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The susceptibility to deep processing in the industrial wire drawing process has been investigated in the research
paper regarding the copper grade influence on the process. The conducted research included the identification of
the mechanical and electrical properties of wires manufactured from Electrolytic Tough Pitch Copper (Cu-ETP) wire
rod and Oxygen-Free Copper (Cu-OF) cast rod in terms of the applied deformation. In particular, as main contribu-
tion of this research to the scientific and industrial community a mathematical model describing the wire strength-
ening and softening characteristics was determined.
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INTRODUCTION

Copper is characterized with high electrical conduc-
tivity, excellent annealing susceptibility and formability.
These features directly translate to the possibility of deep
and advanced copper processing in the industrial wire
drawing process of microwires for electrical purposes
possible. However, the fact that there are many grades of
copper differentiating from each other for instance in
terms of chemical composition should be emphasized.
The most important factor is the presence of oxygen in
ETP grade copper and the lack of it in OF copper. The
presence of oxygen and therefore Cu,0 oxide (non-de-
formable plastically ceramic inclusions) in the copper
matrix influences a number of its properties [1 — 3]. Both
abovementioned copper grades differ also in terms of the
grain size which is related with the manufacturing pro-
cess of the rods. ETP grade copper is characterised with a
fine grained, homogeneous structure, typical for hot
working process. On the other hand, OF copper shows
typical foundry structure [4 — 7]. Such differences be-
tween these two copper grades affect as well their sus-
ceptibility to deep processing in the industrial wire draw-
ing process, where parameters like recrystallization sus-
ceptibility determined based on the softening curves or
the amount of deformation necessary for failure-free
metal working process are important [8 — 10].

The knowledge on the properties differences be-
tween the copper grades and the factors influencing
them makes it possible to define and design the entire
technological process consisting of a series of opera-
tions affecting the final properties of the product.
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EXPERIMENTAL PROCEDURE

Two copper grades were used for the sake of this
analysis, however, in the case of OF copper 3 various
materials in terms of chemical composition were tested
(various oxygen and other impurities content). It is gen-
erally accepted that OF copper cannot exceed 10 ppm.
The chemical composition of the tested materials was
presented at Table 1.

Microstructural analysis

Selected materials were subjected to microstructural
observations using scanning electron microscopy
(SEM) model Hitachi S-3500N.

Electrical properties

The electrical resistance of the tested copper materi-
als was determined using a Thompson bridge (Resisto-
mat type 2304) with the gauge length of 1 000 mm at
the ambient temperature and the outcome was calculat-
ed into electrical resistivity.

Mechanical properties

The determination of the amount of deformation and
mechanical properties of the tested copper materials
was carried out using a Zwick/Roell Proline Z020 test-
ing machine.

Wire drawing process

All of the tested materials were subjected to wire
drawing process from the starting diameter of 8 mm to
the final diameter of 1,65 mm with average unit coeffi-
cient of deformation A, = approximately 1,22. Table 2
presents the parameters of the wire drawing process.
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Table 1 Chemical composition of the copper materials / wt. ppm
Material Ag Bi Pb Sb As Fe Ni Sn Zn S o, Sum
Cu-OF 1 13 0,1 0,5 0,2 0,4 1,7 1,5 0,3 14 2,2 1,5 22,8
Cu-OF 2 8 0,1 0,6 0,8 0,4 2,2 1,2 0,3 14 2,0 2,5 19,5
Cu-OF 3 9 0,1 09 09 0,4 3,2 1,5 03 14 3,0 9,5 30,2
Cu-ETP 14 0,1 0,7 0,6 04 1,7 1,7 0,3 1,8 2,5 168 191,8
Table 2 Parameters of the wire drawing process of copper
rod @ 8 mm (n - no. of the draw, d - diameter, A - 300
total coefficient of deformation, € - true strain) 250
[]

n 1 2 3 4 5 6 7 8 S200 1 B B e el e
d/mm 73 6,7 6,0 54 49 4,5 4,0 3,66 E 150 | ‘:."“._ .. o oN = '\ ]

A 12 15 [ 18222732 40] a8 2 p ‘

€ 018 | 037 | 056 | 0,78 | 098 | 117 | 1,36 | 1,56 “100 o o3

[N N NN ] (JH ]  sssssssss -

n 9 10 n 12 13 14 15 16 50 Cu.OF 3 - — — CW.ETP
d/mm | 33 3,0 2,7 2,5 2,2 20 | 1,81 | 1,65 0 1 1 I ! T T T

A 58 | 711 | 88 | 107 | 13 16 | 195 | 24 0 5 10 15 20 25 30 35 40 45 50

€ 1,76 | 1,96 | 217 | 2,37 | 2,58 | 2,77 | 2,97 | 3,16 Strain/ %

Softening curves

The obtained final wires with a diameter of 1,65 mm
were exposed to an annealing process at the tempera-
ture range of 140 — 280 °C lasting one hour. Samples
prepared this way were subjected to uniaxial tensile test
and the obtained values were presented as a function of
annealing time, thus creating the softening curves.

RESULTS AND DISCUSSION
Microstructural analysis

The structural analysis presented at Figure 1 clearly
show the differences between Cu-OF and Cu-ETP as
the grain size of oxygen-free copper is even a few mm
whereas for ETP grade copper it is approx. 30 pm.

Electrical properties

Electrical properties study of the tested materials pre-
sented in Table 3 proved that Cu-OF material has higher
electrical conductivity in comparison to ETP grade cop-
per. The reason behind this is lower amount of grain

Table 3 Properties of the batch material

Material Electrical Resis- Electrical %IACS
tivity / nQm conductivity /
MS/m
Cu-OF 1 17,10 58,49 100,84
Cu-OF 2 1715 58,33 100,56
Cu-OF 3 17,19 58,18 100,30
Cu-ETP 17,20 58,12 100,21

Figure 1 Structural analysis of CuOF cast rod (left) and Cu-ETP
wire rod (right), magnification x 200
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Figure 2 Stress-strain curves of batch materials

boundaries and lack of Cu,O oxide which directly trans-
lates into fewer obstacles for the free flow of electrons.

Mechanical properties

The stress-strain characteristics determine the hard-
ening nature of tested materials in the uniaxial tensile
test and are the macroscopic response of the materials
structure. The obtained curves are presented at Figure 2.

ETP grade copper has higher ultimate tensile
strength with simultaneously lower yield strength and
higher total elongation than any of the Cu-OF materials.
For a more detailed analysis of the strengthening of the
tested materials known from literature sources Hollo-
mon model being the power function of the deformation
was used (Formula 1)

o, =Kini" 1)
where:

InA —true strain,

K, n —experimentally determined material constants.

The equation parameters (K, n) were determined on
the basis of the power approximation of the strain-stress
curve part extracted between yield strength and ultimate
tensile strength. The determination of K and n coeffi-
cients is possible transforming finding a logarithm of
the Formula 1. The obtained function has the form of
Formula 2.

Ing = InK + nini (2)

In Table 4 the obtained values of K and n after pow-
er approximation for the batch materials were collec-
tively presented.

The analysis of the presented in Table 4 values
proves that ETP grade copper has the highest values of
both linear K and power n coefficients, thus suggesting
higher increase of the strength properties due to the ap-
plied deformation in comparison to oxygen-free copper.
This may be explained by the fine-grained structure of
Cu-ETP and typical foundry structure of Cu-OF charac-
terised by large grains (even a few mm).
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Table 4 Hollomon equation parameters

Material | Parameters determined through power approximation
K/ MPa n/-

Cu-OF 1 317 0,2310

Cu-OF 2 292 0,1898

Cu-OF 3 304 0,2187

Cu-ETP 375 0,2352

Wire drawing process

Susceptibility to deep processing in wire drawing
process was tested as the next stage of the research. The
applied deformation from diameter of 8 mm to 1,65 mm
corresponds to true strain of approx. 3. Figures 3 and 4
show strengthening characteristics.

Strengthening of copper may be mathematically ex-
pressed with the following Formulae (3 and 4).

Rm = Jinin ®)

Ry, = JInA" @)

Based on the strengthening characteristics and the
formulae 3 and 4 the strengthening parameters during
the wire drawing process were determined and present-
ed in Table 5.

Detailed analysis of the presented in Table 5 param-
eters distinguishes clearly between the two materials.
ETP grade copper in the case of both yield strength and
ultimate tensile strength has lower values of power coef-
ficient n which suggests smaller increase of the mechan-

500
- gt
400 = = et
- 7] et
P - et
§3oo -
vl
~ v
5200 i eeese Cu-OF 1]
Cu-OF 2
100 1 teeeerene Cu-OF 31
= = = Cu-ETP
0 T t
0,0 05 1,0 1,5 2,0 2,5 3,0
True strain/ -

Figure 3 Ultimate tensile strength of Cu-ETP and CuOF as a
function of true strain
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Figure 4 Yield strength of Cu-ETP and CuOF as a function of
true strain
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Table 5 Wire drawing strengthening parameters of the
tested materials

Material R,> Rm

K/ MPa n/- K/ MPa n/-
Cu-OF 1 232 0,1799 369 0,1205
Cu-OF 2 242 0,1645 370 0,1241
Cu-OF 3 223 0,1698 363 0,1256
Cu-ETP 373 0,1603 395 0,0941

ical properties as a function of the applied strain during
the wire drawing process. However, coefficient K for
both discussed values is the highest which may be ex-
plained by the higher set of mechanical properties of the
batch material and its fine-grained structure. Oxygen-
free copper regardless of the material due to its foundry
structure has higher values of n coefficient and much
lower values of K coefficient than ETP grade copper.

Based on the obtained experimental results and cal-
culated values it was proved that the strengthening pa-
rameters (power coefficient n) according to the Hollo-
mon model are higher in comparison to the strengthen-
ing curves in the wire drawing process. The discussed
differences between the values obtained in the uniaxial
tensile test and the drawing process result from the pres-
ence of additional frictional forces throughout the wire
drawing process as a portion of energy necessary for the
plastic deformation of the wire must be used to surpass
the frictional forces.

Softening curves

The susceptibility to deep processing of copper is
determined by among others annealing process, how-
ever, in the discussed case it is “on-line” annealing
throughout the industrial wire drawing process with
drawing velocity of approx. 30 — 50 m/s. With such high
drawing velocity the material has to soften in a fraction
of a second. The abovementioned annealing conditions
differentiate between the two discussed copper grades
as their response vary. Static annealing tests of both OF
and ETP grade copper were carried out for 1 hour at the
temperature range from 140 to 280 °C - Figures 5, 6.
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Figure 5 Temperature influence on the ultimate tensile
strength of ETP and OF grade copper during 1 hour
static annealing test
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Figure 6 Temperature influence on the elongation of ETP and
OF grade copper during 1 hour static annealing test

The obtained results unequivocally indicate the dif-
ferences in the susceptibility to annealing of Cu-ETP
and Cu-OF wires, especially the differentiation con-
cerns the annealing kinetics. ETP grade copper exhibits
faster reaction to temperature and transitions to the soft
state at approx. 160 °C, whereas CuOF need tempera-
ture range of 220 — 250 °C to obtain a soft state.

CONCLUSIONS

Diversity of the strengthening characteristics were
observed in the uniaxial tensile test and in the drawing
test which is directly related to the differentiation of the
structure, oxygen content and the presence of frictional
forces during wire drawing copper.

Careful selection of the plastic deformation process
and recrystallization parameters of copper with a speci-
fied oxygen content allows for the effective control of
the course of the strengthening of copper and its ability
to soften in the actual industrial process.
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