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Abstract 

In this research, the effect of annealing in combination with severe plastic deformation (SPD) by the MaxStrain component 
of the Gleeble thermo-mechanical testing device on the microstructural characteristics, tensile behavior, and electrical 
conductivity of a Cu-0.7Mg-0.1Ca (wt%) alloy was investigated. The as-cast material was subjected to two treatments: 
annealing at 923 K for 15 min, followed by cooling in air, and annealing at 923 K for 75 min, followed by quenching in 
agitated water, which resulted in irregular and partially spheroidized Cu5Ca particles. Subsequent MaxStrain deformation 
resulted in a remarkable grain refinement by dynamic recrystallization (DRX), in which the annealed and quenched sample 
exhibited a higher DRX fraction than the annealed and air-cooled sample. As a result, the annealed and quenched samples 
showed a better synergy between strength and ductility, while these improvements were accompanied by only ~1% reduction 
in electrical conductivity. Accordingly, the present work demonstrated that annealing and subsequent SPD processing is an 
effective method for processing high-strength and high-conductivity (HSHC) copper alloys. 
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Introduction1.

For more than a century, copper and its derivative 
alloys have found widespread applications across 
multiple sectors because of their outstanding electrical 
and thermal properties [1–4]. Meanwhile, the rise of 
new technologies like electric automobiles and next-
generation mobile networks infrastructure is driving 
up the need for high-strength and high-conductivity 
(HSHC) copper alloys, which can provide an 
appropriate combination of enhanced mechanical 
properties along with satisfactory electrical 
conductivity [5–8]. Generally, HSHC copper alloys 
exhibit tensile strengths that are 1.5 to 4 times greater 
than those of pure copper (ranging from 300 to 800 
MPa) and electrical conductivities between 50% and 
95% of the value for pure copper [9]. Pure copper in 

annealed condition possesses the values of 58 MS/m 
as its electrical conductivity, which is recognized as 
the 100% standard for international annealed copper 
(IACS) [10, 11]. HSHC copper alloys normally attain 
their good mechanical properties via a combination of 
different strengthening methods, including solid-
solution strengthening [12, 13], precipitation 
hardening [14, 15], deformation strengthening [16, 
17], grain refinement [18, 19], and composite 
strengthening [20]. However, the formation of crystal 
defects (imperfections in the atomic arrangement of a 
material such as vacancies, solute atoms in the lattice, 
dislocations, grain boundaries, and second-phase 
particles) through the mentioned approaches leads to 
higher electron scattering and, consequently, has an 
adverse impact on the electrical conductivity of the 
alloy [21–23]. Consequently, attaining both 
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exceptional strength and superior electrical 
conductivity at the same time presents a significant 
difficulty in improving the functionality of HSHC 
copper alloys [24–26]. 

As of now, Cu-Mg alloys, which are well known 
for their remarkable mechanical properties and good 
electrical conductivity, represent one of the major 
categories of HCHC copper alloys [27]. Thanks to 
their capability to offer satisfactory electrical 
conductivity while withstanding high loads, Cu-Mg 
alloys have so far been effectively employed in a 
broad spectrum of industrial applications, such as 
express rail contact cables [28–32]. Cu-Mg alloys also 
benefit from the lightweight nature of magnesium 
compared to heavier alloys like Cu-Ni and Cu-Cr 
alloys, which makes them a more appealing option for 
weight-sensitive applications. In the meantime, it has 
also been observed that Cu-Mg alloys can experience 
further enhancement in mechanical properties through 
the addition of other alloying elements [33–35] as 
well as deformation strengthening [36–39]. However, 
when it comes to alloying, attention should be 
dedicated to the careful selection of those elements 
that have a less deteriorative effect in terms of 
electrical conductivity. In this regard, it has been 
reported that the incorporation of calcium into copper 
has a less negative impact on the electrical 
conductivity relative to the addition of other elements, 
including nickel, tin, manganese, aluminum, cobalt, 
iron, and silicon [28, 40]. 

It has also been observed that calcium addition, 
along with deformation strengthening, results in a 
ternary Cu-Mg-Ca alloy with remarkable mechanical 
properties while having satisfactory electrical 
conductivity [28, 35]. Moreover, in a similar 
processing condition, ternary Cu-Mg-Ca alloys can 
exhibit better mechanical properties relative to their 
binary Cu-Mg counterparts. For instance, the study of 
Ma et al. [30] can be mentioned, wherein they utilized 
equal-channel angular pressing (ECAP) on Cu-
0.43Mg (wt%) and Cu-0.41Mg-0.06Ca (wt%) alloys 
through route BC at ambient temperature and noticed 
that their developed ternary alloy consistently 
exhibited greater hardness and yield strength than the 
binary alloy throughout all passes of ECAP 
processing. In another study, Kalhor et al. [35] applied 
severe plastic deformation through the MaxStrain 
component of the Gleeble thermo-mechanical testing 
device to Cu-0.7Mg (wt%) and Cu-0.7Mg-0.1Ca 
(wt%) alloys and determined that the MaxStrain-
deformed ternary alloy had greater yield strength and 
tensile strength than the binary alloy. 

In the present investigation, concentrations of 0.7 
wt% magnesium and 0.1 wt% calcium were chosen 
and added to pure copper to develop a ternary Cu-Mg-

Ca alloy. These concentrations were intentionally 
selected to incorporate two different strengthening 
mechanisms into the alloy. Regarding magnesium, a 
concentration of 0.7 wt% falls beneath the minimum 
level required for the Cu2Mg intermetallic phase to 
form in Cu-Mg alloys [41], and only leads to the 
solid-solution strengthening in the alloy. In contrast, 
calcium has a very low solubility in copper, and the 
addition of even a small quantity of calcium leads to 
the formation of the Cu5Ca intermetallic phase within 
the material [42]. Hence, the addition of even a small 
amount of 0.1 wt% calcium provides second-phase 
hardening for the alloy without a considerable loss in 
its electrical conductivity. Furthermore, this specific 
chemical composition and element ratio have not been 
studied before, which could provide valuable insights 
for future research. The as-cast specimens were then 
annealed for variable durations of time and cooling 
rates before being exposed to severe plastic 
deformation (SPD) through MaxStrain deformation, 
and their microstructural features, hardness and 
tensile properties, as well as electrical conductivity, 
were assessed at various stages, and the obtained 
outcomes are presented and explained in the 
following sections. 

 
Materials and Methods 2.

Alloy Development 2.1.
 
The alloy was fabricated by melting high-purity 

(99.99 wt%) rods of the constituent elements in a 
boron nitride-coated graphite crucible inside 
induction furnace maintained under a consistent argon 
gas flow. The melt was then poured into a preheated 
steel mold 43 mm in diameter and 200 mm in length 
and allowed to air cool to ambient temperature. 
Subsequently, the casting surface imperfections were 
eliminated from the as-cast billet through machining, 
and dictated by the requirements of the MaxStrain 
process, specimens measuring 10×10×27.2 mm3 were 
precisely extracted from the lengthwise orientation of 
the billets. The concentrations of elements in the alloy 
were evaluated using energy dispersive X-ray 
spectroscopy (EDS) at 10 different spots on the 
freshly polished surface of the material, and the 
obtained results are presented in Table 1. To ensure 
that the EDS results are accurate and reliable, the 
analyses were conducted using the well-known 
PROZA correction technique and certified reference 
materials containing ultra-pure copper and 
magnesium (both 99.999 wt%) from reliably proven 
Astimex Standards (METM25-44), as well as calcium 
from calcium sulfate (MINM25-53). 

The as-cast material was next exposed to thermal 
treatment procedures, consisting of either annealing at 
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923 K for 15 min with subsequent cooling in the air to 
ambient temperature or annealing at 923 K for 75 min 
followed by quenching in water to ambient 
temperature. Specifically, the latter heat treatment 
process aimed to accomplish three main purposes. 
Firstly, it aimed to homogenize the arrangement of 
magnesium atoms within the single-phase Cu-Mg 
matrix. Secondly, the sufficiently long annealing 
duration was intended to enhance the plasticity of the 
alloy via reducing the irregularity of the morphologies 
of Cu5Ca particles within the as-cast material. Thirdly, 
the quenching aimed to establish residual thermal 
stress in the alloy as a consequence of the distinct 
coefficients of thermal expansion (CTE) between the 
Cu-Mg solid-solution matrix and the Cu5Ca 
intermetallic particles. 

 
MaxStrain Processing 2.2.

 
In general, the MaxStrain process involves 

controlled deformation of the central segment of a 
square prism specimen by pressing it with two anvils 
in 180° opposite directions. Following the first 
compression, the specimen rotates 90° around its 
lengthwise axis and is compressed again in the 
direction perpendicular to its previous compression 
direction, and this cycle continues until the 
desired amount of accumulated strain is obtained 
within the specimen [35, 43]. Applied force, anvil 
velocity, strike, and temperature are among the 
primary process variables in MaxStrain processing, 
which can be precisely controlled throughout the 
whole deformation process [44]. A simplified 
graphical representation of the MaxStrain component 
within the Gleeble thermo-mechanical testing device 
is illustrated in Figure 1. The MaxStrain specimen can 

be constrained or unconstrained (free-end) at either 
side of the specimen during deformation [45]. In 
constrained deformation, the material demonstrates 
plastic flow in transverse directions, while in the free-
end mode, it primarily flows along the length. 
Consequently, the constrained specimen retains a 
length close to its original state post-deformation, 
whereas the longitudinal dimension of the free-end 
specimen expands as a result of the deformation 
process. 

In this study, the MaxStrain operation was 
performed in the free-end mode with molybdenum 
disulfide (MoS2) lubricant being applied on either end 
of the specimen holders in order to minimize friction 
and facilitate specimen expansion in the lengthwise 
direction. The whole deformation process was carried 
out at ambient temperature for 20 passes, using the 
strike pattern shown in Figure 2. In order to monitor 
temperature changes during the full course of 
deformation, a thermocouple was installed at the 
lateral edge of the specimens. Yet, the recorded mean 
temperature was about 305.65 K (32.5 °C), with a 
measured peak temperature of approximately 310 K 
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Table 1. Elemental composition of the as-cast material 

Element Copper Magnesium Calcium Impurity atoms
Concentration (wt%) 99.17 ± 0.05 0.71 ± 0.06 0.12 ± 0.04 < 0.01

Figure 1. Simplified graphical representation of the 
MaxStrain component of the Gleeble thermo-
mechanical testing device shown in (a) 2D (side 
view) and (b) 3D views 

Figure 2. Schematic of strike pattern for MaxStrain deformation in this study 



(37 °C), making the temperature rise negligible in this 
experiment. In fact, the remarkable heat conductivity 
of the alloy allowed for the rapid transfer of thermal 
energy to the tool-steel specimen holders and the 
surrounding equipment, effectively minimizing heat 
buildup and preventing temperature rise during 
deformation. Table 2 provides an overview of the 
fabrication history for each specimen, along with the 
abbreviated names that are assigned to refer to them 
henceforth. 

 
Microstructural Characterization 2.3.

 
Backscatter electron (BSE) imaging and element 

mapping were conducted using a Tescan Mira 
scanning electron microscope (SEM), utilizing 
primary electron beam energy of 15 keV. 
Fractographic examination was conducted on a 
Hitachi S-3400N SEM, also set to a 15 keV primary 
electron beam. Additionally, electron backscatter 
diffraction (EBSD) mapping was carried out on an 
Inspect JEOM SEM equipped with an EDAX 
detector, operating at an acceleration voltage set to 20 
kV. 

 
Mechanical Properties Measurements 2.4.

 
Hardness and tensile strength evaluations were 

carried out to assess the mechanical properties of the 
samples. For hardness measurement, the Vickers 

technique was utilized, applying a 1 kg load (HV1) 
and maintaining a dwell duration of 10 s on a Struers 
Duramin A300 hardness testing machine. Due to the 
small dimensions of the plastic deformation region in 
MaxStrain-deformed specimens, tensile tests had to 
be conducted on mini-specimens, with dimensions 
illustrated in Figure 3. These mini-specimens were 
carefully cut from the central portion of the plastic 
deformation region, aligned in the transverse 
direction, and oriented perpendicular to the 20th pass 
pressing direction. The tensile testing was carried out 
utilizing an MST QTest/10 device at ambient 
temperature with the starting strain rate set to 1×10-3 
s-1 and three measurements for each specimen. 

 
Determination of Electrical Conductivity 2.5.

 
Electrical conductivity measurements were 

performed using the widely recognized four-wire 
Kelvin resistance method, which is highly effective 
for measuring electrical conductivity in small 
samples. To facilitate this, specimens with a surface 
area of approximately 2 mm2 and a length measuring 
4 mm were extracted from the same orientation as the 
tensile mini-specimens. Then, an electrical current of 
750 mA was applied to the terminal points of the 
specimens, and the voltage difference was measured. 
The current source was a Fluke 5700A calibrator, and 
the voltage was measured using a Keithley 2182A 
nanovoltmeter. A simplified schematic representation 
of the four-wire Kelvin resistance measurement 
arrangement is depicted in Figure 4. 
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Table 2. The summary of processing steps and abbreviated names of the specimens 

Processing history Name
As-cast material → Annealing at 923 K for 15 min → Cooling in the air to ambient temperature A15

As-cast material → Annealing at 923 K for 75 min → Quenching to ambient temperature A75
A15 specimen → MaxStrain processing for 20 passes at ambient temperature M15
M15 specimen → MaxStrain processing for 20 passes at ambient temperature M75

Figure 3. Geometrical parameters of tensile test mini-
specimens (units are in mm) 

Figure 4. Simplified schematic representation of the four-
wire Kelvin resistance testing device



Results and Discussion 3.
Characterization of the Initial Specimens 3.1.

 
Figure 5 shows the microstructures of the initial 

specimens, the element mapping analysis results for 
them, and the EDS compositional breakdown 
regarding the matrix and the second-phase particles in 
the A75 specimen. The observation indicates that in 
both specimens, the second-phase particles, averaging 
8.3 ± 3.7 µm in size, are uniformly dispersed 
throughout the matrix. Considering the chemical 
formulation of the developed alloy and the binary 
phase diagrams associated with the Cu-Mg and Cu-Ca 
systems [35], these second-phase particles were 
expected to be Cu5Ca intermetallic compound. In 
order to confirm this assumption, both specimens 
underwent element mapping analysis, and the A75 
specimen also received EDS analysis for a more 
precise identification of the matrix as well as second-
phase particles. Figures 5(b), 5(c), and 5(d) 
respectively show the distribution of copper, 
magnesium, and calcium elements in Figure 5(a), and 
Figures 5(f), 5(g), and 5(h) respectively illustrate the 
dispersion of these elements in Figure 5(e), 
demonstrating that in both the A15 and A75 
specimens, magnesium atoms are homogeneously 
distributed throughout the matrix in a solid-solution 
state, whereas calcium atoms are aggregated into the 

second-phase particles. 
Figure 5(i) shows the EDS results corresponding 

to area 1 marked in Figure 5(e), confirming that the 
matrix phase comprises a solid-solution where 
magnesium is integrated into copper, thereby 
approving the initial assumption. Alternatively, Figure 
5(j) presents the EDS results corresponding to area 2, 
revealing that the second-phase particles are 
composed of copper and calcium with a copper-to-
calcium at% ratio of ~3, which is indicative of the 
Cu5Ca intermetallic compound, with an ideal copper-
to-calcium at% ratio of 5. Li et al. [28] also observed 
the presence of Cu5Ca intermetallic particles in Cu-
0.29Mg-0.21Ca (wt.%) alloy. A comparison between 
Figures 5(a) and 5(b) also demonstrates the partial 
spheroidization observed in the Cu5Ca particles in the 
A75 specimen, which demonstrates the significance 
of the 75-min annealing. It must be noted that this 
partial spheroidization did not completely affect all 
Cu5Ca particles dispersed within the microstructure of 
the A75 specimen; however, it reduced their 
irregularity. 

 
Mapping of Equivalent Strain Distribution 3.2.

 
The barreling effect, which occurred during 

MaxStrain deformation, caused significant geometric 
distortion, making it unfeasible to determine 
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Figure 5. (a) SEM-BSE image, and element mapping analysis results for (b) copper, (c) magnesium, and (d) calcium 
elements in A15 specimen; (e) SEM-BSE image, and element mapping analysis results for (f) copper, (g) 

magnesium, and (h) calcium elements in A75 specimen; EDS results for (i) area 1, and (j) area 2 marked in (e) 



equivalent strain using conventional mathematical 
formulas. As a consequence, the entire MaxStrain 
deformation process was modeled using finite 
element analysis with FORGE® NxT software to 
accurately determine the equivalent strain across the 
specimen. Similar to the actual deformation 
conditions, in the simulation, the anvils were 
positioned 8 mm higher than the top surface of the 
uncompressed specimen before the start of each 
pressing step. Next, the ultimate anvil heights for each 
pass, which were derived using experimental data (see 
Figure 2), were fed into the software to establish the 

anvil movement per strike. Figures 6(a) to 6(c) 
display the simulation outcomes for the primary 
halves of the specimen, with cross-sectional planes 
along the major directions applied at the center to 
visualize the internal equivalent strain distribution 
throughout the specimen. According to the simulation 
results, it was determined that the maximum 
equivalent strain occurred at the center of the central 
transverse plane, reaching a value of 3.5, and 
gradually decreased by moving outward from the 
center toward the edges and corners of this plane. 
Likewise, in both major longitudinal planes shown in 
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Figure 6. Simulation results showing the pattern of equivalent strain in (a) central transverse, (b) central longitudinal 
(X-Z), and (c) central longitudinal (X-Y) planes 



Figures 6(b) and 6(c), the value of equivalent strain 
was calculated to be the highest at the central point of 
the plastic deformation region (equivalent to 3.5) and 
decreased by moving from the center toward major 
directions. According to the simulation results, the 
highest strain-hardening effect was anticipated to 
occur at the central location of the plastic deformation 
region, where the highest equivalent strain was 
achieved. Hence, the microstructural analyses were 
intentionally conducted in this region. 

 
Microstructural Features following 3.3.

MaxStrain Deformation 
 
The inverse pole figure (IPF) maps obtained from 

the EBSD data for the center of the central transverse 
plane within the plastic deformation region of the 
M15 and M75 specimens are respectively shown in 
Figures 7(a) and 7(c). The lengths of these IPF maps 
are oriented perpendicular to the A2 direction (the 
pressing direction for even passes), and high-angle 
grain boundaries (HAGBs) with 15° ≤ θ are 
highlighted by black lines in them. Given the 
challenges associated with identifying second-phase 
particles through the EBSD technique, the IPF maps 
were specifically obtained from the Cu-Mg matrix 
phase, and SEM analysis was utilized to investigate 
the Cu5Ca intermetallic particles. The EBSD analysis 
results demonstrated that the M15 specimen had a 
mean grain size of 4.5 ± 1.1 µm, and the M75 
specimen possessed a mean grain size of 2.4 ± 0.6 µm. 

The EBSD results reveal that the 75-min 
annealing at 923 K followed by quenching in agitated 
water conducted before MaxStrain processing has led 
to a greater degree of grain refinement in the 
MaxStrain-deformed specimen. This observation can 
be explained by considering the critical role of the 

Cu5Ca intermetallic particles. It is well-established 
that copper has a face-centered cubic (FCC) crystal 
structure with lattice constants of a = b = c = 3.615 Å 
and α = β = γ = 90° [46, 47], as illustrated in Figure 
8(a). Given the low magnesium content within the 
elemental composition of the developed alloy (0.7 
wt%), the dissolving magnesium atoms in the copper 
matrix form a substitutional solid-solution by 
replacing some copper atoms in the FCC lattice. 
Therefore, the dominant crystal structure of the matrix 
in the alloy remains FCC, and the minor amount of 
magnesium dissolved in copper exerts no significant 
effect on the crystal structure of the matrix. On the 
other hand, the Cu5Ca unit cell shown in Figure 8(b) 
has lattice constants of a = b = 5.074 Å and c = 4.074 
Å, and α = β = 90° and γ = 120°, which aligns with the 
hexagonal crystal system [48]. Due to the mismatch in 
the crystal structures of the single-phase Cu-Mg solid-
solution matrix and the Cu5Ca intermetallic particles, 
their properties, including CTE, are also different. In 
the instance of the A75 specimen, upon heating to 923 
K, both the Cu-Mg matrix and Cu5Ca particles 
underwent volume expansion. Due to the varying 
CTE values of the Cu-Mg matrix and Cu5Ca particles, 
the density of dislocations in the Cu-Mg matrix near 
the Cu5Ca particles rose at the initiation of the 
annealing process. However, by the conclusion of the 
75-min soaking period, it reverted to a new stable 
equilibrium state. Subsequently, a non-equilibrium 
temperature change occurred when the alloy was 
quenched to ambient temperature, during which both 
the Cu-Mg matrix and the Cu5Ca particles 
encountered rapid thermal shrinkage, leading to the 
formation of a new set of dislocations around the 
Cu5Ca particles in the Cu-Mg matrix to maintain the 
structural cohesion of the alloy. The increased 
dislocation density observed in the A75 specimen, in 
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Figure 7. (a) IPF map, and (b) GOS map of the M15 specimen; (c) IPF map, and (d) GOS map of the M75 specimen 



contrast to the A15 specimen, facilitated the 
development of dislocation cell structures during the 
MaxStrain operation. These cell structures 
subsequently evolved into low-angle grain boundaries 
(LAGBs) with 2° ≤ θ < 15° and eventually into 
HAGBs over the course of 20 passes of the MaxStrain 
deformation. This interpretation accounts for the more 
intensified grain refinement observed in the M75 
specimen compared to the M15 specimen. 

The greater degree of grain refinement in the M75 
specimen compared to the M15 specimen becomes 
more apparent when comparing the grain orientation 
spread (GOS) maps derived from EBSD data. In 
general, GOS reflects the mean difference in 
orientation between the mean orientation of a grain 
and all individual measurements within that grain, and 
it enables the differentiation of recrystallized grains 
(characterized by a GOS below a certain threshold) 
from deformed grains (having a GOS quantity 
exceeding that threshold) and the assessment of the 
proportion of recrystallized grains [35]. Consistent 
with prior research [49–51], the critical GOS quantity 
of 2° was considered to differentiate between 
recrystallized grains and those deformed grains in this 
study. Figures 7(b) and 7(d), respectively, display the 
GOS maps of the M15 and M75 specimens at the 
same location as Figures 7(a) and 7(c). In the 
presented GOS maps, grains with GOS quantities 
under 2° are displayed in red, grains with GOS 
quantities of 2° or higher are outlined in blue, and 
LAGBs are highlighted with black outlines. Thus, the 
red spots in these GOS maps can be considered 
recrystallized grains, while the blue areas represent 
deformed grains. The higher percentage of grains 
exhibiting a GOS quantity less than 2° in the M75 
specimen compared to the M15 specimen 

demonstrates the greater effectiveness of the 75-min 
annealing and quenching heat treatment route over the 
15-min annealing and cooling in the air route in 
promoting dynamic recrystallization (DRX, formation 
of new strain-free grains during high-temperature 
deformation) during MaxStrain deformation. 
However, it must be noted that relying merely on 
GOS data to evaluate grain refinement is insufficient 
in this investigation since, due to 20 cycles of 

repetitive deformation, early-stage recrystallized 
grains have undergone subsequent deformation, 
finally resulting in GOS quantities greater than 2°. 
Nonetheless, the proportion of grains possessing a 
GOS quantity lower than 2° is an appropriate metric 
for comparing the comparative degree of the 
occurrence of recrystallization between specimens. 

The next remarkable observation from the IPF 
maps is the heterogeneous grain structure, 
characterized by the presence of both coarse 
elongated grains as well as fine equiaxed ones. This 
grain morphology indicates the occurrence of partial 
DRX as a consequence of conducting the MaxStrain 
operation at ambient temperature, which is below the 
typical temperature required for full DRX in copper 
alloys [52, 53]. Figure 9 presents the range of 
misorientation angles measured in the specimens 
subjected to MaxStrain deformation. Comparing these 
distributions reveals a higher percentage of HAGBs in 
the M75 specimen compared to the M15 specimen, 
which aligns with the earlier discussion, 
demonstrating that the 75-min annealing and 
subsequent quenching in agitated water has facilitated 
more substantial grain refinement after MaxStrain 
processing compared to the 15-min annealing and 
subsequent cooling in the air. It was also observed that 
the Cu5Ca particles remained undeformed even after 
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Figure 8. Schematic illustrations of the crystal structures of (a) copper [47], and (b) Cu5Ca [48] unit cells 



20 passes of MaxStrain deformation. However, some 
of these particles exhibited cracks following the 
deformation, as shown by the arrows in Figures 10(a) 
and 10(b) for the Cu5Ca particles in the M15 and M75 
specimens, respectively. 

 
Mechanical Properties 3.4.

 
The A15 and A75 specimens possessed mean 

hardness values of 78 ± 4 HV and 81 ± 4 HV, 
respectively. These values show that the 75-min 
annealing and subsequent quenching in agitated water 
led to a 4% increase in mean hardness compared to 
the 15-min annealing and subsequent cooling in the 
air, which arises from the larger density of 
dislocations in the A75 specimen, as previously 
discussed. Regarding the M15 and M75 specimens, 
obtaining a consistent mean hardness value was 
infeasible due to the internal strain heterogeneity, as 
shown in Figure 6. Therefore, for the M15 and M75 
specimens, the hardness indentations were performed 
along the A1 and A2 directions at regular 0.45 mm 
intervals in the central transverse plane. Figures 11(a) 
and 11(b) show the obtained values for these hardness 

measurements and clearly demonstrate a correlation 
between hardness and equivalent strain in M15 and 
M75 specimens. Notably, the hardness profile aligns 
with the pattern of equivalent strain, showing that the 
central part of the plastic deformation region displays 
greater hardness than both the middle and edge areas. 
This suggests a more pronounced strain hardening 
effect in the center, attributed to the increased 
equivalent strain concentrated in that region. 
However, some indentations deviated from this 
general trend, which can be ascribed to the existence 
of Cu5Ca intermetallic particles. These particles, when 
positioned near or directly beneath the indentation 
point, influenced the local hardness. The inherent 
hardness of Cu5Ca intermetallics (which is notably 
higher than the value for the surrounding copper 
matrix) caused localized hardening effects. As a 
result, the indenter encountered more resistance, 
leading to higher measured hardness values in these 
specific regions, which resulted in these deviations 
from the overall trend. 

Figures 11(c) and 11(d), respectively, present the 
tensile properties measurements for the initial and 
MaxStrain-deformed specimens. Given the small size 
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Figure 9. Distribution pattern of misorientation angles (a) M15, and (b) M75 specimens 

Figure 10. SEM-BSE images of Cu5Ca intermetallic particles in (a) M15, and (b) M75 specimens 



of the mini-specimens employed for the tensile test, it 
was not feasible to use an extensometer for measuring 
displacement in this study. Hence, to ensure reliable 
results, the elongation values were calculated using 
the measured lengths of the individual broken 
fragments shown in Figures 12(a) and 12(b). The 
results of the tensile testing for the initial specimens 
showed that the A75 specimen had 5% higher yield 
strength, 4% higher tensile strength, and 6% greater 
elongation in comparison with the A15 specimen. The 
improvements in strength may be ascribed to the 
increased density of dislocations along with the 
existence of residual thermal stresses in the A75 
specimen relative to the A15 specimen, and the 
improvement in ductility can be ascribed to the more 
microstructural homogeneity as well as less 
irregularity of the Cu5Ca particles in the A75 
specimen. More specifically, the irregular Cu5Ca 
particles in the A15 specimen acted as focal points for 
stress concentration during deformation and promoted 
crack formation, whereas partially spheroidized 
Cu5Ca particles in the A75 specimen provided a more 
uniform stress distribution nearby these particles 
during the tensile test and led to a slight enhancement 

in its elongation. In the meantime, it is evident that the 
MaxStrain processing significantly improved the 
tensile strengths of both specimens. Relative to their 
initial counterparts, M15 and M75 specimens 
exhibited respective increases of 229% and 232% in 
yield strength and 86% and 91% in tensile strength. 
Yet, these improvements came at the cost of 
decreasing elongation by 48% and 44% for the M15 
and M75 specimens, respectively. Again, the 
explanation for these enhancements in yield strength 
and tensile strength lies in the processing history of 
the specimens. To clarify further, during the 
MaxStrain operation, repetitive deformation 
generated a high density of dislocations within the 
severely deformed grains, especially in the vicinity of 
the Cu5Ca intermetallic particles. Moreover, it also 
facilitated grain refinement by transforming the large 
original grains into smaller ones via DRX, which in 
turn elevated the percentage of HAGBs. This 
simultaneous increase in dislocation density and grain 
boundary density effectively impeded dislocation 
mobility and caused a greater resistance to slip and an 
improved hindrance to sliding, and eventually 
resulted in the enhancement of the mechanical 
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Figure 11. Hardness test results for (a) M15, and (b) M75 specimens; tensile test results for (c) initial, and (d) 
MaxStrain-deformed specimens 



properties of the specimens. The broken fragments 
and the fracture surface of the M15 specimen are 
respectively shown in Figures 12(a) and 12(c). This 
specimen demonstrated a moderate level of 
elongation to failure of 15.6%, which is in the usual 
range of the typical elongation value recorded for 
SPD processed Cu-Mg alloys [30, 37, 54]. Likewise, 
Figures 12(b) and 12(d) respectively present the 
broken pieces together with the fracture surface of the 
M75 specimen, which exhibited a slightly better 
elongation value of 17.6%, attributable to the 
relatively better homogenization of the initial as-cast 
microstructure accomplished through a longer 
annealing process compared to the M15 specimen. 
The occurrence of a heterogeneous dimple structure 
on the fracture surfaces of both specimens is 
consistent with their heterogeneous microstructure, 
with large dimples corresponding to the coarse and 
elongated grains and small dimples representing the 
fine recrystallized grains. Nearly undeformed but 
fragmented Cu5Ca particles are also visible within 
dimples present across the fracture surface of both 
specimens. By comparing Figures 12(a) and 12(b), it 
can be observed that the M75 specimen exhibited a 
more ductile fracture compared to the M15 specimen. 
This is consistent with the higher total elongation 
observed in the M75 specimen, which can be 
attributed to the partial spheroidization of Cu5Ca 
intermetallic particles in the M75 specimen. 

Electrical Conductivity 3.5.
 
According to the values recorded as the electrical 

conductivity of the specimens represented in Figure 
13, the A15 specimen possessed a conductivity of 
33.9 ± 2.6 MS/m (58.4% IACS), same as the value for 
the A75 specimen (33.9 ± 2.1 MS/m). The fact that the 
conductivities of both the A15 and A75 specimens are 
41.6% lower compared to annealed pure copper (58 
MS/m [10]) is the result of the Mg-induced solid-
solution as well as the presence of Cu5Ca intermetallic 
particles in their microstructure. Moreover, the 
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Figure 12. The fractured pieces of (a) M15, and (b) M75 specimens; fracture surface of (c) M15, and (d) M75 specimens 

Figure 13. Measured values for electrical conductivity of 
the initial and MaxStrain-deformed specimens



identical electrical conductivity values for the A15 
and A75 specimens indicate that conductivity was 
independent of both annealing duration and cooling 
rate. The results also show that the application of 
MaxStrain processing has led to an approximately 1% 
reduction in the conductivities of the specimens, as 
evidenced by the conductivity value of the M15 
specimen measured 33.6 ± 1.9 MS/m (57.9% IACS) 
and the M75 specimen recorded 33.5 ± 2.2 MS/m 
(57.8% IACS). This can be attributed to the 
introduction of a higher percentage of HAGBs and 
crystallographic defects, including point defects and 
dislocations, within both the M15 and M75 specimens 
during the MaxStrain processing, which contributed 
to a more pronounced electron scattering within these 
specimens and their lower electrical conductivity 
[55]. It should also be noted that future research could 
investigate the optimization of deformation 
parameters, such as temperature and strain rate, to 
preserve electrical conductivity in MaxStrain 
processing. This approach could provide valuable 
insights into enhancing the efficiency and 
performance of materials processed through this 
method. 

In conclusion, the findings related to both the 
microstructural features and the mechanical 
properties of the developed specimens clearly 
demonstrate the potential of the MaxStrain process as 
an effective tool for investigating the impact of 
various processing parameters, such as deformation 
magnitude, strain rate, and temperature, on the 
microstructure, mechanical behavior, and physical 
properties of metallic materials. However, the 
widespread implementation of the MaxStrain process 
still remains limited to research and experimental 
studies due to several factors, including the time-
intensive nature of the process, the lack of continuous 
production capabilities, and limitations in specimen 
size. Addressing these limitations through 
technological advancements and optimized material 
selection could enhance the practical applicability of 
the MaxStrain process and make it a more viable 
option for industrial material processing. 

 
Conclusions 4.

 
The microstructure, mechanical properties, and 

electrical conductivity of a Cu-0.7Mg-0.1Ca (wt%) 
alloy were evaluated after undergoing different 
annealing processes followed by severe plastic 
deformation using the MaxStrain component of the 
Gleeble thermo-mechanical testing device. The 
results of this research lead to the following 
conclusions: 

(1) Annealing for 75 min at 923 K followed by 

quenching in agitated water (A75 specimen) resulted 
in the homogenization of the distribution of 
magnesium atoms within the single-phase Cu-Mg 
matrix, partial spheroidization of Cu5Ca intermetallic 
particles, and the introduction of residual thermal 
stresses in the A75 specimen. Compared to the A15 
specimen (which underwent 15 min of annealing at 
923 K followed by cooling in the air), these effects of 
the annealing and subsequent quenching led to a 4% 
increase in hardness, a 5% increase in yield strength, 
a 4% increase in tensile strength, and a 6% increase in 
elongation. 

(2) The simulation results revealed a non-uniform 
pattern of equivalent strain within the specimens after 
undergoing 20 passes of MaxStrain deformation. In 
both specimens, the strain gradient influenced the 
hardness distribution, with the highest hardness 
recorded at the center, corresponding to the highest 
equivalent strain, and decreasing towards the edges. 

(3) The residual thermal stresses in the M75 
specimen promoted the occurrence of DRX during 
MaxStrain processing, as demonstrated by a greater 
proportion of grains exhibiting GOS quantities below 
2° in the M75 specimen in comparison to the M15 
specimen. Moreover, the M75 specimen exhibited a 
smaller mean grain size and a greater number of 
HAGBs. In both M15 and M75 specimens, some 
cracks were observed in non-deformed Cu5Ca 
particles. 

(4) MaxStrain processing significantly enhanced 
yield strength, with the M15 and M75 specimens 
showing increases of 229% and 232% compared to 
their non-deformed counterparts (A15 and A75), 
respectively. The tensile strengths also improved, with 
increases of 86% and 91% for M15 and M75, 
respectively. However, this improvement came at the 
cost of decreasing ductility, with both M15 and M75 
exhibiting reductions in elongation of 48% and 44%, 
respectively. 

(5) The electrical conductivities of non-deformed 
specimens were found to be independent of annealing 
duration and cooling rate. Moreover, while MaxStrain 
processing increased the strength of both specimens, 
it also led to a decrease in their electrical conductivity 
by approximately 1%. Nonetheless, all MaxStrain-
deformed specimens met the minimum electrical 
conductivity requirements while also exhibiting the 
necessary mechanical properties to qualify as HSHC 
copper alloys. 
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Apstrakt 
 
U ovom istraživanju ispitivan je uticaj žarenja u kombinaciji sa intenzivnom plastičnom deformacijom (SPD) primenom 
MaxStrain komponente uređaja Gleeble za termomehanička ispitivanja, na mikrostrukturne karakteristike, mehaničko 
ponašanje pri istezanju i električnu provodljivost legure Cu-0,7Mg-0,1Ca (mas.%). Liveni materijal je bio podvrgnut dvema 
vrstama tretmana: žarenju na 923 K tokom 15 minuta, nakon čega je sledilo hlađenje na vazduhu, i žarenju na 923 K tokom 
75 minuta, nakon čega je usledilo kaljenje u vodi, što je dovelo do formiranja nepravilnih i delimično sferoidizovanih 
čestica Cu₅Ca. Naknadna deformacija metodom MaxStrain dovela je do značajnog smanjenja veličine zrna usled dinamičke 
rekristalizacije (DRX), pri čemu je uzorak koji je bio žaren i kaljen pokazao veći udeo DRX-a u poređenju sa uzorkom koji 
je bio žaren i hlađen na vazduhu. Kao rezultat toga, uzorci koji su bili žareni i kaljeni pokazali su bolji balans između 
čvrstoće i duktilnosti, dok su ova poboljšanja bila praćena smanjenjem električne provodljivosti od svega ~1%. U skladu 
sa navedenim, ovo istraživanje pokazuje da je kombinacija žarenja i naknadne SPD obrade efikasna metoda za obradu 
legura bakra visoke čvrstoće i visoke provodljivosti (HSHC). 
 
Ključne reči: Žarenje; MaxStrain deformacija; Simulacija; Mikrostruktura; Mehanička svojstva pri istezanju; Merenje 
otpora metodom Kelvin sa četiri žice 
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