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Abstract: Thermomechanical processing combining plastic deformation and heat treatment is a
favorable way to enhance the performance and lifetime of bimetallic laminates, especially those
consisting of metals, which tend to form intermetallic layers on the interfaces when produced using
methods involving increased temperatures. The presented work focuses on optimizing the conditions
of thermomechanical treatment for an Al + Cu bimetallic laminate of innovative design involving
a shear-strain-based deformation procedure (rotary swaging) and post-process heat treatment in
order to acquire microstructures providing advantageous characteristics during the transfer of
direct and alternate electric currents. The specific electric resistivity, as well as microhardness, was
particularly affected by the structural features, e.g., grain size, the types of grain boundaries, and
grain orientations, which were closely related to the applied thermomechanical procedure. The
microhardness increased considerably after swaging (up to 116 HV02 for the Cu components), but it
decreased after the subsequent heat treatment at 350 ◦C. Nevertheless, the heat-treated laminates still
featured increased mechanical properties. The measured electric characteristics for DC transfer were
the most favorable for the heat-treated 15 mm bimetallic laminate featuring the lowest measured
specific electric resistivity of 22.70 × 10−9 Ωm, while the 10 mm bimetallic laminates exhibited
advantageous behavior during AC transfer due to a very low power loss coefficient of 1.001.

Keywords: bimetallic laminate; rotary swaging; microstructure; electric conductivity; microhardness

1. Introduction

Processes of plastic deformation are advantageous not only for imparting the required
geometries to the produced work pieces and components but also for controlling their
structures and, consequently, their properties, lifetime, and performance [1–3]. The methods
can be divided into two basic groups, i.e., conventional (e.g., rolling, forging, drawing, and
extrusion) and unconventional methods. Among the favorable unconventional methods
are the methods of intensive and severe plastic deformation (IPD and SPD methods). Such
processes are based on introducing (high amounts of) shear strain into the processed work
pieces, by which they induce the fragmentation of the grains and the development of the
substructure [4,5]. The repeated occurrence of grain fragmentation and subgrain nucleation
and growth finally leads to the improvement of the properties, especially the strengthening,
of the processed material [6,7]. In other words, strengthening by dislocations, i.e., the
presence of low-angle grain boundaries (LAGBs), and Hall–Petch strengthening, i.e., the
presence of high-angle grain boundaries (HAGBs), are the key factors contributing to the
overall flow stress of a material [8]. Nevertheless, their ratio depends significantly on the
amount of imposed strain and related structure phenomena [9].

Equal-channel angular pressing (ECAP) [10,11] and other ECAP-related methods (e.g.,
equal-channel angular pressing with partial back pressure (ECAP-PBP) [12], twist-channel
angular pressing (TCAP) [13], twist-channel multi-angular pressing (TCMAP) [14], etc.),
twist extrusion (TE) [15], accumulative roll bonding (ARB) [16], high-pressure torsion
(HPT) [17], and friction stir processing and welding (FSP and FSW) [18,19] are among the
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known SPD processes used by researchers worldwide to favorably influence the structures
of various processed metallic materials to achieve ultra-fine-grained (UFG) structures.
However, although they are favorable for the mentioned grain refinement and enhance-
ment of mechanical properties, SPD methods feature typical disadvantages; mostly, the
processed material volume is limited by the applied die and available power output of the
machine [20,21].

The IPD method of rotary swaging is an industrially applicable technology, which
can advantageously be used to produce long (axisymmetric) products, including electro-
conductive wires [22]. Moreover, according to the geometry of the dies, the method can be
used to fabricate products of complex shapes and geometries [23]. Due to small increases
in compressive strain, which are induced by the impacts of a set of dies rotating at a
high speed around the processed work piece, the homogeneity of the (residual) stress
across the work piece is generally improved, which enables the method to also be used for
the processing of challenging materials (powder-based materials, composites, laminates,
etc. [24–26]). Similar to SPD methods, swaging generally induces grain refinement, the
formation of the (sub)structure, and the development of dynamic restoration processes, the
mutual combination of which consequently leads to enhanced properties of the swaged
products [27–29]. In other words, the method generally improves the mechanical properties
of processed work pieces without deteriorating their lifetime or performance. However, its
overall effect depends on several factors, primarily the processing parameters and the type
of swaged material [30–32]. Among the main influencing factors is also the reduction ratio,
which affects the depth of the penetration of the imposed strain and, thus, the distribution
and homogeneity of the imposed strain across the cross-section of the work piece. As
the dies primarily affect the periphery of the processed work piece, the imposed strain is
the greatest in its peripheral region and decreases gradually towards its axial region [33].
Nevertheless, this strain distribution inhomogeneity generally decreases with an increasing
reduction ratio [34].

Bimetallic laminates consist of (at least) two different metals or alloys. Their com-
bination usually results in advantageous properties of the final product [35,36]. In other
words, the properties of the laminated product are more advantageous (e.g., for a specific
application) than those of the individual metallic components. Due to its wide range of
applicability, the system of Al + Cu is very popular. Among the possible applications
are, e.g., Al + Cu clad armored cables [37], laminated tubes for air conditioners [38], and
rail transit wires [39]. In particular, the application of Al + Cu bimetallic laminates for
electroconductive applications is highly promising, since the (partial) replacement of Cu
by Al results in decreased weight and enhanced mechanical and utility properties of the
electroconductive cable with no significant deterioration of the electric characteristics [40].

Before designing a bimetallic laminate and its production procedure, its intended
application should be considered, as the selected component metals and designed volume
ratio and stacking sequence influence the final properties of the laminate. The production
methods using elevated/high temperatures (e.g., cladding or welding [41–45]) are not very
advantageous since they introduce temperature inhomogeneity, which can deteriorate the
structures (e.g., by introducing precipitation, the formation of intermetallics, or undesirable
grain growth) and, consequently, the mechanical properties of the bimetallic laminate (de-
spite the fact that they provide a sufficient bonding strength) [46]. Therefore, the production
of Al + Cu bimetallic laminates under cold conditions, i.e., via intensive/severe deforma-
tion processing, is promising [47,48]. The shear-strain-based methods of intensive/severe
plastic deformation provide sufficient energy for the individual metals to develop a high-
quality bond at mutual interfaces, even under cold conditions, which also advantageously
suppresses the development of undesirable intermetallic phases.

The presented work focuses on the processing of an Al + Cu bimetallic laminate of our
own design via thermomechanical treatment with the implementation of room-temperature
rotary swaging and post-process heat treatment at 350 ◦C. The main aim of the study is
to evaluate the effects of processing conditions on the structure development and related
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mechanical and electric characteristics of the laminate. Special attention is given to the
evaluation of the effects of the applied swaging degree and the possible combination with
post-process heat treatment.

2. Materials and Methods
2.1. Experimental Material

The original materials, which were used to manufacture the bimetallic laminates,
were commercially pure electro-conductive copper, i.e., CP Cu, and commercially pure
electro-conductive aluminum, i.e., CP Al. The impurities within the metals were 0.016% P,
0.002% Zn, and 0.002% O for the CP Cu and 0.24% Fe, 0.21% Si, and 0.05% Cu for the
CP Al. The design of the Al + Cu laminate ensued from the experience acquired during
previous research on different types of Al + Cu laminates (e.g., [22,49]). To be specific, based
on previously acquired experience, the CP Cu was primarily involved at the periphery
of the laminate; i.e., in the lamellas, which were arranged in a stellulate pattern; and
in its axis. (Figure 1a) Placing the Cu primarily at the periphery of the laminate is also
advantageous for the prospective usage of the bimetallic laminate for the transfer of the
alternating current (AC), which is known for its inhomogeneous distribution across the
cross-sections of conductors. In other words, the current density across the cross-section
of a conductor during AC transfer is inhomogeneous due to the occurrence of the skin
effect [50,51]. The CP Al then formed the matrix, i.e., the major bulk volume of the laminate.
The original diameter of the composite billets was 50 mm. During processing, these billets
were gradually swaged at room temperature down to the diameter of 15 mm and, finally, to
the diameter of 10 mm (see Figure 1b for the billet ready to be swaged, and Figure 1c for a
cross-sectional cut through the 15 mm swaged bimetallic laminate). These two final swaging
passes were selected for the subsequent investigations leading to the optimization of the
swaging degree based on the assessment of the (sub)structure and the related mechanical
and electrical properties. The swaging degrees after the investigated swaging passes were
calculated using relation (1):

ϕ = ln
(

S0

Sn

)
(1)

where S0 and Sn are the cross-sectional areas of the laminate at the input and output of the
swaging dies, respectively. The calculated values of the swaging degrees were 2.4 for the
15 mm laminate and 3.2 for the 10 mm laminate.
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Figure 1. Assembling of the billets (a); ready to swage (b). Cross-sectional cut through the 15 mm 
swaged bimetallic laminate (c). 
Figure 1. Assembling of the billets (a); ready to swage (b). Cross-sectional cut through the 15 mm
swaged bimetallic laminate (c).

In order to find out the effects of temperature on the structures, both the 15 mm and
10 mm swaged laminates were subjected to a post-process heat treatment consisting of a
15 min dwell in a furnace pre-heated to the temperature of 350 ◦C and cooling in air. During
the previous experiments, we found that annealing treatments applied after rotary swaging
tend to stabilize the structures of Al + Cu laminated composites via structure restoration.
However, the used temperature should be lower than 350 ◦C, as temperatures above this



Materials 2023, 16, 3480 4 of 16

critical value tend to promote the undesirable formation of brittle intermetallics at the
interfaces, as well as possibly secondary recrystallization, i.e., the growth of grains [49].

2.2. Structure Observations

Structure analyses were performed using scanning electron microscopy (SEM—a Tes-
can Lyra 3 XMU FEG/SEMxFIB device with a Symmetry EBSD detector, Tescan Orsay
Holding a.s., Brno, Czech Republic). The samples for the electron backscatter diffraction
(EBSD) analyses, acquired by transversally cutting the processed laminates, were prepared
via manual grinding, manual polishing using alcohol-based diamond solutions (Struers
GmbH, Roztoky u Prahy, Czech Republic), and final electrolytic polishing. During the
scanning of the 250 × 150 µm2 areas used for further evaluations, the applied scan step was
0.25 µm. The analyses were evaluated using Aztec Crystal software (Oxford Instruments,
Abingdon, UK). The considered limiting values during the evaluations of the grain bound-
aries were 15◦ for HAGB and 5◦ for LAGB. Texture analyses were performed with the
maximum deviation from the ideal orientation of 15◦. Detailed analyses of the substructures
of the Cu lamellas were performed using a JEM-2100 transmission electron microscope
(TEM, JEOL, Tokyo, Japan) operating at 200 kV. The samples for the TEM observations were
prepared using the focused ion beam (FIB) technique assembled on the above-mentioned
Tescan Lyra 3 XMU SEM device. The preparation of the TEM samples involved the gradual
milling of the particularly thin lamella with Ga ions to a final thickness of approx. 120 nm.

2.3. Evaluation of Properties

The measurements of the HV02 Vickers microhardness were performed on perpen-
dicular cross-sectional cuts of the swaged and heat-treated bimetallic laminates. The used
equipment was a Zwick/Roell device (Zwick Roell CZ s.r.o., Brno, Czech Republic). The
average microhardness values were calculated for each of the bimetallic laminates from ten
individual indents randomly performed across the cut cross-sections. The load for each
individual indent was 200 g, and the load time dwell was 10 s.

To assess the electric characteristics of the swaged and heat-treated bimetallic lami-
nates, as well as the conductors prepared from the CP Cu and CP Al metals, during the
transfer of direct and alternate currents (DC and AC), a SIGMATEST 2.070 measuring
device (FOERSTER TECOM s.r.o, Prague, Czech Republic) was used. This device is a
high-tech eddy current portable piece of equipment that enables one to measure the elec-
tric resistivity, and thus to assess the electric conductivity, of non-ferromagnetic metallic
materials using a measuring probe. This equipment can also be advantageously used to
determine the electric characteristics of work pieces with small dimensions [52]. At first,
we performed the calibration of the device with the help of two default specimens with
different (known) electric conductivities. Following the calibration, the probe was ready to
be used for measuring the desired electric characteristics of the processed conductors and
bimetallic laminates.

3. Results and Discussion
3.1. Analyses of Grains

The results of the grain size evaluations are summarized in Table 1. The grain size
was assessed via the maximum Feret diameter. This parameter is characterized as the
maximum distance between two individual points defining a single grain. As can be
seen, the swaging evidently induced grain refinement in both the original metals. The
investigated characteristic dimensions were larger for both the Cu and Al components of
the 15 mm swaged bimetallic laminate than for the components of the 10 mm one with
regard to the average max. Feret diameter, the minimum and maximum grain size, and
the standard deviation from the average grain size value. Comparing the average grain
sizes of the 15 mm and 10 mm bimetallic laminates with those of the original metals, the
structures of the Cu components were refined. However, the grain refinement within the
Al was more significant than that observed within the Cu primarily due to the fact that Al
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is highly susceptible to the imposed shear strain (primarily due to its intrinsic properties,
such as the stacking fault energy), which facilitates the plastic flow of the Al matrix [53].
Moreover, the observed difference between the grain size values of the Al matrices of the
15 mm and 10 mm bimetallic laminates was negligible. This phenomenon points to the fact
that the grain refining ability of the shear strain imposed by the rotary swaging to the Al
structure reached its maximum level at the applied swaging degree of 2.4. In other words,
the rates of dynamic strengthening and restoration within the Al matrix of the bimetallic
laminate swaged to the diameter of 15 mm became equalized [54]. Dalla Torre et al. [55]
presented similar conclusions, according to which deformation via shear strain imposed at
room temperature does not result in further observable changes in the morphology of the
grains at the point where dislocation clusters and stacking faults are randomly scattered in
the interiors of dynamically restored grains, which become equiaxed as the shear strain
imposed during a continuing swaging process gradually increases.

Table 1. Grain size characteristics of original metals and components of processed bimetallic laminates
(RS, rotary swaged, HT, heat-treated).

Component of
Bimetallic
Laminate

Avg. Grain Size Min. Grain Size Max. Grain Size Std. Deviation

(µm) (µm) (µm) (-)

original Cu 37.2 1.3 347.4 42.0
15 mm RS Cu 11.7 3.4 89.1 9.1
15 mm HT Cu 8.9 2.3 71.2 7.7
10 mm RS Cu 6.6 2.2 42.8 5.2
10 mm HT Cu 10.2 2.3 73.0 8.8

original Al 64.1 4.4 421.6 37.1
15 mm RS Al 2.9 1.4 26.1 2.2
15 mm HT Al 2.9 1.8 9.4 1.1
10 mm RS Al 2.7 1.3 25.8 1.9
10 mm HT Al 2.8 1.6 7.6 0.9

After the heat treatment, the average grain sizes within the Al matrices were compa-
rable to those acquired for the swaged laminates. In other words, the average grain size
value remained identical for the 15 mm bimetallic laminate, and it increased negligibly for
the 10 mm one. However, the minimum observed grain size increased and the maximum
grain size decreased for both the diameters when compared to the swaged laminates. Con-
sequently, the standard deviations for the grains within the Al matrices decreased for both
the diameters of the bimetallic laminate, and, thus, the homogeneity of the structures of
the Al matrices, from the viewpoint of grain size, increased after the heat treatment. The
structure of the Al within both the swaged laminates can thus be considered as more or
less stable since the temperature of 350 ◦C did not provoke any substantial grain growth or
structure changes [54]. Nevertheless, the effect of the heat treatment on the Cu components
of the bimetallic laminates was not so unambiguous.

The Cu components of the 15 mm heat-treated bimetallic laminate exhibited a simulta-
neous decrease in the average grain size and standard deviation (similar to the Al matrix).
However, the grains within the Cu components of the 10 mm bimetallic laminate exhibited
slight growth after the heat treatment, and the standard deviation for this laminate also
increased. This structure behavior supports a hypothesis stating that the energy introduced
to the 15 mm bimetallic laminate by the heat treatment brought about enough energy
for the Cu structure to undergo restoration followed by secondary recrystallization, i.e.,
(undesirable) grain growth. However, the 10 mm bimetallic laminate, which was subjected
to a higher swaging degree during processing, featured a higher level of accumulated
energy after swaging. Therefore, the energy provided by the heat treatment primarily
induced visible grain growth within this laminate. The hypothesis is supported not only
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by the results discussed below of the (sub)structure analyses but also by the results ac-
quired within previously performed experimental works on Al + Cu laminates of different
cladding designs (e.g., [49]), in which the effects of different combinations of imposed
strain + temperature were studied and discussed in detail.

3.2. Structure Analyses with Focus on Cu

As the Cu components are supposed to primarily affect the electric conductivity,
detailed (sub)structure analyses are focused on the Cu structures. The above-drawn
hypotheses were confirmed by grain boundary analyses. Figure 2a,b show the band
contrast images of the structures of the 15 mm rotary-swaged (RS) bimetallic laminates,
while the band contrast images of the structures of the 15 mm swaged and heat-treated (HT)
bimetallic laminates are shown in Figure 2c,d. The disorientation angle distribution charts
for the samples are depicted in Figure 3a,d. As documented by the mentioned figures, the
heat treatment did not provoke any substantial changes in the LAGB vs. HAGB ratio within
the structure of the Cu lamellas of the bimetallic laminate swaged to 15 mm, although the
heat-treated structure featured the local development of twins (Figure 2b). In other words,
the LAGB vs. HAGB ratio for the Cu structures of both the processed 15 mm laminates
was approx. 1/3 to 2/3. Most probably, recrystallization occurred locally within the Cu
structure during the heat treatment, but the time period needed for its full development
was longer than the applied time dwell [54]. This supposition is also supported by the
above-mentioned grain size observations and the disorientation frequencies in Figure 3a,b.
However, the structure within the Cu lamellas of the 10 mm bimetallic laminate exhibited
evident grain growth and a change in the LAGB vs. HAGB ratio after the heat treatment.
The treatment thus promoted recrystallization, as well as the massive development of
annealing twins (compare Figures 2c,d and 3c,d). The fraction of HAGB within the Cu
structure of the 10 mm laminate increased from 74.0% to 97.9% after the heat treatment;
53.8% of the HAGBs were <111>60◦ twin boundaries. This fact is also evident in Figure 3d
showing that the majority of the grain boundaries within the structure of the Cu lamellas
of the heat-treated 10 mm bimetallic laminate featured a disorientation angle of 60◦. This
phenomenon can be attributed to the fact that the tendency of the structure of a material
featuring an FCC lattice to perform structure changes via twinning increases with increasing
flow stress, which can be promoted, e.g., by increasing the ambient temperature via the
application of a heat treatment [56]. This tendency even increases for materials, the grains
within which are refined by intensive deformation to the ultra-fine or nano-scales prior
to the heat treatment [57]. Corresponding to this finding, the Cu structures of the herein
presented 10 mm bimetallic laminates exhibited a stronger tendency to form twins than
those within the 15 mm laminates.
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3.3. Texture

An optimized deformation texture can significantly affect the electric conductivity in a
positive manner. Figure 4a–d show the orientations of the grains within the Cu lamellas
of the 15 mm RS, 15 mm HT, 10 mm RS, and 10 mm HT bimetallic laminates, respectively,
using the Euler angles via Orientation Distribution Functions (ODFs), which are plotted
in the following ranges of the characteristic angles: 0 < ϕ1 > 360◦, 0 < φ > 90◦, and ϕ2 are
sections of 0◦, 45◦, and 90◦. In order to quantify the texture intensity within the individual
laminates, inverse pole figures (IPFs) for the 15 mm RS, 15 mm HT, 10 mm RS, and 10 mm
HT bimetallic samples are depicted in Figure 5a–d.
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The 15 mm swaged bimetallic laminate exhibited a very strong texture. The ideal
texture orientations featuring the highest intensity belonged to the B shear texture fiber
defined with Euler angles of ϕ1 = 90◦, φ = 55◦, and ϕ2 = 45◦ (Figure 4a). The fiber very well
corresponded with the (111)||SD (swaging direction) fiber (see also Figure 5a). In other
words, the Cu grains within the 15 mm swaged bimetallic laminate exhibited preferential
texture orientations typical for FCC metals subjected to severe shear strain [22]. As evident
in Figures 4b and 5b, the heat treatment decreased the maximum texture intensity observed
for the 15 mm laminate. The B texture fiber was still evident within the heat-treated
structure. However, a portion of the grains recrystallized, and the observed intensity of the
ideal B shear deformation texture fiber was comparable to the intensity of the Cube ideal
recrystallization texture (Euler angles of ϕ1 = 0◦, φ = 0◦, and ϕ2 = 0–90◦); note the increase
in the intensity of the (001)||SD fiber evident in Figure 5b. These findings were confirmed
by the detailed analyses of the orientations of the individual grains within the Cu structures
of the 15 mm bimetallic laminates depicted in Figure 6a,b. These figures clearly show that
the intensity of the B deformation texture fiber dominated within the swaged structure,
whereas after the heat treatment, its intensity decreased and became comparable to that of
the Cube ideal recrystallization texture orientation (the intensity of which slightly increased
after the heat treatment).

The maximum intensity of the texture observed within the 10 mm swaged bimetallic
laminate (see Figures 4c,d and 5c,d) was lower than that within the 15 mm swaged one,
as well as lower than that within the 15 mm laminate after the heat treatment. The
dynamic recrystallization occurring during swaging down to the final laminate diameter of
10 mm thus promoted texture randomization, which went hand in hand with the above
characterized grain refinement and increase in HAGB fraction. The structure still featured
a relatively strong B shear texture fiber, which is also evident in Figure 6c showing the
texture orientations in the individual Cu grains of the 10 mm bimetallic laminate. However,
the intensity of the Cube recrystallization texture within this structure was very high, and
it almost doubled when compared to both the Cu structures of the 15 mm bimetallic
laminates (swaged and heat-treated). From the viewpoint of the recrystallized fraction, one
can conclude that swaging to 15 mm combined with the post-process heat treatment at
350 ◦C was not as efficient for the promotion of recrystallization within the Cu structure at
the higher reduction ratio, i.e., direct swaging down to 10 mm.

The heat treatment applied to the 10 mm bimetallic laminate then introduced no-
table texture changes. The maximum texture intensity decreased, as can be seen in
Figures 4d and 5d, but the structure still featured ideal texture orientations of a high
intensity—the intensity of the B texture fiber increased after the heat treatment, but the inten-
sity of the Cube recrystallization texture decreased to a very low level (compare Figure 6c,d).
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Such structure development can be explained as follows: the intensive shear strain imposed
during the swaging process promoted repeated grain fragmentation, followed by the devel-
opment of the substructure and the nucleation of new grains [53]. Therefore, the structure
within the bimetallic laminate subjected to a higher swaging degree, i.e., swaged to 10 mm,
underwent a greater number of repetitions of the grain nucleation/fragmentation processes
during the deformation processing than the one swaged with a lower swaging degree, i.e.,
to 15 mm. The high intensity of the Cube texture orientation within the swaged structure
of the 10 mm bimetallic laminate (Figure 6c) corresponded to a stage in which (partial)
dynamic recrystallization barely occurred. Because of this, the subsequent heat treatment
did not promote recrystallization, as observed for the 15 mm bimetallic laminate, but only
structure restoration via the recovery and growth of a portion of the deformed grains, via
the effect of which the fraction of the grains featuring the B fiber ideal orientations increased
slightly after the heat treatment (Figure 6d).
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3.4. Substructure

In order to confirm the above-drawn conclusions on structure recrystallization and
recovery, the development of the substructures within the Cu lamellas of the swaged and
heat-treated bimetallic laminates was observed in detail via scanning TEM (i.e., STEM). As
evident in Figure 7a,b, swaging the bimetallic laminate to the diameter of 15 mm resulted
in a substantial accumulation of lattice defects and the formation of the substructure. In
other words, the Cu grains featured a high density of accumulated dislocations. The
heat treatment then induced the partial recrystallization of the structure and the related
annihilation of dislocations as the mobility of the dislocations increased due to the thermally
activated dislocation motion [58]. Figure 7c evidently shows the heterogeneous structure
and the recrystallized dislocation-free grains, which were mixed with (still) highly deformed
grains featuring a developed substructure. This finding confirms the above discussed
conclusions based on the results of the texture analyses (e.g., Figure 6b). The STEM image in
Figure 7c also depicts a twin within a recrystallized grain, which confirms the development
of twin boundaries within the Cu structure of the 15 mm bimetallic laminate during heat
treatment (Figure 2b). Figure 7d–f show the STEM images of the Cu substructure acquired
from the 10 mm bimetallic laminate. The simultaneous presence of recrystallized and
deformed grains, as discussed above, can be seen in Figure 7d. In other words, the Cu
structure of this swaged laminate also exhibited the presence of grains featuring a high



Materials 2023, 16, 3480 10 of 16

dislocation density (e.g., Figure 7e) but also (recently) recrystallized grains with a lesser
occurrence of dislocations. After the heat treatment, the 10 mm bimetallic laminate exhibited
dislocation annihilation and the massive development of twins (as also documented by the
grain boundary analyses), which is confirmed by the STEM image depicted in Figure 7f.
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3.5. Mechanical Properties

The HV02 Vickers microhardness was evaluated for the 15 mm and 10 mm swaged and
heat-treated bimetallic laminates, as well as for the conductors swaged from the original CP
Cu and CP Al metals. The results are summarized in Figure 8. The average microhardness
values for the Al and Cu components of the 15 mm and 10 mm swaged bimetallic laminates
were more or less comparable (compare 115.2 HV02 for the Cu of the 15 mm laminate
and 116.9 HV02 for the Cu of the 10 mm laminate, and compare 41.0 HV02 for the Al of
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the 15 mm laminate and 41.2 HV02 for the Al of the 10 mm laminate). The comparison
of the measured values of microhardness with the values acquired for the conductors
swaged from the original Al and Cu metals points to deformation hardening induced by
swaging. Considering the different imposed swaging degrees, the observed increases in the
HV02 values (especially for the Cu components) were related to the (different) phenomena
occurring within the structures of the 15 mm and 10 mm bimetallic laminates. The grains
within the Cu of the 15 mm swaged bimetallic laminate were not as refined as those
within the 10 mm swaged one. Nevertheless, the grains featured substantial substructure
development, i.e., a high dislocation density, which was, most probably, the primary feature
contributing to the high microhardness of this laminate. However, the substructure within
the Cu grains of the 10 mm swaged bimetallic laminate was not as developed, but the
grains were more refined; i.e., the average grain size was smaller, which resulted in a higher
volume fraction of grain boundaries within the structure. Grain boundaries are generally
known to feature a higher energy than the interiors of grains, and they also typically act
as obstacles for dislocation movement, by which they contribute to the strengthening of
metallic materials [53]. Therefore, the primary factor contributing to the high microhardness
of the 10 mm swaged bimetallic laminate was the small grain size.
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The post-process heat treatment introduced structure softening for both the inves-
tigated swaged bimetallic laminates; however, the decrease in microhardness induced
by the heat treatment was more substantial for the 15 mm laminate. In other words, the
Cu components within the 10 mm heat-treated laminate featured a higher microhardness
than those within the 15 mm one. This phenomenon was related to the observed and
above-characterized (sub)structure development—contrary to the 15 mm one, the 10 mm
bimetallic laminate exhibited dynamic recrystallization during swaging, and, thus, the
subsequent heat treatment was more likely to promote the annihilation of dislocations at
the expense of structure softening via recrystallization.

3.6. Electric Conductivity

The measurement of the specific electric resistivity ρ was used to experimentally char-
acterize the DC transfer through the 15 mm and 10 mm swaged (and heat-treated) bimetallic
laminates. The acquired values are shown in Figure 9 depicting that the electric resistivity
of the 10 mm swaged bimetallic laminate was slightly higher than the electric resistivity
of the 15 mm swaged one. Although the applied heat treatment affected the structures of
the bimetallic laminates substantially, the specific electric resistivity measured after the
treatment was comparable to the value acquired for the swaged bimetallic laminate for
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both the conductor diameters. The highest specific electric resistivity of 23.83 × 10−9 Ωm
was measured for the 10 mm heat-treated bimetallic laminate, while the lowest electric
resistivity of 22.70 × 10−9 Ωm was measured for the 15 mm heat-treated bimetallic lam-
inate. In other words, the 15 mm heat-treated laminate featured the highest observed
electric conductivity. This can be attributed to several factors; the Cu structure of the 15 mm
heat-treated laminate featured restored grains with a decreased density of dislocations
(Figure 7c), which act as obstacles for the movement of electrons. Moreover, the laminate
featured a favorable texture—the structure exhibited a combination of a recrystallization
texture (grains with a restored substructure free of obstacles) and a B fiber texture (grains
advantageously elongated along the axis of the swaged laminate, i.e., the direction of
movement of the electrons). However, the high electric resistivity of the 10 mm heat-treated
bimetallic laminate can be attributed to the refined grains (high volume fraction of grain
boundaries, i.e., obstacles for the movement of electrons), as well as the massive occur-
rence of micro-sized twins. The presence of twin boundaries, especially nano-twin ones,
within the structure of electroconductive materials was hypothesized by others [59] to
possibly improve the electric conductivity, since the occurrence of twin boundaries can
result in a decreased density of lattice defects at the regular boundaries. Nevertheless,
twinning also subdivides the grain and results in the reorientation of a portion of the
crystal lattice [56]; i.e., it impairs the texture, which could have been purposefully tailored
to advantageously correspond to the direction of movement of the electrons. Based on
these facts, the micro-sized twinning observed within the Cu structure (nano-sized twins
were not observed) of the 10 mm heat-treated bimetallic laminate most probably negatively
affected the electric conductivity.
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Last but not least, an experimental evaluation of the characteristics of AC transfer for
both the processed 15 mm and 10 mm bimetallic laminates was performed. For this task,
it was necessary to perform measurements and computations of specific parameters, i.e.,
the specific electric resistivity ρ and resistance R, for conductors swaged from the original
CP Al and CP Cu metals. The values were R = 225.1×10−6 Ω (Cu) and R = 441.3 × 10−6 Ω
(Al), and ρ = 17.468 × 10−9 Ωm (Cu) and ρ = 28.772 × 10−9 Ωm (Al). The effect of
increasing the imposed swaging degree on the power loss during AC transfer, dPAC, and
DC transfer, dPDC, is evident in Table 2, which shows that the dPAC power loss was higher
than the dPDC power loss for both the examined diameters of the swaged (and heat-treated)
bimetallic laminates.

Table 2. Summary of DC and AC power loss and characteristic coefficients for conductors from
original metals and bimetallic laminates.

Conductor Material CP Al CP Cu Bimetallic Laminate

15 mm 10 mm 15 mm 10 mm 15 mm RS 10 mm RS 15 mm HT 10 mm HT

DC power loss (W) 1.632 3.664 0.989 2.222 1.165 2.822 1.164 2.819
AC power loss (W) 1.637 3.667 0.996 2.226 1.172 2.824 1.173 2.822

Coefficient ks (-) 1.003 1.001 1.007 1.002 1.006 1.001 1.007 1.001
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In order to assess the (different) behaviors of the laminates during DC and AC transfers,
coefficient kd, arising from dividing the dPAC power loss value by the dPDC power loss
value for each laminate (Table 2), can be computed. The coefficient characterizes the
increase in the resistance of a conductor during AC transfer when compared to DC transfer.
The final computed values of coefficient kd for the CP Al and CP Cu, as well as for the
swaged (and heat-treated) bimetallic laminates, are also depicted in Table 2. As can be seen,
the coefficient was generally higher for the 15 mm conductors and lower for the 10 mm
ones. Moreover, it was higher for the CP Cu when compared to the CP Al. With regard
to the processed bimetallic laminates, the calculated coefficients were lower than for the
CP Cu, except for the 15 mm heat-treated laminate, for which they were identical. When
comparing the bimetallic laminates to the CP Al, the coefficient was higher for the laminates
considering the conductors with a 15 mm diameter. However, for the 10 mm conductors,
the values of the coefficients calculated for the bimetallic laminates were identical to those
acquired for the CP Al conductor. The results show that, with regard to the characteristics
of AC transfer, the 10 mm bimetallic laminate exhibits a more favorable behavior than the
15 mm one, regardless of the structure state.

4. Conclusions

Al + Cu bimetallic laminates of an innovative stacking sequence were subjected to
room-temperature rotary swaging to achieve the final laminate diameters of 15 mm and
10 mm and combined with a heat treatment at 350 ◦C for 15 min to optimize the manufac-
turing conditions from the viewpoints of structure stability and electric and mechanical
properties. The results show that neither the imposed swaging degree nor the subsequent
heat treatment significantly affected the structure of the Al matrix, the grains of which were
refined to the available minimum (−2.9 µm) after swaging to 15 mm, while the swaging
degree substantially influenced the structures of the Cu components and their development
during the post-process heat treatment. The behavior during DC transfer was the most
favorable for the 15 mm heat-treated laminate featuring an average Cu grain size of 8.9 µm
and comparable fractions of Cube (recrystallization) and B (shear deformation) texture
orientations. However, the observed power loss during AC transfer was the lowest for
the 10 mm bimetallic laminates, regardless of the structure state. Suffice to say, room-
temperature rotary swaging was successfully used to manufacture the designed Al + Cu
bimetallic laminates, and by optimizing the processing parameters of thermomechanical
treatment, the properties of the final laminated conductors can be tailored for prospective
DC or AC transfer (according to the requirements).
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