavior, and
performance of the material are obviously different from
those at the macro scale [10,11]. The differences in part size
and grain microstructure can lead to anisotropy in flow stress
and plastic deformation, resulting in the so-called size effect
[12–14]. At this time, micro-scale material can no longer be
regarded as a uniform continuum like in the macro-scale,
which makes the traditional classical plastic theory based on
continuum hypothesis and macro-phenomenological experi-
ments unable to be directly applied to microforming research
[15,16]. Therefore, it is necessary to use appropriate models for
numerical analysis, and the crystal plastic finite element tech-
nology that has gradually developed in recent years undoubt-
edly becomes a good means to solve these problems.

In summary, the current research on wire deformation
processing primarily focuses on larger wire diameters and
conventional drawing conditions [17–19]. However, the
micro-deformation mechanism of the continuous drawing
process of micro copper wire under high-speed deformation
conditions remains unclear and requires further explora-
tion. This study presents a two-dimensional crystal plasticity
finite element model of pure copper micro wire drawing.
Using Abaqus finite element software, we simulated and
analyzed the deformation history characteristics and her-
edity of the three-pass continuous drawing process of pure
copper micro wire. We also studied in detail the influence of
drawing passes on the non-uniform deformation and slip
evolution of pure copper micro wire drawing process.

2 Theory of crystal plasticity
mechanics

The crystal will produce elastic deformation and plastic
deformation under the action of deformation force, and

these two deformation modes are carried out simulta-
neously. Therefore, the total deformation gradient F is
composed of plastic deformation gradient Fp caused by
dislocation slip in the crystal and elastic deformation gra-
dient Fe caused by lattice distortion and rotation in the
crystal [20,21].

=F F F ,

e p (1)

where Fp is the plastic deformation gradient in the process
of crystal deformation [22], and its derivative with respect
to time is expressed as follows:
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where mα and nα are the unit vectors of the slip direction
and the normal direction of the slip surface before the
deformation of the slip system α, respectively. γ̇α is the
slip shear strain rate on the slip system α [23] and is
expressed as follows:
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where n is the strain rate sensitivity coefficient of the
slip system; γ̇

α

0

is the reference shear strain rate of
slip system α; τα is the shear stress of slip system α;
and gα is the critical shear stress of slip system α.
The critical shear stress rate ġα can be expressed as
follows:
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where hαβ is the hardening coefficient of the slip system.
the ratio of the latent hardening coefficient hαβ( )≠α β to
the self-hardening coefficient hαα( )=α β is generally taken
as 1–1.5. The relationship between them is expressed as
follows [24–26]:
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where h
0
is the initial hardening modulus, τs is the satura-

tion value of the critical shear stress, and τ
0
is the critical

value of the initial shear stress. The cumulative shear
strain γ of all slip systems is expressed as follows:
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3 Establishment and verification
model

3.1 Experimental materials

Pure copper rod billet with a diameter of 16mmwas prepared
by horizontal continuous casting equipment, and then micro
copper wire with a diameter of 180 μmwas obtained bymulti-
pass continuous drawing process. In order to observe the
microstructure inside the wire, transmission electron micro-
scope (TEM) characterization experiments are needed. The
analysis sample was cut from the longitudinal section of the
wire, and the TEM sample was prepared by double spray
electrolytic polishing, and then TEM observation was per-
formed under the FEI Talos F200X TEM. Figure 1 is the TEM
image of 180 μmmicro copper wire. From the diagram, it can
be seen that after multi-pass continuous drawing deformation
of pure copper wire, the grains inside the wire are obviously
elongated in the drawing direction. There is a large quantity
of dislocations inside the grains, and the dislocations are
entangled with each other inside some grains to form
high-density dislocations.

3.2 Model establishment

The micro wire studied in this work is a pure copper mate-
rial with a face-centered cubic crystal structure, and its

elastic modulus is =G11 168.4 GPa, =G22 121.4 GPa, and
=G22 75.4 GPa. The dislocation slip motion during the

plastic deformation process of pure copper material is car-
ried out on the {111} 〈110〉 slip system, and the definition of
the slip system is shown in Table 1 [27]. In order to conduct
subsequent simulation work, it is necessary to determine
the constitutive parameters of the material. A set of hard-
ening parameters were obtained by fitting the stress–
strain curves obtained by experiments and simulations of
the tensile process of micro copper wires: =h 90

0
, =τ 54

s
,

=τ 12
0

, =n 10, and =γ̇ 0.001
0

. Figure 2 is the stress–strain
curve of the tensile process of the micro copper wire
obtained by the tensile tester and the crystal plasticity
simulation. It can be seen that the stress–strain curves
obtained by the experiment and the simulation are in
good agreement, that is, the material constitutive model
is completed.

Based on the plane strain assumption [28], the crystal
plasticity finite element model of multi-pass continuous
drawing of micro copper wire was established. The X
axis is set to the drawing direction, the Y axis is set to
the normal direction, and the Z axis is set to the transverse
direction. The schematic diagram and coordinate setting of
the multi-pass continuous drawing process of micro copper
wire are shown in Figure 3. In actual production, the multi-
pass continuous drawing process of micron copper wire is
carried out under the condition of high-speed deformation.
The convergence of the established crystal plasticity model
is a challenge under the interaction of high-speed deforma-
tion process conditions and micro-diameter size effects. In
this study, the convergence of the calculation results is
finally achieved by adjusting the incremental step and
the contact between the drawing die and the wire. The
initial incremental step is set to 3 × 10−7, the contact pres-
sure is 0.001, and the contact gap is 0.0001. In the pre-
processing setting of the crystal plastic finite element
model of the multi-pass continuous drawing process of
the micro copper wire, the micro copper wire and the

Figure 1: TEM image of micro copper wire.

Table 1: Slip system in the established crystal plasticity finite element
model

Slip
system

Slip
direction

Slip plane Slip
system

Slip
direction

Slip plane

a1 [ ]0 1 1
( )1 1 1 b1 [ ]1 0 1 ( )1 1 1

a2 [ ]1 0 1
b2 [ ]1 1 0

a3 [ ]1 1 0
b3 [ ]0 1 1

c1 [ ]0 1 1 ( )1 1 1
d1 [ ]0 1 1 ( )1 1 1

c2 [ ]1 1 0 d2 [ ]1 0 1

c3 [ ]1 0 1
d3 [ ]1 1 0
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drawing die are set as deformable bodies and rigid bodies,
respectively. In order to better ensure the convergence of
the calculation results, the model was divided into regular
quadrilateral meshes, and finally the model was discretized
by CPE4R element. The process parameters of multi-pass
continuous drawing process of micro copper wire mainly
include drawing speed and friction coefficient between the
drawing die and the wire. The drawing process parameters
of micro copper wire are set as follows: the drawing speed is
1 m/s, the friction coefficient between the drawing die and
the wire is 0.07, and the wire diameter compression rate
is 10%.

In order to accurately reflect the initial crystal orienta-
tion inside the sample in the established crystal plasticity
finite element model, 200 representative grain orientations
were extracted from the EBSD results of the longitudinal
section of the 180 μm micro copper wire to complete the
initial orientation assignment of the grains inside the model.
Then, according to the strip grain shape information obtained

from the experiment, the construction of the micro copper
wire model can be completed. Figure 4 is the crystal plasticity
finite element model of 180 μmmicro copper wire. The grain
shape in the figure is elongated and assigned the crystal
orientation obtained from the EBSD results. In order to obtain
some key information during the wire drawing process, three
tracking points A, B, and C were marked in the upper surface,
core, and lower surface grains of the wire.

3.3 Model validation

Based on the obtained crystal plasticity parameters, the
drawing process of micro pure copper wire from 320 to
180 μm was simulated. Figure 5 is a comparison of the
{111} pole figures obtained by experiment and crystal plas-
ticity simulation. It can be seen from the diagram that after
the drawing deformation of the pure copper wire, 〈111〉

Figure 2: (a) Tensile tester and (b) comparison of stress–strain curves obtained by tensile test and crystal plasticity finite element of micro
copper wire.

Figure 3: Multi-pass continuous drawing diagram of wire.
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fiber texture is formed inside the wire. It shows that in the
process of wire drawing deformation, most of the grains
inside the wire rotate to the 〈111〉 direction under the action
of intergranular interaction and drawing force. The pole
figures obtained by the EBSD experimental results and the
crystal plasticity finite element simulation results are in
good agreement, which verifies the accuracy of the crystal
plasticity finite element model for micro pure copper wire
drawing.

4 Results and discussion

Figure 6 shows the change in drawing force during three-
pass continuous drawing of micro copper wire. From the
diagram, it can be seen that the drawing force is not a
stable value in the wire drawing process. When the wire
just contacts the drawing die, the drawing force increases
rapidly in a short time, and then the wire enters a stable
drawing stage with a certain fluctuation. When the wire
passes through the drawing die completely, the drawing
force decreases rapidly to 0. First, with the increase in

continuous drawing passes, the strength and hardness of
the copper wire continue to increase, indicating the occur-
rence of work hardening phenomenon. Therefore, more
energy is needed to overcome the hardness and strength
of the material during the drawing process. However, in
the process of larger plastic deformation, the deformed
copper structure is also prone to dynamic recovery and
recrystallization. However, under the current wire dia-
meter compression rate of 10% per pass and the cumula-
tive deformation degree of three consecutive passes, the
effect of work hardening on the drawing force still plays a
major role, which leads to the increase in wire drawing
force with the increase in drawing passes. Therefore, the
state of drawing force during the continuous drawing pro-
cess of copper wire is a result of the combined effects
of competitive mechanical phenomena such as work
hardening, dynamic recrystallization, dynamic recovery,
frictional force, and temperature rise during plastic defor-
mation process. When the wire is deformed to a certain
extent, the growth rate of the drawing force may be inhib-
ited, showing a trend of increasing first and then slowly
increasing or then decreasing, which is similar to the trend
of rolling force in the multi-pass rolling process [29]. The

Figure 4: Crystal plastic finite element model of micro copper wire.

Figure 5: Comparison of simulated and experimental {111} pole figures: (a) experiment and (b) simulation.
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drawing time of each pass also increases with the drawing
process. This is because with multiple passes of drawing
deformation, the accumulated deformation of the wire
increases to a certain degree, resulting in a larger plastic
deformation of the wire and making it thinner and longer.
As a result, the time required to complete the deformation
for each drawing pass also increases accordingly.

The stability of the wire drawing process and the sur-
face quality of the drawn wire are not only affected by the
drawing force in the drawing direction, but also by the
contact stress between the drawing die and the wire.

Figure 7 shows the variation in the contact stress between
the upper and lower surfaces of the micro copper wire and
the drawing die with time during the three-pass contin-
uous drawing process. Here the contact pressure and fric-
tion stress are collectively referred to as the contact stress
between the wire and the drawing die. From the diagram,
it can be observed that there are certain differences and
fluctuations in the contact stress state between the upper
and lower surfaces of the wire and the drawing die. This is
caused by variations in the grain structure, grain orienta-
tion, and number of grain boundaries between the upper

Figure 6: The relationship between drawing force and drawing time during multi-pass continuous drawing of wire: (a) one pass, (b) two passes, and
(c) three passes.

Figure 7: The change in contact stress with time during multi-pass continuous drawing of wire: (a) one pass, (b) two passes, and (c) three passes.
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and lower surfaces of the wire. During the drawing pro-
cess, the contact pressure and frictional stress on the upper
and lower surfaces of the wire are in the same and oppo-
site directions, respectively. In the early stages of the wire
drawing process, the wire surface is in a low stress state
with fluctuations. As the drawing process progresses, the
contact stress on the wire surface increases significantly
within a certain distance before the wire exits the drawing
die. After the wire leaves the drawing die, the contact
stress on the wire surface rapidly decreases and eventually
reaches 0. This is because when the wire is about to leave
the drawing die, the part of the wire that has already been
drawn is longer, and the part of the wire that has not been
drawn is shorter. These two parts present a “top heavy”
stress imbalance on both sides of the drawing die, and
as the drawing process progresses, the contact between
the wire surface and the die surface will also suddenly
decrease. With the increase in drawing passes, the contact
stress on the wire surface has been improved, and this
fluctuating contact stress state has caused additional defor-
mation characteristics on the wire surface. After multi-pass
deformation accumulation, the wire surface will exhibit a
certain level of roughness after the final drawing.

Figure 8 shows the stress distribution in the drawing
deformation zone of micro copper wire during three-pass
continuous drawing. From the diagram, it can be seen that
the deformation inside the drawn wire is uneven. There is

a significant stress gradient phenomenon inside the wire
that passes through the sizing strip of the drawing die, and
a high-stress concentration area appears on the surface, as
shown in the red area. The stress value gradually decreases
from the surface to the center of the wire. Additionally, the
inclined surface of the wire that contacts the compression
surface of the drawing die to the center also shows a state
of stress gradient. Specifically, the surface exhibits a higher
negative stress, while the center manifests a higher posi-
tive stress. Under the alternating action of positive and
negative stress values, the fracture risk of the wire during
the drawing process increases. When the drawing pass
increases, the increase in the cumulative deformation of
the drawn wire result in the increase in the stress value
and the non-uniformity of the deformation area of the
drawn wire, and the area of the high-stress concentration
area gradually increases. The high-stress concentration
area includes the surface of the wire that passes through
the sizing strip of the drawing die and the surface and core
area of the wire that contacts the compression surface of
the drawing die. Figure 9 shows the relationship between
the stress of the marked points in the drawing deformation
zone of the micro copper wire and the drawing time during
the three-pass continuous drawing process. The marked
points A, B, and C are located on the upper surface, core,
and lower surface of the wire in Figure 4, respectively.
From the diagram, it can be seen that the stress states at

Figure 8: The stress distribution in the drawing deformation zone of wire in different passes: (a) one pass, (b) two passes, and (c) three passes.
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different positions inside the wire are different during the
drawing process. With the drawing process, when the
internal marked points of the drawn wire undergo defor-
mation, positive and negative alternating stress fluctua-
tions are observed at different marked points within the
wire. This is because the deformation of different regions in
the same grain is not uniform, and the deformation of adja-
cent grains is also coordinated with each other, which causes
the stress field around the marked points inside the wire
change continuously during the drawing process, which
leads to the occurrence of stress fluctuation during the
wire drawing process. Among them, the stress fluctuation
of the upper and lower surface positions of the drawn wire
is more severe than that of the core position. Since the
marked points A, B, and C are located on the same vertical
line inside the wire, when the drawing deformation is just
on the surface of the wire above the marked point, the three
marked points will reach their respective maximum prin-
cipal stress state at almost the same time. With the increase
in drawing passes, the average stress at different positions of
the longitudinal section of the drawnwire shows an increasing
trend, which indicates that with the continuous drawing pro-
cess of multiple passes, not only the surface deformation of the
drawnwire is more andmore severe, but also the deformation
is gradually extended to the core of the wire.

Figure 10 shows the strain distribution in the drawing
deformation zone of micro copper wire during three-pass
continuous drawing. From the diagram, it can be seen that
the strain distribution inside the wire drawing deforma-
tion zone is uneven, and high-strain concentration zones
appear in individual grains on the upper surface of the
wire, while the strain value inside some grains is almost
0. Not only the strain state inside different grains is dif-
ferent but also the strain distribution in different regions
of the same grain is different, which is caused by the orien-
tation and position differences between different grains.
With the drawing process, some horizontal strain concen-
tration bands appear in some grains inside the drawn wire.
These strain bands are not evenly distributed inside the
grains, but appear dispersed distribution. This phenom-
enon occurs because the grains inside the wire are mostly
surrounded by adjacent grains, and the deformation of a
single grain must be coordinated with the surrounding
grains. In order to maintain the coordination and conti-
nuity of inter-grain deformation in a certain area, high
strain concentration areas and shear strain bands appear
inside the wire. With the increase in drawing passes, the
accumulated deformation inside the wire increases. Not
only the strain value inside the drawing deformation
zone of the wire is gradually increased but also the number

Figure 9: The relationship between the stress of the marked points in the drawing deformation zone and the drawing time in different passes: (a) one
pass, (b) two passes, and (c) three passes.
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Figure 10: The strain distribution in the drawing deformation zone of wire in different passes: (a) one pass, (b) two passes, and (c) three passes.

Figure 11: The relationship between the strain of the marked points in the drawing deformation zone and the drawing time in different passes:
(a) one pass, (b) two passes, and (c) three passes.
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of strain bands inside the wire is obviously increased. The
area of the non-deformed zone has also been greatly
reduced, indicating that the degree of deformation homo-
genization has been improved. Figure 11 shows the rela-
tionship between the strain of the mark point in the
drawing deformation zone of the micro copper wire and
the drawing time during the three-pass continuous drawing
process. From the diagram, it can be seen that the strain
states at different positions inside the wire are quite dif-
ferent during the drawing process. Before the drawing
deformation begins, the strain value inside the wire is 0.
When a point inside the wire begins to deform, the strain
value of the point increases continuously and remains con-
stant after reaching the maximum strain at the point during
the later deformation stage of the same drawing pass. With
the increase in drawing passes, the strain values at different
positions inside the longitudinal section of the drawn wire
are increasing. Overall, the strain value of the upper and
lower surface of the wire are greater than the strain value of
the core of the wire. The strain value on the upper surface of
the wire is obviously greater than that of the lower surface
of the wire. This is attributed to the influence of grain orien-
tation, where grains with soft orientation are more prone to
deformation. In addition, due to the influence of grain shape
and position, the deformation state of the grains inside the
wire is uneven, and there is a phenomenon of strain locali-
zation. Themarking point A on the upper surface of the wire

is just in the strain localization area marked by the red
dotted line in Figure 10. Therefore, the strain value on the
upper surface of the wire is obviously greater than that on
the lower surface, which is consistent with the strain distri-
bution of the wire depicted in Figure 10.

Figure 12 shows the cumulative slip distribution in the
drawing deformation zone of micro copper wire during
three-pass continuous drawing process. SDV121 in the cloud
diagram represents the cumulative slip. The drawing pro-
cess of copper wire is the result of the combined action of 12
slip systems of face centered cubic metal, and the cumula-
tive slip is the sum of the contribution of all slip systems to
deformation. From the diagram, it can be seen that the
cumulative slip distribution inside the wire is uneven, and
the slip area and the non-slip area appear inside the wire.
The cumulative slip of each pass is mainly located on the
surface of the wire, indicating that the deformation of
the grain on the surface of the wire is very severe during
the drawing process under the current deformation degree.
For different grains on the surface or core of the wire, the
cumulative slip distribution is also different. The cumulative
slip inside some grains in the core of the wire is almost 0,
indicating that these grains have basically not undergone
deformation, and also indirectly reflects the anisotropic
state of different grains inside the wire. The distribution
of cumulative slip in different regions of the same grain is
also different. Some grains in the upper and lower surface of

Figure 12: The cumulative slip distribution of wire drawing deformation zone in different passes: (a) one pass, (b) two passes, and (c) three passes.
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the wire in direct contact with the drawing die have slip
concentration areas as shown in the yellow area, and the
localization of slip occurs. With the increase in drawing
passes, the cumulative slip inside the wire also continuously
increases, and the slip deformation of some grains in the
core of the wire is gradually activated.

Figure 13 shows the shear strain distribution of the
partial slip system of the wire during stable drawing stage
of each pass. SDV14, SDV18, SDV21, and SDV23 represent the
shear strain of four main activated slip systems, a2, b3, c3,

and d2, respectively. From the diagram, it can be seen that
the shear strain distribution inside the wire and grain is
different and uneven for different slip systems. The distri-
bution of each slip system in different wire diameters and
different regions within the same wire diameter is also
very different. In the same grain, the activation of different
slip systems is different, and the motion state of the same
slip system in different grains is also different. This is
because the grains with initial orientation of soft orienta-
tion are prone to deformation, while the grains with initial

Figure 13: The shear strain distribution of slip systems in the drawing deformation zone of wire in different passes.
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orientation of hard orientation are not prone to deforma-
tion. The grains on the surface of the wire are directly in
contact with the drawing die and bear a greater force,
while the grains in the core of the wire are not in contact
with the drawing die and bear a smaller force. It is pre-
cisely because of the different orientation and position
of each grain inside the wire, the deformation degree
between each grain during the drawing deformation pro-
cess of the wire varies greatly, leading to the uneven dis-
tribution of shear strain inside the material. From the
shear strain cloud diagram, it can be seen that the shear
strain inside the drawn wire can be divided into positive
and negative values, which represent the two directions of
slip motion. The positive value of shear strain indicates
that the slip moves in the positive direction, while the
negative value is the opposite. With the multi-pass contin-
uous drawing process of the wire, the cumulative deforma-
tion degree of the wire increases continuously, the wire
diameter decreases gradually, and the grains inside the

wire are obviously elongated. In addition, when the drawing
passes increases, the shear strain values of each slip system
inside the wire also continuously increase, and the max-
imum shear strain area of the activated slip system gradu-
ally expands and increases inside the grain. It shows that
with the increase in deformation passes, the degree of defor-
mation homogenization inside the grains is improved, which
also reflects the structure inheritance of thewire duringmulti-
pass continuous drawing to a certain extent. The so-called
structure inheritance refers to the inheritance law of micro-
structure characteristics of material in continuous material
processing. By analyzing the structure inheritance, we can
better understand the microstructure evolution of wire.

For the multi-pass continuous drawing process of wire,
the relationship between the shear strain and drawing
time of each slip system at positions A, B, and C of the
wire drawing deformation zone is shown in Figure 14.
The positions of the three markers A, B, and C are located
on the upper surface, core, and lower surface of the wire

Figure 14: The relationship between the shear strain and drawing time of each slip system at positions A, B, and C of the wire drawing deforma-
tion zone.
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drawing deformation zone, respectively, reflecting the acti-
vation and movement of the slip systems at each position.
The activation of the slip systems can be reflected by the
size of shear strain, with higher shear strain indicating
more significant activation of the slip system, while shear
strain of 0 indicates that the slip system is not activated. It
can be seen from the diagram that the slip is quickly
initiated after the wire enters the drawing deformation
zone. The types and motion states of the activated slip sys-
tems at different positions inside the wire in the drawing
deformation zone are different, and the three marker points
are all in a state of multiple slip systems activation. Some
slip systems are obviously activated, such as the significant
contribution of the c2 slip system at point A on the upper
surface, and themaximum contribution of the d2 slip system
at point B in the core and point C on the lower surface. Some
slip systems are hardly activated during one-pass drawing,

and these slip systems are obviously activated after two-pass
drawing. Some slip systems are not activated throughout the
continuous drawing process. In general, the shear strain on
the upper and lower surfaces of the wire is significantly
larger than that in the core, explaining that the deformation
degree of the wire surface is larger than that in the core
under the direct action of the drawing die. With the increase
in deformation passes, the shear strain of each slip system
continuously increases, which is consistent with the conclu-
sion drawn in Figure 13. The significant fluctuation of shear
deformation in the slip systems b1, d2, c1, and c2 at upper
surface point A and b1 and d2 at lower surface point B
during the wire drawing process indicates that the variation
in drawing passes has a greater impact on the shear defor-
mation of the upper and lower surfaces of the drawn wire.

Figure 15 shows the changes in the (111) pole diagrams
of G197, G78, and G163 grains inside the wire before and

Figure 15: (111) pole figure of G197, G78, and G163 grains before and after deformation.
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after drawing deformation in different passes. G197, G78,
and G163 grains, respectively, represent the grains on the
upper surface, core, and lower surface of the wire. The
blue dots represent the initial orientation of the grains
before deformation, while the red dots, cyan purple dots,
and black dots represent the orientation of the grains after
one-pass, two-pass, and three-pass drawing deformation,
respectively. From the diagram, it can be seen that the
initial orientations of different grains inside the wire
before deformation are different and the orientation poles
are centrally distributed in the pole diagram. After defor-
mation of the grains, the concentrated orientation poles
are dispersed. The orientation poles of each grain are
rotated by a certain angle around the Z axis and are dis-
persed around the initial orientation. This rotation angle is
temporarily defined as dispersion. With the drawing defor-
mation, the deformed G197, G78, and G163 grains rotate
obviously around the Z axis, and the rotation angle of
each grain varies greatly due to the different positions
and initial orientations of the grains. In addition, the upper
surface grain G197 and the core grain G78 rotate clockwise,
and the lower surface grain G163 rotates counterclockwise.
The rotation direction of different grains after deformation
is also different. After one pass of drawing deformation,
the rotation angle and dispersion of the orientation poles
of the upper surface grain G197 and the lower surface grain
G163 are significantly larger than that of the core grain G82.
From the stress and strain cloud diagram, it can be seen
that the grain G197 is obviously located in the region of
stress and strain concentration, so its rotation angle and
dispersion are the largest among the three grains. With the
increase in drawing passes, the rotation angle of grains
and the dispersion of orientation poles increase obviously,
and the position of orientation poles with dispersed distri-
bution is shifted in the XY plane compared with the initial
orientation. When the drawing deformation reaches the
third pass, a new orientation pole appears in the polar
figure of the upper surface grain G197 after deformation.
This reflects that sub-grains are formed in the surface
grains of the wire after continuous cumulative deforma-
tion of three drawing passes, under the sustained effect of
high stress and strain, so a new orientation pole is pro-
jected in the pole figure.

5 Conclusion

The crystal plasticity finite element model of three-pass
continuous drawing process of pure copper micro wire
under the same wire diameter compression ratio was

established, and the reliability of the model was proved.
The effect of drawing passes on the continuous drawing
deformation of pure copper micro wire at meso-scale is
mainly discussed. The conclusions are as follows:
1) The stability of the high-speed continuous drawing pro-

cess of micro copper wire and the surface quality of the
drawn wire are affected by the interaction between
the drawing force and contact stress occurring between
the drawing die and the wire. With the increase in defor-
mation passes, the fluctuating drawing force and contact
stress lead to a decrease in the deformation stability of
the continuous drawing process of the wire.

2) The internal deformation of the wire during the contin-
uous drawing process is not uniform, and there is a
phenomenon of local large deformation. There is a frac-
ture risk zone under the alternating action of positive
and negative stress values in the deformation zone of
the drawn wire. The stress, strain, and cumulative slip
of the wire drawing deformation zone gradually
increase with the increase in the drawing passes.

3) With the increase in deformation passes, the shear
strain of each slip system continues to increase, and the
deformation uniformity inside the grains is improved. The
effect of the drawing die on the surface grains and the
core grains of the wire is different, leading to different
types of activated slip systems and motion states in the
grains at different positions. The change in drawing passes
leads to the obvious activation of some inactivated slip
systems, which has a greater influence on the shear defor-
mation of the surface of the drawn wire.

4) The rotation direction of different grains in the drawn
wire is different after deformation. The rotation angle
and dispersion of the orientation poles of the surface
grains are significantly larger than those of the core
grains. With the increase in drawing passes, this trend
is more obvious.
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