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Abstract: The effects of forward extrusion as well as extrusion combined with reversible torsion (KoBo extrusion),
followed by additional deformation via the MaxStrain module of the Gleeble thermomechanical simulator, on the
microstructure, mechanical properties, and electrical conductivity of a Cu—0.7Mg (wt.%) alloy, were investigated. The
simulation results highlighted the critical influence of processing history on determining the equivalent strain
distribution. The sample subjected to forward extrusion at 400 °C and subsequent MaxStrain processing (FM sample),
possessed 76% lower grain size compared to the sample processed solely with MaxStrain (AM sample). Likewise, the
KoBo-extruded and MaxStrain-processed sample (KM sample) exhibited 66% smaller grain size compared to the AM
sample. Tensile test results revealed that the AM, FM, and KM samples, respectively, possessed 251%, 288%, and
360% higher yield strength, and 95%, 121%, and 169% higher tensile strength compared to the initial annealed alloy, as
a result of grain refinement as well as deformation strengthening. Finally, the electrical conductivity measurements
revealed that AM, FM, and KM samples, respectively, possessed electrical conductivity values of 37.9, 35.6, and
32.0 MS/m, which, by considering their mechanical properties, makes them eligible to be categorized as high-strength
and high-conductivity copper alloys.

Key words: KoBo extrusion; MaxStrain processing; equivalent strain calculation; grain refinement; tensile properties;
electrical conductivity

high-tech applications such as electric vehicles and
5G network equipment are increasing the demand
for high-strength and high-conductivity (HSHC) Cu

1 Introduction

Owing to the excellent electrical and thermal
conductivities that copper (Cu) and its alloys
possess, they are widely used in a variety of
industries, including aerospace, electronics, and
transportation [1-3]. Although pure Cu has been
used for over a century in the electrical sector, new

alloys that can offer a good combination of
improved mechanical properties and high electrical
conductivity, simultaneously [4—7]. The term
HSHC Cu alloy generally refers to Cu alloys with
tensile strengths 1.5—4 times greater than pure
Cu (300—800 MPa) and electrical conductivities
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50%—95% of the international annealed copper
standard (IACS) [8].

So far, a wide range of methods have been
used for the fabrication of HSHC Cu alloys. Among
them, the addition of alloying elements to Cu
is a simple but efficient approach for enhancing
the mechanical properties of Cu alloys via a
combination of different strengthening mechanisms
such as solid solution strengthening [9,10],
precipitation  hardening [11,12], and grain
refinement [13,14]. The incorporation of uniformly
dispersed nanoparticles into the matrix of Cu alloys
is another strategy for enhancing the mechanical
performance of these materials [15]. However,
improving the mechanical properties of Cu alloys
through these methods comes at the cost of
decreasing the electrical conductivity [15,16].
Hence, developing reliable techniques as well as
improving the current approaches for producing
HSHC Cu alloys with minimal or no need for the
addition of alloying elements still remains a
significant challenge.

In this regard, grain refinement is an effective
strategy for improving the mechanical properties of
Cu and its alloys without necessarily requiring the
addition of alloying elements. It is well known
that ultrafine-grained (UFG) materials (with a grain
size of 0.1-1 um) exhibit superior mechanical
properties compared to their coarse-grained
counterparts [17—19]. Over the last decades, a wide
range of grain refinement methods have been
developed, including bottom-up approaches like
powder metallurgy and top-down strategies such as
severe plastic deformation (SPD) techniques [20].
Among these methods, SPD techniques have been
proven to be reliable, cost-effective, and promising
approaches for fabricating UFG and nanostructured
(grain size <100 nm) Cu alloys [21,22].

Prior research has demonstrated the
effectiveness of SPD processing in enhancing the
mechanical properties of Cu and its alloys. For
instance, HIGUERA-COBOS and CABRERA [23]
used equal-channel angular pressing (ECAP) for
processing electrolytic tough pitch copper, and their
ECAP-processed samples exhibited a reduced grain
size as well as increased yield strength (YS) and
ultimate tensile strength (UTS). In the case of the
accumulative roll bonding (ARB) process, it can be
referred to the study of LIU et al [24], which found
that the hardness and UTS of the oxygen-free

high-conductivity copper were increased through
the ARB processing. The ARB process also
allows for the manufacturing of multi-layered Cu
composite structures composed of Cu and other
alloys, where the multi-layered structure can exhibit
excellent mechanical properties along with high
electrical conductivity [25—28].

In another study, ABD EL AAL and KIM [29]
fabricated Cu and Cu—SiC composites by powder
metallurgy and high-pressure torsion (HPT), and
observed that the grain refinement with the
formation of bimodal and trimodal microstructures
after HPT processing resulted in improved hardness
and wear properties of their samples. Likewise,
other SPD approaches have also been reported to
provide similar benefits in the grain refinement and
mechanical properties enhancement of Cu and its
alloys. Namely, constrained groove pressing [30],
multidirectional forging [31], friction stir processing
[32], repetitive corrugation and straightening [33],
single-roll angular-rolling [34], twist extrusion [35],
and other emerging SPD methods have been
successfully used for processing pure Cu as well as
a variety of Cu alloys, and the obtained results have
shown significant improvements in microstructure
and mechanical properties.

Taking into consideration the efficacy of
alloying as well as SPD processing, both of these
methods were used in the current study to obtain a
new HSHC Cu alloy with enhanced properties. For
the alloying purpose, Mg was selected because of
its relatively lower negative impact on the electrical
conductivity compared to other alloying elements
such as Ni, Sn, Mn, Al, Co, Fe, and Si [16,36].
Moreover, Cu—Mg alloys constitute one of the
primary groups of HSHC Cu alloys that have been
successfully used in different industrial sectors,
including high-speed railway contact wires [37—40].
Since Mg exhibits a certain level of solubility in
Cu [41], when present in small quantities, it only
contributes to solid solution strengthening [42].
Therefore, 0.7 wt.% Mg was added to pure Cu to
maintain the Cu—Mg alloy within the solid solution
range and prevent the formation of the Cu.Mg
intermetallic phase, which reduces the electrical
conductivity. Next, forward extrusion as well as
extrusion combined with reversible torsion (known
as KoBo extrusion), followed by SPD processing
using the MaxStrain module of the Gleeble
thermomechanical simulator, were applied to the
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Cu—0.7Mg alloy to achieve both deformation
strengthening and grain refinement. The micro-
structure, mechanical properties, and electrical
conductivity of the fabricated samples were
evaluated via a series of experiments, and the
obtained results are presented and discussed.

2 Experimental

2.1 Material fabrication

The Cu—Mg alloy was produced by melting
rods of pure Cu and Mg (both with a purity of
99.99 wt.%) in a boron nitride-coated graphite
crucible inside an induction furnace under a
constant flow of Ar gas. The melt was then cast into
a preheated steel mold with an internal diameter
of 43mm and a length of 200 mm, and air
cooled to room temperature (RT). To achieve alloy
homogeneity, the as-cast ingots were annealed at
650 °C for 90 min, followed by air cooling to RT.
Then, billets of 100 mm in length were cut from
the center of the annealed ingots and machined to
the diameter of 39.5 mm to eliminate the casting
surface defects as well as provide the required
specification for the subsequent extrusion processes.
The chemical composition of the alloy is presented
in Table 1, and the macrostructure of the as-cast
ingot is shown in Fig. 1.

Table 1 Chemical composition of as-cast ingot

Composition Mass fraction/%  Atomic fraction/%
Cu 99.3+0.1 98.3+0.1
Mg 0.7+0.1 1.7+0.1
Impurities <0.01 <0.01

2.2 Extrusion processes

By taking into account the fact that the billets
first expanded to fill the entire capacity of the
container prior to the commencement of the
extrusion process, a reduction in the cross-sectional
area occurred from the initial circular-shaped cross
section with a diameter of 40 mm (~1257 mm?) to
the final square-shaped cross section with a side
length of 10mm (100 mm?). Therefore, the
extrusion ratio (R=Ao/A., where 4y and 4. represent
the initial and extruded cross-sectional areas,
respectively) for both forward extrusion and KoBo
extrusion was ~12.6 based on the configuration
used for this study. Thanks to the oscillation of the

reversibly rotating die, which reduces the required
extrusion force [43], the KoBo extrusion was
successfully performed at RT. However, in the case
of the forward extrusion, the billet was preheated to
400 °C to facilitate the extrusion process.

w&ﬂpwl”‘w@,”- ¢ »- v

y

Fig. 1 Macrostructure of as-cast ingot

Figure 2 depicts a simplified schematic
illustration of the various components of the KoBo
extrusion equipment. This method combines
primary deformation from forward extrusion with
additional deformation via oscillation of the die at
the end of the extrusion container, which results in
the material simultaneously undergoing plastic
deformation through both regular forward extrusion
and reversible plastic twisting via cyclic changes in
the deformation path [44—46]. During the KoBo
extrusion process, several process variables, such as
the punch speed, shape and internal diameter of the
container and the reversibly rotating die, oscillation
frequency, and oscillation angle, affect the
equivalent strain in the extruded component. Any
modification in these variables alters the equivalent
strain inside the extruded billet, and consequently,
affects the microstructure and properties of the final
product [47]. In this study, the punch speed was set
to be 0.5 mm/s, and the reversibly oscillating die
was arranged to rotate at a frequency of 6 Hz with
an oscillation angle of +8°. The billets were pressed

Reversibly rotating die
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Fig.2 Simplified schematic illustration of various
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components of KoBo extrusion equipment
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using a hydraulic press with a capacity of 1.5 MN,
with molybdenum disulfide (MoS;) used as a
lubricant to reduce friction between the billets and
the extrusion container.

2.3 MaxStrain process

For the final stage of deformation, both
forward-extruded and KoBo-extruded samples, as
well as one sample from the annealed condition,
underwent 40 passes of MaxStrain processing at RT.
A simplified schematic illustration of the MaxStrain
module of the Gleeble thermomechanical simulator
is shown in Fig. 3. The MaxStrain process includes
controlled deformation of a square cuboid sample
by pressing the central region of the sample via two
opposing anvils in 180° opposite directions. After
the first compression, the sample rotates 90° along
its longitudinal axis and is pressed again in the
direction perpendicular to the initial compression
direction, and this cycle is repeated until the desired
amount of accumulated strain is achieved within the
sample [48,49]. During the MaxStrain deformation,
force, strike, anvil speed, and temperature are the
primary process variables that can be precisely
controlled [50].

2D illustration
Anvil

Sample Sample
ER holder

(2) (b)

Fig. 3 Simplified schematic illustration of MaxStrain

3D illustration

<¢

module of Gleeble thermomechanical simulator in 2D (a)
and 3D (b) perspectives

The MaxStrain sample can be constrained at
its two side ends or left to expand during the
deformation (unconstrained or free ends) [51].
When the sample undergoes deformation under
the constrained condition, the material flows in
transverse directions, whereas in the unconstrained
condition, it predominantly flows in longitudinal
direction. Consequently, the length of constrained
sample remains nearly unchanged after the
deformation, while the length of unconstrained
sample increases. In this study, the MaxStrain
process was performed under an unconstrained
condition, with MoS; utilized as a lubricant at two

side ends of the sample holders to minimize the
friction. Table 2 provides a summary of the
processing steps along with abbreviated names
assigned to each fabricated sample.

Table 2 Summary of processing history and abbreviated
names of samples

Processing history Sample
As-cast alloy — Annealing at 650 °C for ~ Annealed
90 min — Air cooling to RT alloy
Annealed alloy — AM
MaxStrain processing at RT
Annealed alloy — Forward extrusion at M
400 °C — MaxStrain processing at RT
Annealed alloy — KoBo extrusion at RT — KM

MaxStrain processing at RT

2.4 Simulation of deformation processes

The calculation of equivalent strain generated
by deformation processes was conducted using the
FORGE® NxT simulation software (Version 3.2).
For this purpose, first both forward extrusion and
KoBo extrusion processes were individually
simulated, and the data acquired from these
simulations were subsequently employed as input
data for simulating the MaxStrain process. To
ensure comparability of the results, identical
meshing specifications were adopted for simulating
the MaxStrain process. Moreover, the simulation
variables were set the same as those of the actual
deformation processes in order to assure the
reliability of the results.

2.5 Material characterization

For microstructural analysis, the samples were
cut using an electrical discharge machining
apparatus equipped with a 0.3 mm brass wire, and
prepared using the conventional approach of
abrasion and polishing, followed by etching in an
etchant consisting of 5g FeCls + 3mL HCI +
97 mL ethanol for 5-10s. A Hitachi S—3400N
scanning electron microscope (SEM) with a
primary electron beam energy of 15 keV was used
for both the EDS analysis and the fractography. The
electron backscatter diffraction (EBSD) maps were
taken with an Inspect JEOM JSM-7100F SEM
equipped with an EDAX camera at 20kV
accelerating voltage, and the EBSD data were
processed with the OIM TSL software. To ensure
the accuracy of the EBSD results, a post-processing
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step that included a single iteration of grain dilation
clean-up and confidence index standardization was
performed as well.

2.6 Assessment of mechanical properties

The mechanical properties of the samples were
assessed through hardness and tensile tests. The
hardness test was performed using the Vickers
method with a load of 1 kg (HV,) and a dwelling
duration of 10 s using the Struers Duramin A300
hardness tester. Due to the limited dimension of the
deformation zone in MaxStrain-processed samples,
tensile tests were carried out on minisamples, as
shown in Fig. 4(a). These minisamples were cut
precisely from the central regions of deformation
zones and oriented perpendicular to the 40th pass
pressing direction, as illustrated in Fig. 4(b). The
tensile tests were performed at RT using an MST
QTest/10 device with an initial strain rate of
1x1073s7! and three repetitions for each sample.

Fig. 4 Dimensions (a) and position (b) of minisamples
used for performing tensile test (Unit: mm)

2.7 Evaluation of electrical conductivity

The electrical conductivity of the samples was
assessed using the 4-wire Kelvin resistance
measurement method, with samples having a
cross-sectional area of ~2mm? and a length of
4 mm cut in the same direction as the tensile test
minisamples. This approach involves using four
evenly placed probes (two for current injection and
two for voltage sensing) to apply a specified current
and measure the resultant voltage, allowing the
electrical resistivity of the material to be calculated
[52]. For the current source, the Fluke 5700A
calibrator was used, and for measuring the voltage
along the samples, the Keithley 2182A
nanovoltmeter was employed. During the test, it
was observed that currents exceeding 1 A led to a
minor temperature rise, and currents below 200 mA
caused a comparable influence of thermal electro-

motive force. Consequently, the test current was
adjusted to 750 mA for most effective evaluation
conditions, and each sample underwent four
measurements at RT. Figure 5 depicts a simplified
schematic illustration of the Kelvin
resistance measuring setup.

4-wire

Sample

Fig. 5 Simplified schematic illustration of 4-wire Kelvin
resistance measurement setup

According to Ohm’s law, the resistance (R, Q)
of a conductor is equal to the voltage (V, V) across
the conductor divided by the current (/, A) flowing
through it, as presented in Eq. (1):

R=VII (1)
The resistivity (p, 2-m) and R are related by
p=RA/L 2)

where A represents the cross-sectional area of the
conductor (m?) and L represents its length (m).

The electrical conductivity (o, S/m) is defined
as the inverse of the p as follows:

o=1/p 3)
3 Results and discussion

3.1 Calculation of equivalent strain
3.1.1 Extrusion processes

The simulation results for both forward
extrusion and KoBo extrusion processes are
displayed in Fig. 6. As shown in Figs. 6(a, b), the
distribution of equivalent strain in the initial
product of extruded billets was not homogeneous
for both extrusion processes. Consequently, these
initial segments of the extruded billets were
excluded from subsequent analysis. Moreover,
despite using the same extrusion ratio for both the
forward and KoBo extrusion processes, different
values of equivalent strain were attained within
the extruded billets. Figures 6(c, d) show that the
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KoBo extrusion at RT
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Fig. 6 Distribution of equivalent strain in initial product of forward extrusion (a) and KoBo extrusion (b), and in steady
state part of forward-extruded (c¢) and KoBo-extruded (d) billets

maximum equivalent strain was attained at the
edges and corners of the forward-extruded billet,
and the corners of the KoBo-extruded billet. It can
be seen that the calculated value was higher at the
edges and corners of the KoBo-extruded billet
compared to the forward-extruded billet, which is
indeed the consequence of the plastic twisting
induced by the oscillation of the reversibly rotating
die in the KoBo extrusion process.

In addition, the equivalent strain was
computed to be 2.3 in the center of the forward-
extruded billet, which is ~10% higher than the
calculated equivalent strain of 2.1 in the center of
the KoBo-extruded billet, which can be ascribed to
the deformation temperature. In fact, the relatively
high deformation temperature in the forward
extrusion process led to a greater material flow in
this process, which caused a higher equivalent
strain in the center of the forward-extruded billet.
The results for the steady state part of the extruded
billets (Figs. 6(c, d)) were cut out and used as input
data for the simulation of the MaxStrain process.
3.1.2 MaxStrain processing

In order to obtain more reliable results from
the simulation of the MaxStrain process, the values
of the ultimate height of the anvils for each pass

were acquired from the experimental data and used
to determine the anvil displacement per pass. In
other words, the simulation was carried out using a
constant starting height for the anvils, set at § mm
above the surface of the undeformed sample
(equivalent to the distance of 13 mm from the
center of the sample), and their ultimate height at
the end of each pass. The strike pattern versus the
operation time used in this study to perform the
MaxStrain process is displayed in Fig. 7. With the
simulation results from the extrusion processes as
input data for modeling the MaxStrain process, the
cumulative equivalent strain inside the samples
after MaxStrain processing was calculated.

Figures 8(a, b, c¢) show the simulation results
for 1/2 of the AM, FM, and KM samples, with the
central transverse cutting plane applied to the
center of their deformation zones to allow for the
observation of the distribution of equivalent strain
within the center of the samples. The results show
that the initial variations in the distribution of
equivalent strain within the extruded billets led to
a distinctly different gradient of equivalent strain
following the MaxStrain processing. The AM
sample achieved a maximum equivalent strain of
5.0 at the center and a minimum equivalent strain of
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Fig. 8 Distribution of equivalent strain in AM (a), FM (b),
and KM (c) samples

1.6 at a location near the corner of the central
transverse plane (Fig. 8(a)). It is notable to mention
that due to the characteristics of MaxStrain
processing, which involves the application of
plastic deformation in two perpendicular directions,
it resulted in different calculated equivalent strains
at the adjacent edges.

The equivalent strain distribution within the

central transverse plane of FM sample resembled
that of the AM sample, featuring a peak calculated
equivalent strain of 7.5 at the center, a minimum of
4.9 at the corner, and calculated values of 6.6 and
6.2 at the edges of the same plane (Fig. 8(b)). In the
meantime, the KM sample exhibited a different
distribution of equivalent strain. The maximum
equivalent strain value at the corner and the edge of
the initial KoBo-extruded billet further increased
after MaxStrain processing, which resulted in the
maximum equivalent strain of 9.4 at the corner of
the central transverse plane and the minimum
equivalent strain of 5.6 at a location approximately
half the distance between the center and the corner
(Fig. 8(c)). These results underscore the paramount
importance of processing history in determining the
finally achieved equivalent strain, in which the
dissimilar distributions of equivalent strain in
forward-extruded (Fig. 6(c)) and KoBo-extruded
(Fig. 6(d)) samples led to entirely different
equivalent strain distributions following MaxStrain
processing in FM (Fig. 8(b)) and KM (Fig. 8(c))
samples.

3.2 Microstructures following deformation

The inverse pole figure (IPF) maps captured
from the center of the central transverse plane at the
deformation zone of the MaxStrain-processed
samples are shown in Figs. 9(a—c). The lengths of
the images are perpendicular to the direction of the
40th pressing pass, and high-angle grain boundaries
(HAGBs, 6>15°) are indicated by black lines. Using
EBSD quantitative data, the average grain size was
measured to be 5.8 pm for the AM sample, 1.4 um
for the FM sample, and 2.0 pm for the KM sample
at the center of the central transverse plane. During



1204 Alireza KALHOR, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1197-1211

Fig. 9 IPF maps of AM (a), FM (b), and KM (c) samples, and KAM maps of AM (d), FM (e), and KM (f) samples

deformation in both extrusion processes as well as
MaxStrain processing, the primary mechanism
responsible for grain refinement was dynamic
recrystallization (DRX). In the case of the AM
sample (Fig.9(a)), the heterogeneous grain
structure consisting of both coarse elongated and
fine equiaxed grains indicates the occurrence of
partial DRX. This partial DRX is the consequence
of performing the MaxStrain process at RT, which
is lower than the typical temperature required for
the occurrence of DRX in Cu alloys.

In the case of the FM sample, since the
forward extrusion was performed at 400 °C (which
equals ~0.5T, of the alloy) prior to MaxStrain
processing, this resulted in the occurrence of a
relatively higher extent of DRX after the MaxStrain
processing. This effect is clearly visible through the
higher fraction of fine equiaxed grains in the FM
sample (Fig. 9(b)) compared to the AM sample, as
well as the 76% lower grain size of the FM sample
compared to the AM sample. Interestingly, even
though the calculated equivalent strain in the center

of the central transverse plane of the KM sample
was 4% higher than that of the FM sample, the
EBSD results revealed that the KM sample
possessed 43% larger grains compared to the FM
sample (Fig. 9(c)). This larger grain size in the
KM sample despite its higher equivalent strain
compared to the FM sample, emphasizes the
determinative effect of deformation temperature on
the extent of DRX and grain refinement process.
Meanwhile, compared to the AM sample, the
KM sample exhibited a 66% lower grain size. The
kernel average misorientation (KAM) maps for
the AM, FM, and KM samples are displayed in
Figs. 9(d—f), respectively. Notably, the AM sample,
which was characterized by a lower fraction of
DRXed grains, exhibited a higher proportion of
LAGBs compared to the FM and KM samples,
which exhibited a higher fraction of DRXed grains.

Figure 10 presents the distribution of
misorientation angles in the AM, FM, and KM
samples. A comparison of the misorientation angle
distributions reveals a higher fraction of HAGBs
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present in the FM and KM samples compared to
the AM sample, which is the consequence of the
smaller grain size in these samples. This is
consistent with the IPF maps showing that the
extent of DRXed grains was lower in the AM
sample compared to the FM and KM samples.
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3.3 Mechanical properties

The hardness test results revealed that the
annealed alloy possessed an average hardness value
of (594+2) HV. For MaxStrain-processed samples,
since it was impractical to announce a single
representative value for average hardness due to
the strain inhomogeneity within the samples, the
indentations were performed along the primary A,
and A, directions shown in Fig. 8(c) within the
central transverse plane of the samples. These

indentations were carried out at regular intervals of
0.45 mm, and the corresponding hardness values
are displayed in Fig. 11. Remarkably, distribution
of hardness values within MaxStrain-processed
samples matched the equivalent strain distribution
pattern obtained from the simulation.
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In the case of the AM sample, a higher
hardness value was determined at the central spot
(138.3 HV) compared to the middle and edge
regions. This difference in hardness comes from the
higher equivalent strain at the center, which led to a
more pronounced strain hardening effect in that
region. The FM sample also exhibited a higher
hardness in the center of its central transverse plane
(163.7 HV), and the measured hardness values were
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constantly lowered by going further from the center
towards the edge. Regarding the KM sample,
although the highest hardness was recorded at its
center (159.7 HV), the edge region of the central
transverse plane exhibited a higher hardness
compared to the areas between the center and the
edge of the sample. Notably, the KM sample
displayed better hardness uniformity compared to
the FM and AM samples. MOU et al [53] observed
a similar correlation between equivalent strain and
hardness. In their study, simulation results indicated
that the surface region of an H62 brass, subjected to
multi-cycle constrained groove pressing, exhibited
a higher equivalent strain than its interior, which
provided a higher surface hardness.

The tensile test results for the samples are
presented in Fig. 12. Due to the limited dimensions
of the minisamples used for performing the
tensile test, using an extensometer to measure
displacement during the tensile test was not
possible. Hence, to calculate the percentage of total
elongation (EL) for each sample, the lengths of the
broken fragments of tensile test samples (shown in
Fig. 13) were measured individually and used for
the calculation of EL to ensure the reliability of the
obtained results. The annealed alloy exhibited a YS
of (119£11) MPa, a UTS of (232+15) MPa, and an
EL of (33.8+1.6)%, which are typical values for
non-deformed Cu—Mg alloys [54,55].
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Fig. 12 Data obtained from tensile test results

The tensile test results for the AM sample
indicated that MaxStrain processing led to a
substantial increase in both the YS and UTS of the
annealed alloy, showing improvements of 251%
and 95%, respectively. The YS enhancement is
primarily attributed to the achievement of a finer
grain size through partial DRX induced by
MaxStrain processing, based on the principles

outlined in the Hall-Petch relationship [56].
Likewise, the enhancement in UTS can be
attributed to a combination of factors, including
grain refinement, strain hardening, and an increased
dislocation density within the sample. Nevertheless,
the EL of the AM sample was 32% lower than that
of the annealed alloy. The decrease in elongation
can be attributed to the increase in crystal defects
[57]. This is consistent with the observation that the
AM sample, which had the lowest extent of DRXed
grains, exhibited the lowest elongation. In contrast,
the FM and KM samples with a higher fraction of
DRXed grains (which have lower crystal defects)
showed slightly higher elongation values.

The tensile test results also revealed that
extruding the annealed alloy before MaxStrain
processing, either forward extrusion or KoBo
extrusion, resulted in further enhancing the
mechanical properties of the alloy. The FM sample
demonstrated 288% higher YS and 121% higher
UTS than the annealed alloy, and the KM sample
exhibited 360% higher YS and 169% higher UTS
than the annealed alloy. In fact, the application of
an extrusion process prior to the MaxStrain
deformation led to a higher extent of DRX and a
resultant smaller grain size (Fig.9), as well as a
more pronounced strain hardening effect, which
contributed to the higher YS and UTS in the FM
and KM samples.

The broken pieces and the corresponding
fracture surface of the AM sample are respectively
displayed in Figs. 13(a) and 13(d), which show
a ductile fracture surface containing dimples.
Likewise, the fracture surfaces of the FM and
KM samples, as shown in Figs. 13(e) and 13(f),
respectively, exhibit ductile fractures characterized
by dimples. Notably, all samples exhibited a
fracture surface characterized by a heterogeneous
dimple structure, with big dimples corresponding to
coarse-grained areas and small dimples belonging
to fine-grained zones. In alignment with the EBSD
results shown in Fig. 9, the FM and KM samples,
which possessed a higher fraction of fine DRXed
grains, showed a higher proportion of fine-sized
dimples on their fracture surfaces.

3.4 Electrical conductivity

The measured electrical conductivity values
for the samples are presented in Fig. 14. The results
show that the conductivity for the annealed alloy
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was (39.2+£2.5) MS/m (67.6% (IACS)), which is
32.4% lower than the conductivity of pure Cu
(58 MS/m, 100% (IACS) [58]). This reduction
demonstrates the significant detrimental impact of
solid solution through Mg addition on electrical
conductivity. This value was further reduced to
(37.9£2.3) MS/m (65.3% (IACS)) after undergoing
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MaxStrain processing (AM sample). The FM and
KM samples exhibited even lower electrical
conductivities, with values of (35.6+£3.0) MS/m
(61.4% (IACS)) measured for the FM sample and
(32.043.0) MS/m (55.2% (IACS)) measured for the
KM sample. The 3%, 9%, and 18% decrease in
electrical conductivity of the AM, FM, and KM
samples compared to the annealed alloy, clearly
demonstrates the negative effect of deformation
strengthening on the electrical conductivity. In fact,
the higher extent of DRXed grains in FM and KM
samples provided a higher fraction of HAGBs in
these samples (as shown in Fig. 10), which led to a
lower electrical conductivity in these samples
compared to the AM sample. Nevertheless, this
negative effect was substantially lower than the
detrimental impact of Mg-induced solid solution
strengthening on the electrical conductivity.
Remarkably, the KM sample, which experienced
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the highest equivalent strain through deformation
processes, exhibited the lowest electrical
conductivity, while the AM sample, with the lowest
equivalent strain, provided the highest electrical
conductivity among all samples.

In conclusion, it is important to highlight that
all MaxStrain-processed samples, with their
electrical conductivities surpassing 50% (IACS)
and favorable mechanical properties that they
possessed, were eligible to be classified as HSHC
Cu alloys based on the definition of HSHC Cu
alloys by YANG et al [8]. However, it should also
be noted that while MaxStrain processing serves as
a valuable tool for analyzing the effects of various
processing parameters on the microstructure,
mechanical properties, and physical characteristics
of metallic materials, it is not yet suitable for
industrial applications. This limitation arises from
factors such as its time-consuming nature, lack of
continuity in production, and most importantly, the
limited size of the product.

4 Conclusions

(1) The simulation of deformation processes
demonstrated that the processing history had a
critical influence in determining the equivalent
strain attained in various regions of the deformed
samples. Moreover, the results revealed that
different distributions of equivalent strain obtained
via forward extrusion and KoBo extrusion
contributed to totally distinct equivalent strain
distributions after MaxStrain processing.

(2) Following the MaxStrain processing, the
initial coarse grain structure of the annealed alloy
was fragmented to a heterogeneous grain micro-
structure consisting of coarse elongated as well as
fine equiaxed grains as a consequence of the
occurrence of partial DRX. The proportion of
DRXed grains was observed higher in the FM and
KM samples that, respectively, underwent forward
extrusion and KoBo extrusion prior to MaxStrain
processing. Moreover, EBSD results revealed that
the fraction of HAGBs was higher in the FM and
KM samples compared to the AM sample (solely
subjected to MaxStrain processing), which was
attributed to a higher extent of DRX.

(3) According to the tensile test results, the
MaxStrain process increased the YS and UTS of the
annealed alloy by 251% and 95%, respectively. In

the meantime, FM and KM samples, respectively,
demonstrated 288% and 360% increase in the YS,
and 121% and 169% higher UTS compared to the
initial annealed alloy. This was attributed to the
lower grain size as a result of the higher extent of
DRX in FM and KM samples, along with the higher
degree of deformation strengthening.

(4) The initial annealed alloy had an electrical
conductivity of (39.2+2.5) MS/m (67.6% (IACS)),
and this value was reduced to (37.942.3) MS/m
after MaxStrain processing (AM sample). In
addition, the FM sample with a lower equivalent
strain exhibited an electrical conductivity of
(35.6+£3.0) MS/m, whereas the KM sample with a
higher equivalent strain showed an electrical
conductivity of (32.0+£3.0) MS/m. Considering
the mechanical properties and the electrical
conductivities obtained for MaxStrain-processed
samples, all samples met the criteria to be classified
as HSHC Cu alloys.
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