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also explores the fracture surface characteristics of the tensile tested specimens.

L. Introduction values in the range of 0.3-0.6 of melting point

temperature [1, 2]. The ductility is mainly dependent

The hot ductility phenomenon and the occurrence of upon the work hardening capacity of the material and the

ductility minimum temperature (DMT) is one of the material’s resistance against localized deformation. The

unexplained features of metal and alloy processing, former can be assessed through measurement of the

which is observed as decreasing in elongation to fracture strain hardening exponent (n-values), and the latter
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through strain rate sensitivity (m-values) [3]. The higher
strain rate sensitivity means the higher capability of
strain distribution which delays the onset of localized
necking under tensile stress and increases the portion of
non-uniform elongation. Generally, the materials’
formability is expected to improve by increasing the
deformation temperature, owing to the activation of the
secondary slip systems and the activation of new
deformation mechanisms. However, it has been
observed that the toughness and ductility may increase
or decrease to an unacceptable level at various
processing conditions. The ductility troughs at higher
temperatures are attributed to various mechanisms such
as strain concentration and flow localization in more
ductile phases, grain boundary sliding followed by
W-type/R-type cracking, incipient melting reactions and
diffusional transformations [2, 3]. The ductility decrement
at a higher temperature has been previously reported in
many metals and alloys such as steels [3-5], copper
alloys [6, 7], titanium alloys [8], magnesium and
aluminum alloys [9-11].

Due to its superior ductility, thermal/electrical
conductivity, and corrosion resistance, pure copper has
found a widespread application in the plastic forming of
near-net-shape products. In this respect, the flow stress
behavior of pure copper has drawn the attention of
numerous researchers, the majority of which have
focused on micro-deformation behavior [12-15] and
severe plastic deformation methods [16, 17]. The effects
of stacking fault energy [18, 19], and grain size [20] in
correlation with the strain hardening behavior [21], and
even mechanical twinning [22] have also been discussed
in detail. The high temperature forming has been widely
employed to obtain copper parts with complex shapes.
Therefore, to optimize the fabrication process,
investigating the high temperature deformation behavior
of pure copper is highly necessary. In this respect, many
researchers have pointed out the occurrence of dynamic
recovery and dynamic recrystallization in a wide range
of temperature and strain rates, the constitutive equations
predicting flow stress have been developed and the
processing maps have been constructed [23-25]. The

results show that the corresponding stress-strain curves
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are characterized by multiple peaks or a single peak flow
and reaching a steady state regime at high strains. In this
regard, Belyakov et al. [26] have also investigated the
deformation behavior of pure copper in warm
temperature deformation regime (0.3-0.5 Tr,) where, by
increasing the temperature, the pancake-deformed
microstructures have been changed into the refined
microstructure accompanied by the transition from
athermal to thermal flow behavior.

The main points which have been mainly overlooked
in previous literatures are: (i) characterization of the
possible ductility troughs during high temperature
deformation of pure copper and (ii) the effect of oxygen
content on the hot deformation characteristics of the
material. The presence of oxygen not only influences the
thermal/electrical conductivity but is also expected to
significantly affect the strain accommodation capability
of the copper and its susceptibility to micro-cracking.
Towards this end, in the current study, the warm to hot
ductility behavior of tough pitch copper containing
various oxygen contents has been precisely studied by
conducting hot tensile testing methods that would
determine the safe and unsafe thermomechanical
processing domains as well as characterize possible
ductility drops and related deformation mechanisms.
The hot compression tests have also been scheduled in
the same deformation condition to properly assess the

occurrence of dynamic restoration processes.

2. Experimental

Polycrystalline copper rods with a diameter of 8 mm
were prepared through cold rolling and annealing of the
electrolytic tough pitch (ETP) copper with a purity of
99.99%. These were received from the Sarcheshmeh
Copper Industries, the oxygen content of which lay in a
range of 100-700 ppm. A highly pure copper material,
such as oxygen-free copper (OFC) or tough pitch copper
(TPC), is suitable for high-end acoustic equipment and
signal cables. The oxygen content may significantly
affect both performance and quality, so the accurate
quantification of the oxygen concentration is essential.

In the present work, the determination of oxygen has
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Hot Ductility Behavior of the Electrolytic Tough Pitch Copper Having Different Initial Oxygen Content 15

been conducted through inert gas fusion according to the
ASTM E2575 standard. This test method is capable of
covering the oxygen content in copper and copper alloys
in a range of 0.00035% to 0.090%. Considering the
copper-oxygen equilibrium phase diagram [27], the
maximum solid solubility of the oxygen is about 50 ppm
at 900°C, and it is in the form of Cu,O particles at higher
concentrations. In this respect, the Cu,O volume fraction
of treated structures was calculated according to the
Cu;0O equilibrium phase diagram and represented in
Fig. 1, which would be raised with oxygen content
increment.

In order to assess the high-temperature formability of
O-contained (160, 220, 390, and 660 ppm) copper alloys,
isothermal hot tensile tests were carried out according to
ASTM E21 standard [28] using cylindrical specimens

machined in rolling direction with a reduced section

Weight Percent Oxygen

diameter of 6 mm and a gauge length of 30 mm. The
tensile tests were performed in the temperature range of
300-800°C under two various strain rates of 2x10 and
2x10 s!' using an Instron-4208 universal testing
machine. This was followed by quenching specimens in
water just after straining. The small elastic deflection of
the machine and grips were ignored. The temperature
control was within £2°C. The obtained data was
calculated and represented as true stress-true strain and
elongation-to-fracture vs. temperature curves. The true
stress-strain curves are plotted considering the constant
volume rule (AygLy, = AL), and the curves over the
necking contain errors coming from volume change due
to cavitation. The flow stress in engineering curves
essentially declines after the necking which is described
considering the geometrical aspect of uniaxial tensile

test. However, in spite of the engineering curve, the true
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Fig. 1. Copper-oxygen equilibrium phase diagram representing the solid soluability of oxygen at variuous temperatures [27]. The
density of Cuz0 vs. oxygen content calculated according to Cu20 equilibrium phase diagram.
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one is expected to follow a continuous hardening trend
up to the fracture, so the observed softening region can
be considered as a clue to roughly judge the activation of
restoration mechanisms and susceptibility to crack growth.
In addition, related fracture surfaces were also examined
using a scanning electron microscope (SEM) to explain
the corresponding hot ductility behavior of the alloys.
In order to properly clarify dominant restoration
processes, inter alia, dynamic recrystallization and
dynamic recovery, the hot compression test was also
conducted at the same temperatures and strain rates.
Cylindrical compression specimens were machined
holding the size of 8§ mm in diameter and 12 mm in
height in accordance with the ASTM E209 standard
[29]. Prior to any hot compression or tensile test, the
specimens were first preheated to the preset temperature
and soaked for 7 min to equilibrate the temperature
throughout the specimens. After compressive straining
up to the predetermined strain of 0.5, the compressed
specimens were cut, cold mounted, polished, and etched
by 50 ml NH4OH dissolving in the 50 ml H,O; etchant.
Optical microscopy was performed to characterize the
microstructural changes of deformed specimens at

specified thermomechanical conditions.
3. Results and Discussion

3.1. The hot compression behavior

3.1.1. Temperature and strain rate effect

The initial microstructure of the starting material is
depicted in Fig. 2a. Due to the previous heavily cold
rolling program (high reduction of area and short time
annealing at relatively low temperature), the trace of
parent elongated grains can be characterized through the
microstructure. However, it can also be deduced that the
annealing heat treatment could relatively turn the grains
morphology into the equiaxed configuration. In order to
examine the general changing trend of the grain size by
increasing the deformation temperature, the initial
specimens have been annealed at 400, 600, and 800°C
for 1 h and their microstructures have been compared
(Fig. 2b-2c). The corresponding mean grain sizes are

measured to be 20, 50, and 250 pum, respectively. As is
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Fig. 2. The optical microstructures of the (a) starting material
and the annealed specimens at (b) 400°C, (c) 600°C, and
(d) 800°C.

expected, the obtained results reveal the growing initial
grain size by increasing the temperature especially over
the transition range of 0.3-0.5 Ty. Moreover, the
appearance of annealing twins at higher temperatures,
along with the copper oxide second phases, is truly
noticeable. The effect of grain size on high temperature
deformation behavior of the experimented alloy will be
discussed in the next sections.

The compressive true stress-true strain curves of the
specimens containing 390 ppm oxygen content at the
temperature range of 300-600°C under the initial strain
rate of 2x10- s, are represented in Fig. 3. As is shown,
the overall characteristics of the flow curves are
significantly affected by the deformation temperature as
follows. All curves exhibit a broad peak stress, followed
by dynamic softening regime that suggests the
occurrence of typical dynamic recrystallization which is
more possible in the case of metals in which recovery
processes are slow, such as those holding low or medium

stacking fault energy (copper, nickel, and austenitic
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Fig. 3. Compressive true stress-strain curves of copper
containing 390 ppm oxygen under the strain rate of 2x10 3 51,
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iron). The corresponding compressive deformed
microstructures are given in Fig. 4. In comparison to the
starting microstructure, the existence of fine equiaxed
grains is considered as proper evidence for the
occurrence of dynamic recrystallization.

Additionally, in order to assess the strain rate effect
on the compressive flow behavior, the obtained results
under the lower strain rate of 2x10* s! are also included
in Fig. 5. The flow characteristics well verify the
capability of the experimented copper for dynamic
recrystallization in the specified high temperature
deformation regime. It is worth to note that some of the
stress-strain curves of this dynamically recrystallizing
material are characterized by a single peak and others by
several oscillations (multiple peaks). In other words, the
resultant curves at lower temperatures of 300 and 400°C
contain a single dynamic recrystallization peak, whereas,

by increasing the temperature up to 600°C, the multiple

== »,;’u hats
Fig. 4. Microstructures of copper containing 390 ppm oxygen
which have been compressed at (a) 300, (b) 400, and
(¢) 500°C under the strain rate of 2x10 3 57!,
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Fig. 5. Compressive true stress-strain curves of copper
containing 390 ppm oxygen at 400°C and 500°C under
different strain rates.
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peaks are revealed. Such evidence can be uniquely
discussed relying on the variation of the Zener-
Hollomon parameter (Z). The Zener-Hollomon
parameter is a parameter in the field of
thermomechanical processing through which the effects
of temperature and strain rate on the deformation
behaviors can be characterized simultaneously [23-26]

and are described as follows:

7= éexp(RQ—T 1

At high Zener-Hollomon (Z) parameter (lower
temperatures and higher strain rates), subsequent cycles
of recrystallization begin before the previous one ends,
the material is therefore always in a partly recrystallized
state after the first peak, and the stress-strain curve is
smoothed out, resulting in a single broad peak.
Moreover, by increasing the Z value, the peak stress and
critical strain of recrystallization (o, and &) increased
(Fig. 6). In other words, at low temperatures and high

strain rates (high Z) the dislocation generation (work
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Fig. 6. The variation of (a) peak stress and (b) critical strain
of dynamic recrystallization by temperature. The presented
results have been extracted from the compressive true stress-
strain curves of copper containing 390 ppm oxygen at 400°C
and 500°C under different strain rates.
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hardening) factor is dominant and recrystallization
process is retarded. In contrast, under the conditions of
low Z value (higher temperatures and lower strain rates),
the material recrystallizes completely before the second
cycle of recrystallization begins, and this process is then
repeated, and multiple peaks are exhibited at low strains.
Correspondingly, by decreasing the Z parameter, 6, and
& decreased. This phenomenon has been previously
discussed by other researchers in the case of various
metals and alloys [30, 31]. As is evident, the flow stress
characteristics of pure copper are significantly dependent

on the temperature and the strain rate.

3.1.2. Oxygen content effect

The compressive true stress-true strain curves of the
experimental alloy holding 160, 220 and 390 ppm
oxygen contents at 500 and 600°C under the strain rate
of 2x10* s are depicted in Fig. 7. As is observed, the
multiple peaks dynamic recrystallization has been
activated in the case of all microstructures having
different oxygen contents. In a more detailed view, the
variation of peak stress and critical strain vs. oxygen

content are given in Fig. 8. As can be seen, the peak

(a) 390 ppm
20 -
= 16 1 160 ppm
5 12 4
&
5 8 220 ppm
2
=
0 T T T
0 0.05 0.1 0.15 0.2
True strain
16
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390 ppm
=12 4
s 160 ppm
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£
Q
3
& 4
0 T T T
0 0.05 0.1 0.15 0.2
True strain

Fig. 7. The effect of oxygen content on compressive true
stress-true strain curves conducted under the strain rate of
2x10 s at (a) 500°C and (b) 600°C.
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stress (op) and critical strain (e) of dynamic
recrystallization decrease by increasing the oxygen
content up to 220 ppm. However, corresponding values
increase with further oxygen content increment of up to
390 ppm (and also up to 660 ppm). This is in accordance
with the previously reported results by Ravichandran
and Prasad et al. [32]. The presence of oxygen as
interstitial atoms which act like barriers against
dislocation movement through solute dragging effect,
increases the rate of dislocation tangling and capability
of subsequent rearrangement at an appropriate
deformation temperature. This apparently results in
increasing the rate of dynamic recrystallization
nucleation through the possible continuous or
discontinuous mechanisms, and hence, lowering the
amount of critical strain. This well justify the observed
trend to up to 220 ppm content. The maximum solid
solubility of the oxygen is about 50 ppm at 900°C, the
rest of which will be present in the form of the Cu,O
particles, especially at higher concentrations. At the
higher oxygen content (above 220 ppm) the fraction of

oxide particles increases, and the fine oxides may pin the
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Fig. 8. The effect of oxygen content (ppm) on the critical
strain and critical stress values obtained through hot
compression test.
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grain boundaries and resist against grain boundary
migration (boundary bulging) as the main micro-
mechanism of discontinuous recrystallization. This is
known as the main responsible factor for the retardation
of dynamic recrystallization at higher oxygen content
that finally increases the critical strain.

It should be noted that the coarse oxide particles may
also impose a large back stress against dislocation
movement and increase the possibility of dynamic
recrystallization through particles stimulated nucleation
(PSN) mechanism. However, the contribution of such
continuous mechanism is not considerable in pure
copper with relatively low stacking fault energy
(~41mJ/mm?), and the discontinuous recrystallization is
generally considered as a dominant mechanism. As a
result, the effect of oxygen, both as interstitials and
oxides on the dynamic recrystallization depending on the
operating mechanism, needs to be more clearly stated

and will be the subject of our future studies.

3.2. The tensile test results

3.2.1. Influence of the temperature and oxygen
content

The typical true stress-strain curves of the specimens
holding different oxygen contents, 160 and 390 ppm,
which have been deformed in tensile mode at different
temperatures are shown in Fig. 9. The copper containing
160 ppm oxygen indicate a maximum strength of about
200 MPa with a maximum elongation to fracture nearby
0.35 at 300°C. In the corresponding flow curve, the
imposed strain is mainly accommodated through
uniform elongation and accompanied by a high work
hardening rate. This is followed by a short post-UTS
region. Increasing the deformation temperature results in
decreasing the strength levels, the work hardening rate
and the portion of the pre-UTS region (the uniform
elongation). However, the non-uniform elongation
region increased by increasing the temperature. Above
500°C this region was the dominant portion of curves.
Generally, the flow softening in the tensile curve is
invariably associated with geometric instability related
to the necking, which generally gives rise to a short post-

UTS region [9]. The long post-uniform elongation and
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Fig. 9. Tensile true stress-strain curves of the copper
containing (a) 160 and (b) 390 ppm oxygen. The tests have
been conducted under the strain rate of 2x104 s

the correlated low work hardening rate obtained at
temperatures higher than 500°C is well attributed to the
occurrence of dynamic recrystallization. The occurrence
of the restoration phenomena increases the resistance of
the material to localized necking and provides a proper
condition for diffused/sustained necking [10, 11]; and
this properly justifies the obtained high non-uniform
elongation values. In the case of copper with 390 ppm
oxygen content, the same results have been obtained
although the flow stress levels have shifted to lower
values. Insignificant differences in elongation to fracture
values in both copper at the same thermomechanical
conditions may be attributed to their relatively high
capability for the occurrence of  dynamic
recrystallization as was observed in corresponding
compressive flow curves. Despite our previous findings
in compression mode, the specimen holding higher
oxygen content of 390 ppm possess lower flow stress
level. This well emphasize the fact that the effectiveness
of oxide particles as a dislocation barrier is completely
different under the tensile and compressive mode of

deformation. It seems that the previously defined

threshold for oxygen content (220 ppm) has been shifted

October 2022



20 H.R. Abedi, A. Zarei-Hanzaki, Z. Loghman Nia, M. Taherimandarjani & A. Moshiri

to higher values under the tensile mode of deformation.
The oxygen as interstitials or oxides plays the same role
in compression or tensile mode of deformation, and the
observed variation can be well justified considering the
different dislocation maneuverability under the different

modes of deformation.

3.2.2. Hot ductility behavior

The variation of elongation to fracture values vs.
deformation temperature at a specified strain rate have
been plotted for the specimens holding various oxygen
contents (Fig. 10). All curves indicate similar ductility
rises and falls and two ductility drop regions at
400+50°C (region I) and 600£50°C (region II),
respectively. As a matter of fact, the oxygen content does
not have any sensible effect on the position of minimum
ductility temperatures. On the other hand, the variation
of elongation-to-fracture as a function of test
temperature at different strain rates is presented in Fig.
11. The obtained curves designate that the ductility
trough of region I shifts to the lower temperature of
300+50°C when increasing the strain rate from 2x10* s™!
to 2x1073 s, Details of ductility variation at different
deformation conditions have been described point by

point and are as follows.

3.2.2.1. Ductility drop in region 1

For fractography analyses, the specimen holding 390
ppm oxygen content has been selected as representative
microstructure. The detailed investigation of fracture
surfaces of the specimens which have been deformed at
300 and 400°C under different strain rates (Fig. 12)
exhibited ductile mode of fracture. Ductile dimples with
different sizes and depth without any cleavage facet can
be clearly observed on fracture surfaces. At such
relatively low temperature regime, the ductile dimples
have mainly originated from second phase particles
dispersed through the microstructure especially on the
grain boundaries. As is seen, the remarkable morphology
changes on fracture surfaces through the variation of
temperature and strain rate are attributed to the number,
size and depth of ductile dimples. The shallow dimples
are mainly observed on the fracture surface of the
specimens which have been deformed under the lower
strain rate. It seems that the materials possess higher
capability to tolerate the progress of cavitation process
under the higher strain rate. This is in agreement with the
positive effect of increasing strain rate on the material’s
ductility (Fig. 11).

Considering the impossibility of grain boundary

sliding (GBS) under the specified thermomechanical
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conditions, the observed ductility drop can be discussed

by relying on the presence of second phase particles

(Cu20) and the possible formation of precipitation-free

zones (PFZs) at the vicinity of grain boundaries. It has

been shown that the formation of the PFZs, due to their

different elastic modulus and plastic deformation

behavior with parent matrix, increases the strain

incompatibility and the probability of shear flow
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localization. This means a higher rate of cavity
nucleation and growth, which results in increasing the
length of micro-cracks [33]. However, by increasing the
temperature above 400°C, the mobility of high angle
grain boundaries increases and, as a result, dynamic
recrystallization activates through strain induced
boundary migration. As a consequence, the cavities and
discontinuities, which are being formed in the
microstructure, are isolated from the grain boundaries as
a preferred path of crack growth. Therefore, the growth
and the coalescence of these cavities have not readily
taken place and the strain to fracture beyond the necking

increases.

3.2.2.2. Ductility drop in region Il

The fracture surfaces of the specimens which have
been deformed at 600°C under various strain rates are
shown in Fig. 13. All fracture surfaces obtained under
2x107° s7! demonstrate a dendritic fracture mode that
alters into the dimple fracture mode by increasing the

strain rate to 2x1072 s

. This is further approved
considering the variation of elongation to fracture vs.
strain rate at 600°C for the specimen holding 390 ppm
oxygen content (Fig. 14). In a more detailed view, the
tensile flow curves of annealed specimens at 300, 400,
600, and 800°C by the average grain sizes of 5, 20, 50,
and 250 um which have been tested at 600°C /2x104 ™!
are given in Fig. 15. As can be seen, by increasing the
initial grain size up to 250 pm, the strength and ductility
values increase as well. The corresponding fracture
surface characteristics (Fig. 16) also verify the higher
formability of the microstructure holding higher grain
size. The effect of strain rate and grain size on the
material’s ductility well indicate the contribution of GBS
as the dominant deformation mechanism. In fact, the
stress concentration triggered at pinned grain boundaries
by Cu,O particles during boundary sliding may cause the
development of W-type or R-type cracks thereby
reducing the ductility. Increasing the grain size and
imposed strain rate, decreases the possibility of cracking
and results in higher formability. In contrast, the
boundary sliding may have a great contribution to the

total deformation if well accommodated through other
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Fig. 13. The fracture surfaces of the specimens (holding 390
ppm oxygen content) which have been deformed at 600°C
under the strain rate of (a) 2x10 * s°!, and (b) 2x10 2 1.
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Fig. 14. The variation of elongation to fracture vs. the strain
rate at 600°C for the specimen containing 390 ppm oxygen.
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Fig. 15. True stress-strain curves of annealed specimens
holding different grain sizes of (a) 5, (b) 20, (c) 50, and
(d) 250 pm which have been deformed at 600°C /2x104 s1.

Fig. 16. The fracture surface of tensile specimens deformed at
600°C under the strain rate of 2x10 * s! holding the initial
grain size of (a) 20 um, (b) 50 pm, and (c) 250 pm. These
fracture surfaces belong to the microstructures which have

been annealed at 400, 600, and 800°C, respectively (Fig. 3).
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mechanisms such as diffusional flow and dislocation
slip. In this respect, by further increasing the deformation
temperature, the effect of the second phase particles’
pinning decreases, thereby inducing higher mobility of
grain boundaries during GBS. Consequently, the effect
of second phase particles on the cavity nucleation and
growth would reduce and the enhanced ductility regime
can be successfully attained.

Finally, it should be noted that the main advantage of
the present work is conducting a comprehensive
mechanical testing to investigate the effect of
(1) deformation temperature, (2) strain rate and strain,
(3) grain size, (4) deformation mode (compression or
tension), and (5) oxygen content on the hot ductility
behavior of tough pitch copper. The observations have
been also discussed in correlation with the fracture
surface characteristics of the deformed materials.
However, the main lack of the present work is the
establishment of microstructure-properties relationship
which seems to be more complex and requires in-detail
TEM and EBSD studies (for instance to elucidate the
precipitation free zone or particle stimulated nucleation).
In this respect, the local investigation of the
microstructure is not adequate and surveying through the
starting and deformed microstructures, which is the

subject of our future work, is essential.

4. Conclusion

The ductility behavior of tough pitch copper
containing different contents of oxygen was studied by
conducting tensile tests in a wide range of temperatures
(300-800°C). The hot compression tests were also
executed at the same temperature range to characterize
activated restoration processes. The following
conclusions have been drawn:

1. At high Zener-Hollomon parameter, the deformed
microstructure was always in a partly recrystallized
state. The subsequent cycles of recrystallization
started before the previous ones had finished, and
resulted in appurtenance of single broad peak in
compressive flow curves. In contrast, at higher

temperatures and lower strain rates (low Z value),
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the microstructures recrystallized completely before
the second cycle of recrystallization began, and this
process was then repeated and multiple peaks were
observed at low strains.

2. Dynamic recrystallization was motivated by
increasing the oxygen content up to 220 ppm.
However, the required critical strain decreased once
more with further oxygen content increment up to
390 ppm. This acceleration/deceleration was
discussed considering the effect of oxygen in the
solute state on the dislocation tangling and
subsequent substructure development, or in oxide
form on the grain boundary pinning.

3. A ductility drop was recognized at 400+£50°C
(region I). The ductility trough shifted to the lower
temperatures after increasing the strain rate. The
oxygen content, however, did not have any tangible
effects on the position of minimum ductility
temperatures.

4. The moderate ductility improvement above 450°C
was attributed to the activation of dynamic
recrystallization process. The development of
dynamically recrystallized grains through grain
boundary migration isolated the micro-cracks away
from the preferred growth path and improved
ductility values.

5. By increasing the temperature up to 600°C, a
ductility trough associated with the activation of
grain boundary sliding, also appeared at 600+50°C
(region II). The stress concentration resulted from
pinning the grain boundaries by Cu,O particles
caused development of W-type or R-type cracks
thereby reducing the elongation to fracture values.
Ductility improvement at higher temperatures
(above 650°C) was attributed to the increased

mobility of the grain boundaries.
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