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ABSTRACT

The scope of this work is to investigate the effect of the cold deformation by wire-drawing on
microstructure and physical properties of industrial copper wires. Copper wires were provided
by E.N.I.LCA.Biskra (Algeria). We investigated some wires with different strain levels (as
received, 1.20, 2.10, and ¢ = 3.35). X-ray diffraction, optical microscopy, and electrical
resistivity measurement have been used as characterization techniques. We analyzed the
photographs using “Imagel” software and DRX patterns using PM2K software. The results
revealed that the cold wire-drawing causes a lengthening of grains along the axis of
wire-drawing, and introduced large amounts of defects. The results also showed, on the one
hand, the decrease in crystallite size, lattice parameter, and the outer cut-off radius, on the
other hand, the increase of the electrical resistivity and the dislocation density in the copper
wires.
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1. INTRODUCTION

Wire-drawing is a technique for cold forming of metals and metal alloys, which reduces the
area cross-section of a wire by pulling it through a series of dies. Using of a lubricant reduces
the phenomenon of warming and prevents scratching of the outer surface of the wire [1].
There is a large field of use of drawn copper wires such as the manufacture of cables for the
transport of electric power, coils, and wires for the building electricity.

Wire-drawing is habitually performed at room temperature so called cold wire-drawing;
however, it can be performed at high temperature for large reduction ratio [2]. Wire-drawing
causes hardening of the metal wires and degradation of their mechanical and electrical
properties. These degradations are due to the various microstructural defects introduced by
this plastic deformation, in particular by increasing the density of the defects (e.g. dislocations
and faulting). When the strain degree of cold wire-drawing becomes very important the
microstructure will present a morphological texture. The grains become long and shaped like
needles parallel to the wiredrawing direction [3, 4].

In present investigation, we focused on the evolution of the microstructure of copper wires
drawn at different deformation levels using, on the one hand, conventional metallographic
methods such as optical microscopy and on the other hand the recently proposed numerical
fitting procedure, the Whole Powder Pattern Modeling (WPPM) [5, 6]. The diffractograms
were refined using the PM2K software [7, 8].

2. EXPERIMENTAL PROCEDURES

2.1. Material Studied

The material studied in this study is an industrial copper used in manufacture of electric
wiring and cables by the national company E.N.I.CA.Biskra.

Table 1 shows the content of the copper studied in various impurities. Wire-drawing process
was carried out for the wires with initial diameter of 8 mm to the final diameter of 1.50 mm in
four draws using industrial conical dies. During the deformation process, the Tungsten carbide
dies were constantly lubricated with a mixture of oils. Nomenclature of samples and

deformation levels are listed in Table 2.
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The strain values are calculated using the following relation [9, 10]:

g=2.Int. (1)

Ty

Where 7; and rrare the initial and the final radius of the copper wire respectively.

Table 1. Impurities ratio (ppm) in the copper used in this work

Cu Ag Bi Sb As Fe Ni Pb Sn S Zn
99.966 10 1 2 2 5 2 5 2 4 1

Table 2. Strain values of the copper wires used in this work.
Sample A B C D E

e As-received 1.20 2.10 2.45 3.35

2.2. XRD Data Collecting
The diffractograms were carried out from flat polished surfaces of samples by X’Pert-Pro

MRD Philips X-ray diffractometer with a Bragg-Brentano configuration, and operating at 40

kV et 40 mA, using a copper anticathod delivering a Cu,, radiation (A4, =1.54064 ). The

Bragg angle 20 was varied from26, =40° to 26, =100°. The step of the continuous scan

was A@=0.017° and the counting time was 5.08 s/step.

2.3. Material Preparation

A metallographic diamond-cutting saw was used to cut the samples. The surfaces of samples
were polished using an abrasive silicon carbide paper of different granularity. The polished

surfaces were finished using diamond paste spread out on a felt fabric. A chemical etchant

with the composition of 40 mL (//NO, concentrated to 55 %) and 10 mL (/4,0 ) was used to

reveal the microstructure. The microstructure analyses were performed by an optical
microscope (Hund-T100/Wetzlar, Germany) equipped with a camera Canon (Canon Inc.
Japan). The analysis of micrographs was performed using software called “ImageJ”. It is an
open source software image processing designed for scientific images [11].

2.4. Electrical Resistivity Measurement

The measurements of the electrical resistivity were carried out at 293 K, on samples of 1.20
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m length taken directly on the factory production line. “Resistotmat bridge-type 3202~

apparatus has been used which allows good precision.

3. ANALYTICAL PROCEDURES

3.1. Whole Powder Pattern Modeling Refinement

The algorithm of Whole Powder Pattern Modeling (WPPM) were used to refine DRX
diffractograms to determine the physic parameters of microstructure such as lattice parameter
(a), defect densities (dislocations dy;; and stacking faults probability «), crystallite size
distribution, and the size of coherent diffraction domains.

In this model of Line Profile Analysis method (LPA), the whole measured diffraction pattern
is fitted directly by the sum of the background and the theoretically constructed profile
functions based on Physic Models. These functions are computed for each Bragg-reflection as
a convolution of the inverse Fourier transforms of the theoretically well-established size and
strain Fourier coefficients and the measured instrumental profiles [5, 6, 12-14].

In the calculations, the domains are assumed to have a spherical shape and their size being the
diameter of a sphere.

The crystallite size is given by Eq. 2, and the distribution function is defined by a lognormal

model as expressed in Eq. 3 [5, 6, and 15].
(52
<D> =exp(u+7j. (2)
2
1 (lnD —p) :l

1
D)= ——.exp| ——
eP)= 57 exp[ S 3)

Where: o, 1, and<D > are the lognormal variance, lognormal mean and the mean size

distribution, respectively.

3.2. Light Microscopy Images Analysis

In metallography, we can analyze quantitatively the micrographs by describing the shape of
objects (e.g. grains, pearlite lamellae). To describe the shape of the object quantitatively, one
usually uses some parameters called "shape descriptors". The calculation of the shape

descriptors is based on measurements carried out directly on a micrograph such as the length,
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area, perimeter, and coordinates of mass-center [16].

There are several rules and techniques for the calculation of shape descriptors. One of which
assigns the object a standard geometry (e.g. circle). The shape factor SF (so called circularity
factor) is one of the shape descriptors. It calculates how circular an object is. A perfect circle

has a shape factor of SF = 1, and a line has a shape factor approaching SF = 0 (given by Eq. 4).

Diameter of Feret L__ (Eq. 5) measures the greatest distance between two arbitrary points on

a grain boundary. The parameter AR expresses the aspect ratio of an ellipse fitted to the shape
of a particle or grain microstructure, its value is the ratio of the major axis to the minor axis of

this ellipse fictitious (Eq. 6), and the roundness Rnd is the inverse of Aspect Ratio [17].

area

SF =45 ———- (4)
perimeter
L= 422 (5)
T
AR = |M.ajor axi.s| _ ()
|M1nor ax1s|

4. RESULTS AND DISCUSSION

4.1. XRD Line Profile Analysis

Fig. 1 shows a graphical output of WPPM for typical X-ray diffractogram of the as-received
wire rod (A). The full width at half maximum (FWHM) is smaller before wire-drawing. As it
has been noticed in another research works, the effect of cold working is not yet discernible,
which is evident from the widths of the peaks [18, 19].

Fig. 2 shows the effect of cold wire-drawing on the shape and position of (111) diffraction
peaks. We have observed a shifting and broadening of peaks, which indicates clearly that the
microstructural features of drawn wires were affected by the cold deformation. These effects
are probably due to the reduction of the size of the crystallites, distortion of the crystal lattice,
and the increase of defects in the deformed wires such as dislocation and stacking fault

densities.
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Fig.1. X-ray diffractogram of the as-received wire refined by WPPM procedure.
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Fig.2. Peak profiles (111) corresponding to each reduction area of the cross-section.
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Fig. 3 presents the results of WPPM refinement for the copper wires deformed at 1.20

(Fig.3a), 2.10 (Fig.3b), 2.45 (Fig.3c), and ¢ = 3.35 (Fig.3d) strain levels respectively.

Experimental data (blue circles) are reported together with the modeled data (red line) and the

residual (black line below). The agreement between the experimental and modeled patterns,

as shown by the residual (the difference between the experimental and modeled data), is quite

satisfactory. The refinement parameters obtained by the WPPM procedure are given in

Table 3.
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Cold drawing process causes the shifting (to right side) and broadening of the diffraction peaks.
The profile broadening results of several contributions including the crystallite size effect, the
effect of linear and planar defects, and the instrumental contribution (diffractometer). The
observed experimental facts indicate that the microstructural parameters of deformed samples
were affected. We noted on the one hand the decrease of the lattice parameter, of the amplitude
of the outer cut-off radius, as well as the average size of the crystallites; and on the other hand,
we found that the dislocation density increases. The increase of dislocation density d ;s is
explained by work hardening mechanism upon cold drawing by continued trapping of newly

created mobile dislocations, existing dislocations and their incorporation into the various

microstructural elements [20].
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Fig.3. X-ray diffractograms refined by WPPM procedure of wires drawn at:

a)e=1.20,b)e=2.10,c) e =2.45,and d) € = 3.35.

103



L. Fellah et al.

J Fundam Appl Sci. 2018, 10(1), 97-112

104

Table 3. Summary of agreement parameters obtained by WPPM refinement

Sample Strain ¢ Rwp [%] Rexp [%] WSS Gof (S)
A as-received 7.5477 6.6836 6081.45 1.12854
B 1.20 5.7034 6.1008 4168.80 0.93486
C 2.10 9.7010 10.4549 4106.05 0.92790
D 2.45 10.2416 11.0658 4088.49 0.92552
E 3.35 10.8190 11.6406 4121.34 0.92943

Fig. 4 shows the crystallite size distribution function g (D) corresponding to the calculated

lognormal mean p and variance ¢ values by using PM2k software. It can be observed that the

median, p, and the variance, o, of the size distributions decrease with the increase of the strain

level. We noted the decrease of the size of coherent diffraction domains (crystallites) with the

strain level. It is known that for metallic materials the size of crystallites decreases with

increasing deformation level, while an annealing treatment tends to increase it by restoration

(recovery and recrystallization) mechanism on the contrary [20-22].
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Fig.4. Distribution functions of the crystallite size of the as-received wire, and the wires drawn

at different levels of deformation.
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The net probability of stacking faults is in range of 1.92x10~ ~ 4.95x107; these values indicate
the probable existence of planar defects related to the stack so called “stacking faults™.

The outer cut-off radius R, is related dislocation density dgs according to the relationship
(M :Re.\/cm ), by means of Wilkens parameter (so called arrangement parameter); the
average distance /;;; between dislocations is defined as the inverse of the square root of the
dislocation density, it is given by the expression: [, =d > [5,23-26]. The refined parameters

are presented in Table 4. For the most deformed state, the value of M (arrangement parameter)
becomes less than unity, which suggests that a strong screening dislocation stress fields and

strong dislocation interactions characterize the configuration to a deformed material [27-30].

Table 4. Summary of microstructural parameters obtained by WPPM refinement

Sample A B C D E

Strain ¢ as-received 1.20 2.10 2.45 3.35

a [nm] 0361619 0361534 0.361514 0.361522  0.361419

dis x10™ [m™?] 2.948 10.254 13.442 13.396 14.056

Re [nm] 31.239 45.277 17.033 13.854 2.678
M 0.536 1.450 0.625 0.507 0.100

D [nm] 463.49 281.38 62.78 51.34 34.50
M 6.044 5.515 4.022 3.814 3.416

ax107 4.68 4.95 2.67 1.92 2.12

4.2. Evolution of Microstructure of the Material During Cold Wire-drawing Processing

Fig. 5 shows the microstructure of as-received copper wire. The grains have approximately
equal dimensions in all directions (equiaxed grains). By analyzing the micrograph, we noted
that the Feret's diameter (L,.x) Was in a range (23.39 - 59.87 um) with an average of 33.98 um
and the shape factor (SF) equal to 0.74 approximately. Finally, we noticed the presence of

twins, which were formed during the manufacture of the copper rod.
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Fig.5. Microstructure of the as-received copper wire

Fig. 6 (a) shows elongated grains along the drawing axis for the copper wire drawn at € = 1.20,
this elongation is becoming increasingly important, as and when the deformation is larger
(Fig. 6-b, ¢, and d). The grains become longer and thinner. According to Fellah [31] and Baci et
al. [32], when the degree of deformation increases, the drawn wire acquires a textured
microstructure so-called "wire-drawing of texture" [33, 34]. This type of texture is usually
encountered in the cold deformation of metallic materials and their alloys by "drawing"
process. The axis of drawing (axis of the wire) constitutes the axis of symmetry for this kind of

texture it is called “fiber axis” [35].
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Fig.6. Microstructure of industrial copper wires after cold wire-drawing at different strain

levels:(a) 1.20, (b) 2.10, (c) 2.45, and (d) e=3.35(arrow indicates the drawing direction).

Table 5 groups the calculated values of the shape descriptors. These results confirm the
observations made by optical microscopy. In fact, the values of the shape factor (SF) and
roundness (Rnd) tend towards 0.11 and 0.04 respectively, which means that the grains become
longer and finer as needles. Feret's diameter tends towards171 um, which means that the

average length of a grain is close to 171 pm.

Table 5. Shape descriptors values obtained by “Imagel” analysis

Shape Factor Feret's diameter Aspect Ratio Roundness
SF Lmax [pm] AR Rnd

A as-received 0.74 33.98 1.43 0.71
B 1.20 0.32 137.71 6.61 0.16

Sample Strain ¢
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C 2.10 0.20 137.13 12.10 0.09
D 245 0.16 158.53 15.98 0.06
E 3.35 0.11 170.96 24.41 0.04

4.3. Influence of Cold Deformation on the Electrical Resistivity of Copper Wires

Fig. 7 shows the evolution of the electrical resistivity p as function of strain €; we found that the
resistivity p of copper drawn wires increases with area reduction of wires cross-section. In fact,
the plastic deformation of copper wires by cold wire-drawing induces a various types of
defects, such as twins, stacking faults, grain boundaries, dislocations, and vacancies. The
occurrence of these imperfections generates a decrease in electrical conductivity of the
material, and thereafter increasing its electrical resistivity.

According to Matthiessen's rule, the resistivity at given temperature is expressed by [36, 37]:
pT)=p,T)+Ap(T): (7)
where p, (T) is the resistivity of pure metal and the term Ap(7") denotes the contribution of the

various defects.
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Fig.7. The electrical resistivity of drawn wires as a function of strain level.

5. CONCLUSION
This investigation represents a contribution to the study of the microstructure features

evolution after deformation applied to industrial copper drawn wires, and its impact on the
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electrical resistivity. To summarize, the following conclusions can be made:

1. Cold wire-drawing caused crystallographic anisotropy, lengthening of grains along the
axis of wire-drawing, and introduced large amounts of defects.

2. The dislocation density increased from 2.948x10'* to 14.056x10" m™.

3. Lattice parameter, size of the coherent diffraction domains and the outer cut-off radius
decreased with the increase of strain level.

4. Values of shape descriptors changed indicating the grains tendency to become thinner and
longer; indeed, the shape factor decreased from 0.74 to SF = 0.11 and the Feret’s diameter
increased towards ~171 pm.

5. Values of the net probability of stacking faults indicated the probable existence of planar
defects related to the stack so called “stacking faults”.

6. The electrical resistivity increased from 16.39x107 to 17.62x10° Q.mm?*m due to the

increase of various defects.
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