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A B S T R A C T   

The effects of cold drawing process on the microstructure, mechanical properties and electrical conductivity of 
low-oxygen copper wires were studied. The results show that at low drawing strains (ε ≤ 1.23), the plastic 
deformation is dominated by planar slip, some of grains are rotated along the drawing direction, giving rise to a 
<111> texture. At medium strains (1.23 < ε ≤ 1.91), most of grains have re-oriented and laid parallel to the 
drawing direction, and the <111> and <100> textures are highly developed. At high strains (ε > 1.91), a fibrous 
structure is formed, with a staggered distribution of <111> and <100> textures. With the increase of drawing 
strain, the volume fraction of the <111> texture first increases and then decreases, while the volume fraction of 
the <100> texture increases monotonously. The yield strength first increases and then decreases, yielding the 
maximum value of 427.5 MPa at the strain of 1.91. Interestingly, the electrical conductivity of the copper wires 
changes with cold drawing strain and moves in the opposite way to the yield strength. The electrical conductivity 
first decreases and then increases with the minimum value at a strain of 1.91 (~87.5% IACS). At strains higher 
than 2.74, dynamic recrystallization occurs, resulting in a decrease in dislocation density and an increase in grain 
size. In addition to the dislocation density and grain size, the yield strength of the copper wires is further 
impacted by the texture development. The electrical conductivity is less influenced by dislocations and va
cancies. Instead, it is dominated by those grain boundaries perpendicular to the drawing direction. An excellent 
strength-conductivity combination was achieved by tailoring the microstructure of copper wires. For example, a 
wire with the yield strength (YS) of 400.5 MPa and electrical conductivity (EC) of 94.3% IACS was acquired 
when the drawing strain reaches 2.74.   

1. Introduction 

Low-oxygen copper wires are extensively used as electrical conduc
tors in a variety of electric and electronic applications [1]. As the two 
most important properties, the mechanical strength and electrical con
ductivity are mutually exclusive and hard to raise up simultaneously [2]. 
Consider this. It is essential to improve the strength of copper wires 
through work hardening process. However, the defects induced by 
deformation would cause damage to electrical conductivity [3], because 
defects will lead to electron scattering and increased resistivity. Mat
thiessen et al. believed that the electrical resistivity is regulated by two 
factors [4,5]: one is the thermal effect, which is proportional to the 
ambient temperature; while the other is the internal defects, which is 

mainly related to the microstructure, including dislocations, vacancies, 
grain boundaries (GBS), precipitates and solute atoms. Therefore, the 
crystal defects caused by work hardening have a positive effect on the 
strength but reduce electrical conductivity [6]. Overcoming a trade-off 
between the strength and electrical conductivity has become a major 
challenge in the manufacture of copper wires with high performance 
[7]. 

The effects of different deformation methods on the hardness and 
electrical conductivity of copper alloys have been studied [8]. It is 
believed that the ultrafine grain structure (grain size within 100 nm) 
produced by severe plastic deformation can greatly improve the strength 
while maintaining good plasticity and electrical conductivity. The ten
sile strength and yield strength of copper wire, obtained by 
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equal-channel angular hydro-extrusion, direct hydro-extrusion and 
drawing processing, are 686 MPa and 10% respectively [9]. And the 
effect of heat treatment on the behaviour of the elastic characteristics 
has been investigated [10]. The drawing process of pure copper ob
tained from powder metallurgy was also studied [11]. Apart from the 
interference of thermal factors, the resistivity is only regulated by the 
interaction of electrons and defects. Similarly, the microstructure of 
cold-drawn aluminium wire was researched [12], and the results 
showed that the grain morphology, deformation texture and precipita
tion of the second nanoscale phase all led to changes in electrical con
ductivity. For drawing copper wire [13], a large number of dislocations 
were produced in the microstructure after severe deformation; the 
original grains were greatly refined, and a fibrous structure was formed. 
With increasing drawing strain, the grain refinement and dislocation 
proliferation caused by plastic deformation were more obvious, and the 
tensile strength of copper wire increased from 230 MPa to 460 MPa and 
maintained a conductivity of 96.5% IACS. Regarding pure metal, defects 
have a critical effect on electrical conductivity [14]. Cold drawing 
deformation is a generic method to prepare copper wires, and leads to 
variations in dislocations, grain boundaries, vacancies and textures 
[15–17]. However, which structure is beneficial to strength and con
ductivity has yet to be determined [18,19]. Moreover, analysis of the 
relationship between the microstructure and strength is scarce, espe
cially the influencing factors of conductivity, and has become an urgent 
problem to be resolved [20]. 

In this work, the microstructure of copper wire at different drawing 
strains is detected. The effects of grain boundaries, dislocations and 
textures on the strength and conductivity are determined by introducing 
a strengthening mechanism and electron scattering model. Then, theo
retical guidance for the preparation of high-performance ultrafine cop
per wires with both strength and conductivity is provided. 

2. Materials and methods 

Commercial continuous-casted and rolled pure copper rods with 
diameters of 8 mm were selected as the raw material. The chemical 
composition is given in Table 1. To eliminate the influence of temper
ature caused by friction between the copper rod and die, the drawing 
speed was set to a low value of 1 m/min. After each step, the wire was air 
cooled until the temperature of the wire decreased to room temperature, 
and then the next drawing test was conducted. After 18 drawing passes, 
a copper wire with a maximum deformation of 96.9%, cumulative strain 
of 3.47 and diameter of 1.41 mm was obtained. The microstructure was 
observed by field-emission scanning electron microscopy (SEM) on a 
Sirion-400 microscope. Electron backscatter diffraction (EBSD) was 
used to detect the microstructure and crystallographic orientation, and 
the data were processed by Channel 5 software. Transmission electron 
microscopy (TEM, JSM-2100F) was utilized to observe the dislocation 
configuration. The tensile mechanical properties were tested on a 
CMT5105 electronic universal testing machine. A cylindrical sample 
with a length of 150 mm was used, and the tensile rate was 5 × 10− 3 s− 1 

at room temperature. Three groups of tensile tests were carried out for 
each sample. The conductivity of the sample was measured by a QJ57 
DC double-arm bridge. The length of the test sample was 500 mm. To 
eliminate the influence of the environment, the room temperature was 
kept at 20 ◦C. The electrical conductivity of the material is expressed by 
the International Annealed Copper Standard (IACS), and the calculation 
formula is as follows: 

w(%IACS)= L/(R.S× 5.8× 107̂) × 100%  

where L is the length of the specimen, R is the resistance of the specimen, 
and S is the cross-sectional area of the specimen. 

3. Results 

3.1. Microstructural evolution 

Microstructure of copper wires with different drawing strains is 
shown in Fig. 1. The grain boundary of the original wire is straight and 
clear, and there are many twins in the grains, as shown in Fig. 1a. Ac
cording to reports, the stacking fault energy of pure copper is 35–40 mJ 
m− 2 [21,22]. Owing to the short time, high speed and high temperature 
of hot deformation, a large number of annealing twins are produced in 
the grains. As the drawing strain increases, the grains are flattened and 
elongated, and the grain boundaries are prone to rotate parallel to the 
drawing direction. The annealing twins are destroyed, and the defor
mation is dominated by dislocation slip. In this situation, the deforma
tion is uneven because the partial slip system of the crystal is not 
activated. The grains are mainly strip-shaped and inclined to the 
drawing direction, but a few grains still maintain an equiaxed structure, 
as shown in the yellow box of Fig. 1b. When the drawing strain reaches 
1.91 (Fig. 1c), the slip system of the crystal is fully activated, and the 
grain boundaries are almost parallel to the drawing direction. With an 
increasing drawing strain, the lamellar spacing decreases continuously, 
and the microstructure has no obvious change (Fig. 1d). 

Fig. 2 shows the TEM morphology of the copper wires. Compared 
with the original sample (Fig. 2a), after drawing at 0.58 strain, the 
dislocation density increases significantly. A large number of disloca
tions are entangled in the grain, and the accumulation of dislocation 
group leads to a local dislocation density surge, showing dislocation 
walls and dislocation substructures (Fig. 2b). Hughes [23] classified 
these layered boundaries as geometrically necessary boundaries. That 
are necessary for adapting to the lattice rotation caused by slip in 
adjacent volumes. Sub-grains are formed in the elongated grains due to 
the accumulation of dislocations, accompanied by the elongation and 
splitting of grains. When the strain reaches 1.91 (Fig. 2c), a large number 
of elongated grains with width of 100–200 nm are found. The disloca
tion density in the microstructure increases continuously and evolves to 
dislocation cells. The cell wall is composed of dislocations, but the 
dislocation density inside the cell is dispersed. 

At high strain (Fig. 2d), a strip structure is formed in the grains along 
the axial direction of drawing. The dislocation walls and low-angle grain 
boundaries are gradually transformed into high-angle grain boundaries 
due to the slip and accumulation of dislocations. A certain amount of 
recrystallized grain is observed, as shown in Fig. 2e. On the one hand, 
the recrystallization temperature of pure copper is low, approximately 
170 ◦C [24], and drawing will produce high thermal isolation stress, 
resulting in continuous dynamic recrystallization. Continuous dynamic 
recrystallization is the process of continuously absorbing dislocations in 
the sub-grain boundaries during thermal deformation [25]. On the other 
hand, the deformation storage energy increases with the increasing 
number of drawing passes, promoting the frequency of recrystallization, 
as shown in Fig. 2f. 

Fig. 3 shows the grain orientation of the copper wire, and the upper 
right corner of Fig. 3a is the colour orientation mark. The orientation of 
grains in the original structure is random. The average grain size 
including twin boundaries is approximately 7.3 μm, as measured in 
accordance with the line intercept method. At a strain of 0.58, the grains 
are extruded along the drawing direction (Fig. 3b). The colour gradient 
inside the grain represents the misorientation caused by the non- 
uniform torsion deformation, and a shallow <111> texture emerges. 
When the drawing strain reaches 1.23 (Fig. 3c), the grains are severely 
deformed, and a <100> texture largely develops. The grains are 
completely transformed into <111> and <100> orientations after the 
strain increases to 1.91 (Fig. 3d). At the same time, it is observed that the 

Table 1 
Composition of the low-oxygen copper (wt%).  

Element O Impurity Cu 

Content/% 0.02–0.04 0.0065 Bal.  
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grains are clearly broken. With a further increase in the drawing strain, 
the grains are continuously refined, and the fibre structure with <111>
and <100> textures is characterized (Fig. 3e and f). 

The degree of deformation of grains with different orientations is 
also different. Regarding materials with high fault energy, such as pure 
copper, plastic deformation is mainly dominated by sliding [26–28]. 
Grains with distinct orientations are subjected to different external 
forces. At high drawing strains, the uniformity of deformation largely 
improves. Fig. 4 shows the kernel average misorientation (KAM) of 
copper wires at different drawing strains, and the colour gradient rep
resents the magnitude of the local strain. The results demonstrate that 
the higher the drawing strain is, the strain is more distributed in the 
structure. This result suggests that the deformation between adjacent 
grains is further coordinated. 

The volume fraction of the high- and low-angle grain boundaries 
(HAGBs and LAGBs, respectively) was obtained by orientation image 
microscopy (OIM) software, and the results are shown in Fig. 5. In 
addition, the misorientation of boundaries less than 2◦ are excluded in 
the statistical scope. The proportion of grain boundaries is calculated as 
following [29,30]: 

VHAGB =
NHAGB

NHABG + NLAGB
(1)  

whereVHAGB is the volume fraction of the HAGBs, NHAGB is the sum of the 
number of HAGBs, and NLAGB is the sum of the number of grain 
boundaries between 2 and 15◦. In the original copper sample, HAGBs 
account for 97.1% of the grain boundaries, resulting from the dynamic 
recovery or recrystallization produced by hot deformation. After draw
ing from 8 mm to 6 mm (ε = 0.58), the fraction of LAGBs increases 
rapidly, to approximately 76.6%, and VHAGB clearly decreases compared 
with that without deformation. Plastic deformation leads to torsion and 
fragmentation of the original large grains. At the same time, a large 
number of dislocations are generated by the activation of the slip system. 
The dislocation tangles that form substructures, such as dislocation cells, 
will lead to an increase in the number of sub-grain boundaries. 

When the strain reaches 1.23, the grain boundaries are dominated by 

LAGBs. As mentioned above, the grains are elongated along the drawing 
direction, the macro-texture reduces the misorientation between grains, 
and the HAGB is gradually replaced by the LAGB. At the same time, the 
grains are broken during the deformation process. The structure of the 
grain boundaries becomes more complicated, and the number of sub- 
grain boundaries increases. With the accumulation of drawing strain, 
the proportion of LAGBs no longer increases and instead shows a 
continuous downward trend. When the strain is 3.47, the proportion of 
small-angle grain boundaries continues to decrease to 38.8%. Corre
spondingly, the proportion of HAGBs increases steadily, which is related 
to dynamic recrystallization. 

3.2. Mechanical properties 

The tensile test was carried out at room temperature, and the engi
neering stress-strain curve is shown in Fig. 6a. The tensile yield strength 
and elongation versus drawing strain are shown in Fig. 6b. It can be seen 
that with an increasing drawing strain, the yield strength of the copper 
wire first increases and then decreases slightly. The strain ε = 1.91 
reaches the maximum value of 427.5 MPa, 3 times higher than that of 
the undeformed sample. The decrease in strength may be related to 
dynamic recrystallization. However, the elongation presents a mono
tonically decreasing trend, indicating that work hardening causes 
considerable damage to the plasticity of the copper wire. 

3.3. Electrical conductivity 

Electrical conductivity was tested, and the results are presented in 
Fig. 7. The conductivity of the undeformed (ε = 0) copper rod is 97% 
IACS. When the strain is lower than 1.91, the conductivity of the copper 
wire decreases with an increasing drawing strain and reaches the lowest 
value of 87.5% IACS at a strain ε = 1.91, which is 9.5% lower than that 
of the original sample. When the strain is higher than 1.91, the con
ductivity begins to increase. In contrast to the change in strength, with 
increasing drawing strain, the conductivity of copper wire first decreases 
and then increases. Fig. 2 shows the dislocation propagation and slip as 

Fig. 1. Microstructure of the longitudinal section with (a) undeformed ε = 0, (b) ε = 0.58, (c) ε = 1.91, and (d) ε = 3.47.  
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well as grain fragmentation and elongation. It is preliminarily specu
lated that a large number of defects caused by deformation hinder the 
transmission of electrons, resulting in the decrease in electrical con
ductivity. However, when the cumulative drawing strain is larger than 
1.91, the copper wire recrystallizes. The dislocation density in the 
recrystallized grains decreases, and the microstructure becomes more 
uniform, so the electrical conductivity of the copper wire recovers. 

4. Discussion 

4.1. Influencing factors of strength 

During the drawing process, the grain is elongated and refined, and 
the proliferation of dislocations and dynamic recrystallization occur. 

Regarding high-purity low-oxygen copper wire, the variation in strength 
is based on the combination of grain boundary strengthening and 
dislocation strengthening. Thus, the strength calculation is as follows 
[31]: 

σ0.2 = σ0 + σGB + σDIS (2)  

where σ0.2 is the tensile yield strength and σ0 is the lattice friction stress. 
The magnitude of the friction stress is significantly affected by the 
orientation factor, and for pure copper, it is 25 MPa [32]. Moreover, σGB 
is the grain boundary strengthening brought about by refinement, and 
σDIS is the work hardening caused by dislocation propagation. The grain 
boundary strengthening can be evaluated by the Hall-Petch formula 
[33]: 

Fig. 2. TEM bright field images at strains of (a) undeformed, (b) ε = 0.58, (c) ε = 1.91, (d, e) ε = 2.74, and (f) ε = 3.47.  
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σGB = Kd− 1/2 = 110 ⋅d− 1/2 (3)  

where K is the Hall-Petch constant, which is 0.11 MPa m− 2 for pure 
copper [34], and d is the average grain size. It should be pointed out that 
the Hall-Petch slope depends on the GB structure. Compared with gen
eral GBs, special GBs have higher K values. In the cold-drawn copper 
wire, the effective grain size is estimated to be twice the width of the 
lamellar structure because most of the grains are elongated along the 
drawing direction [12]. 

The contribution of dislocation strengthening is calculated by the 
Taylor formula [35]: 

σDIS =αMGbρ1
2 (4)  

ρ= 14.4ε2/b2 (5)  

where α is a constant because FCC materials is usually taken as 0.24 
[36]; M stands for the Taylor factor of 3.06; G is the shear modulus, 45.6 
GPa [37]; B is the Burgers vector, 

̅̅
2

√

2 a = 0.256 nm [38]; ρ is the dislo
cation density; and ε is the micro-strain measured by XRD [35]. The σGB 
and σDIS results from the calculation are shown in Table 2. 

As predicted, the yield strength is mainly affected by grain 

boundaries and dislocations. At the beginning of deformation, the grain 
size decreases continuously because of the elongation and fragmentation 
of the grains. At a strain of 3.47, the grain size increases slightly as a 
result of dynamic recrystallization. The dislocation density first in
creases and then decreases, and thermal insulation stress leads to the 
dynamic recovery of dislocations. As shown in Fig. 2e and f, the dislo
cation density in the recrystallized grain is low. 

Table 2 illustrates that there is a difference between theoretical and 
actual yield strength. In addition to the dominant role of dislocations 
and grain boundaries, there are other factors affecting strength. From 
the IPF diagram in Fig. 3, it can be found that there are two kinds of fibre 
textures in the cold-drawn copper wires, namely, <001> and <111>. 
The Schmidt factors of the <001> and <111> orientations measured by 
channel 5 are in the ranges of 0.42–0.46 and 0.3–0.34, respectively. 
According to Schmidt’s law, the Schmidt factor of a single crystal 
orientation is inversely proportional to its yield strength; that is, the 
smaller the Schmidt factor is, the greater the yield strength. Therefore, 
the yield strength of <111>-oriented grains is greater than that of 
<001>-oriented grains. Compared with the <001> texture, the <111>
texture can be called a hard orientation. To quantitatively analyse the 
changes in the <111> and <001> fibre textures, their volume fractions 
are calculated by the following formula [39]: 

Fig. 3. IPF images in the drawn direction at strains of (a) undeformed, (b) ε = 0.58, (c) ε = 1.23, (d) ε = 1.91, (e) ε = 2.74, and (f) ε = 3.47.  
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f<HKL> =
S<HKL>

S
(6)  

where f<HKL> represents the volume fraction of the <HKL> texture, 
S<HKL> is the area of the grains with the <HKL> texture, and S represents 
the total area of the statistical area. The statistical results are presented 
in Fig. 8. When the strain is lower than 1.23, the volume fraction of the 
<111> texture increases rapidly with increasing strain, from an initial 

32.7%–62.3%; when the drawing strain increases to 1.91, the <111>
texture grows slowly, and there is a slight decrease in the subsequent 
drawing process. However, the volume fraction of the <100> texture 
increases continuously with an increasing drawing strain. 

It is common knowledge that the sliding direction of crystal grains 
with the <111> orientation is symmetrically distributed with respect to 
the axial direction and is beneficial to maintain the circular cross-section 
of the wire during the cold drawing process [40]. Therefore, a stable 
<111> texture will eventually be formed in the face-centred cubic metal 
during the drawing deformation. However, the formation mechanism of 
the <100> texture in FCC metals is controversial. Jetter et al. [41] 
considered the effect of temperature on the fibre texture and considered 
that the <100> texture was caused by recrystallization and twinning. 
Chen Jian et al. [39] believed that the stability of <100> fiber texture is 
due to the change of the slip mechanism from planar slip to wavy slip. In 
this work, the volume fraction of the <100> fibre texture increased 
continuously with an increasing drawing strain, which may also be 
influenced by the activation of cross slip. 

It can be seen from Fig. 8 that the fraction of the <111> texture is 
saturated at a strain of 1.91 and no longer increases. Therefore, when the 
drawing strain continues to increase, the <111> texture provides no 
contribution to the increase in tensile strength. This result is consistent 
with the change trend of Δσ0.2in Table 2. The results demonstrate that 
the strength of cold-drawn copper wire is not only related to grain 
refinement and dislocation propagation but also affected by the texture 
components. 

4.2. Influencing factors of electrical conductivity 

According to the Matthiessen criterion, the resistance coefficient (Ω) 
of metal materials is mainly affected by intrinsic properties, grain 

Fig. 4. Kernel average misorientation at strains of (a) ε = 0.58, (b) ε = 1.91, and (c) ε = 3.47.  

Fig. 5. Misorientation angle variation of cold-drawn copper wires.  
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boundaries, dislocations, vacancies and precipitates [5,42]. For drawing 
copper wire at room temperature, the resistance coefficient can be 
expressed as follows [43]: 

Ω=ΩCu + ΩGb + ΩDis + ΩVac (7)  

where ΩCu is the resistivity of the defect-free pure copper at room 
temperature, 1.724 × 10− 8 Ω⋅m [20]; and ΩGB, ΩDis, and ΩVac represent 
the scattering effects of the grain boundaries, dislocations, and va
cancies, respectively. Formula (7) can be modified as follows [12,19]: 

Ω=ΩCu + SGb ΔΩGb + ρDisΔΩDis + CvΔΩVac (8) 

Among them, the influence of the unit density of grain boundaries 
ΔΩGB, dislocations ΔΩDis, and vacancies ΔΩVac on the resistivity has been 
widely reported, having values of 2.2 × 10− 16 ​ Ωm2, 2.0 × 10− 25 ​ Ωm3, 
2.6 × 10− 8 Ωm/at.%, respectively [20,44,45]. Moreover, SGb is the 

proportion of grain boundaries per unit volume, ρDis is the dislocation 
density, and Cv is the vacancy concentration. According to previous 
reports, ρDis of the drawn copper wire is generally lower than 7 × 1014 

m− 2 [42]. The vacancy concentration Cv of the severely 
plastic-deformed metal material is approximately 10− 3 at.% [46]. This 
value is calculated from the increase in resistivity due to dislocations 
and vacancies, which are 1.4 × 10− 10 Ω⋅m and 2.6 × 10− 11 Ω⋅m, 
respectively, and much lower than the intrinsic resistivity of pure copper 
(1.724 × 10− 8 Ω⋅m). The influence of dislocations and vacancies on the 
resistivity of the drawn copper wire is almost negligible. J.P. Hou [12] 
concluded that the electrical resistivity of pure aluminium wire with 
severe plastic deformation is mainly affected by the volume fraction of 
the grain boundary. 

Fig. 9 shows the distribution of HAGBs, and the grain size of copper 
wires is counted (grain boundary angle greater than 15◦). The results are 
listed in Table 3. There are a large number of annealing twins in the 
initial copper rods. Han K et al. [18]. Believed that the twins would relax 
the grain boundaries and could cause a significant decrease in resistivity, 
so they were not within the scope of these statistics. It can be seen from 
Table 3 that with an increasing drawing strain, the aspect ratio of grains 
increases continuously, and the original equiaxed grains change into 
strip structures. The grain size parallel to the drawing (axial) direction 
decreases first and then increases. In the process of drawing, the grains 
suffer axial tension and transverse pressure. At the beginning of draw
ing, the grains are elongated and seriously broken. The broken grains 
produce more grain boundaries, resulting in a continuous decrease in 
the axial grain length. Although the size of these broken grains is small, 
the distribution is relatively concentrated, and the effect of electron 
scattering is obvious. When the strain is greater than 1.91, the grains are 
almost parallel to the drawing axis, the rotation and fragmentation of 
grains are reduced, and the size difference between grains is fuzzy. 
Compared with Fig. 9c, the number of small grains decreases signifi
cantly in Fig. 9d; thus, the effect of grain boundaries on resistivity is 
weakened. In the drawn copper wire, there are some seriously elongated 
grains, whose axial length is hundreds of microns. It can be seen from the 
corresponding texture orientation in Fig. 3 that the seriously elongated 
grains are generally <100> oriented. Considering the low Schmidt 

Fig. 6. (a) Engineering stress-strain curves and (b) yield strength and elongation versus drawing strain.  

Fig. 7. Conductivity of low-oxygen copper at different strains.  

Table 2 
Strength contributions of the grain boundaries and dislocations.  

ε d σGB/MPa  ρ/m− 2  σDis/MPa  The.σ0.2  Mea.σ0.2  Δσ0.2  

0  7.29 μm 40.7 2.1 × 1013 39.3 105.0 107.5 2.5 
0.58  756 nm 126.5 4.2 × 1014 181.4 332.9 346.4 13.5 
1.23  607 nm 141.2 5.4 × 1014 201.1 367.3 396.6 29.3 
1.91  495 nm 156.3 6.3 × 1014 215.1 396.4 427.5 31.1 
2.74  451 nm 163.8 5.8 × 1014 206.4 395.2 414.5 19.3 
3.47  472 nm 160.1 5.3 × 1014 197.3 382.4 400.5 18.1  
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factor of <100> oriented grains, these dislocations are more likely to 
slip, so they have higher plastic deformation ability in the drawing 
process, and their probability of fragmentation is smaller than that of 
<111>-oriented grains. 

A schematic diagram of the scattering effect of deformed structure on 
electrons is shown in Fig. 10. There are two types of grain boundaries in 
drawn copper wires, namely, GBP parallel to the drawing direction and 
GBV perpendicular to the drawing direction. Since the current direction 
is parallel to the drawing axis, the two types of grain boundaries 

contribute differently to resistivity. Generally, the increase in resistivity 
caused by GBV should be much greater than that of GBP. Therefore, the 
frequency of electron scattering is high as the spacing between GBVs is 
small. The GBV frequency per unit length (FGBv) can be used to charac
terize the effect of grain boundaries on electrical resistance (R). 

FGBv =
L

dGBv

(9)  

where L is the unit length (m) and dGBvis the average spacing between 
GBV. The variation in GBV is combined with that of resistivity, as shown 
in Fig. 11. The changes in GBV and resistivity are almost consistent, also 
confirms that the conductivity of copper wire is closely related to GBV. It 
can be deducted that the FGBv is inversely proportional to d(GBV) and 
proportional to R. The reduction of small-sized grains at a high drawing 
strain leads to an increase in the average axial grain size, as showed in 
Fig. 9. At the same time, a large number of recrystallized grains are 
formed. Fig. 12 shows the distribution of recrystallization at a strain of 
3.47. Dynamic recrystallization is prone to occur in grain boundaries 
and sub-grains. However, the grain size is smaller, and its longitudinal 
length is shorter than 1 μm (as shown in Fig. 2f), which has a negative 
effect on conductivity. 

It is found that GBs have a significant effect on the strength and 
Fig. 8. Variation in the texture components as a function of strain.  

Fig. 9. Distribution of high-angle grain boundaries: (a) undeformed, (b) ε = 0.58, (c) ε = 1.91, and (d) ε = 2.74.  

Table 3 
Statistics of grain size in the axial and transverse directions.  

Grain size/ 
μm 

ε = 0  ε =

0.58  
ε =

1.23  
ε =

1.91  
ε =

2.74  
ε =

3.47  

Axial 13.7 8.7 7.9 5.4 6.6 6.2 
Transverse 12.2 4.3 2.9 2.3 1.9 1.4 
Aspect ratio 1.1 2.0 2.7 2.3 3.5 4.4  
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conductivity of the copper wire. With the increase of drawing strain, the 
continuous decrease in spacing between GBP reduces the mean free path 
of dislocation movement and improves the work hardening of the ma
terial [47]. The scattering of electrons is mainly determined by GBV, and 
the GBP plays a large role in strength. Therefore, through reasonable 
control of the grain morphology, increase GBP and decrease GBV, copper 
wire with an elongated and uniform microstructure can be obtained. 
Fig. 13 revels the relationship between drawing strain, yield strength 

and electrical conduction. At a strain of 2.74, a yield strength of 400.5 
MPa can be achieved along with a conductivity of 94.3 IACS. Compared 
with the original sample, the strength is increased by 273%, and the 
electrical conductivity is hardly affected. 

For drawing copper wire, the evolution of microstructure is mainly 
related to dislocation and grain boundary. The electron scattering effect 
of dislocations is much lower than that of grain boundaries. The grain 
boundary can be divided into GBV and GBP. GBP has little effect on 
electron scattering because it is parallel to the drawing direction. Ac
cording to the Hall-Petch formula, with the reduce of distance between 
GBPs, the average free path of dislocation motion also decreases, which 
leads to the significant effect of grain refinement strengthening. GBV has 
a greater impact on conductivity, and an increase in GBV spacing will 
reduce the frequency of electron scattering. In summary, to obtain high- 
performance copper wire, spacing between GBVs should be increased as 
much as possible, while spacing between GBPs should be reduced. It is 
necessary to increase the drawing strain of the cooper wire to obtain 
elongated fibrous grains. In addition, drawing at a low temperature can 
inhibit the recrystallization of the fibrous grain. Therefore, it will be 
good for reduce the scattering effect of newly formed grain boundaries. 

5. Conclusions 

The mechanical properties, electrical conductivity and microstruc
ture of copper wires processed at different cold drawing strains were 
studied, and the following conclusions can be drawn:  

1) With increasing drawing strain, the grains were stretched along the 
drawing direction and gradually formed fibrous structures parallel to 

Fig. 10. Schematic diagram of electron scattering by deformed structure.  

Fig. 11. and resistivity versus drawing strain.  

Fig. 12. Recrystallization of copper wire at ε = 3.47.  

Fig. 13. Electrical conductivity versus drawing strain and yield strength.  
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the drawing direction. EBSD analysis showed that the grains formed 
two kinds of texture <001 > and <111 >. TEM results showed that 
with increasing strain, a large number of substructures were formed, 
and the dislocation density increased sharply. At the strains greater 
than 1.91, dynamic recrystallization took place, and the dislocation 
density decreased.  

2) With an increase in drawing strain, the yield strength of copper wires 
first increased and then decreased slightly, before rising up and 
reaching a peak value at ε = 1.91, which is 427.5 MPa. The percent 
elongation decreased monotonously and levelled off when drawing 
strains went beyond 1.9.  

3) The electrical conductivity of the copper wires first decreased and 
then increased with drawing strain. The lowest conductivity was 
identified to be 87.5% IACS at strain ε = 1.91, which was approxi
mately 9.5% lower than that of the original copper structure. The 
electrical conductivity was less affected by the presence of disloca
tions and vacancies and was mainly compromised by the number of 
high-angle grain boundaries perpendicular to the drawing direction. 
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