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• The new design for Al\\Cu conductor
with copper used as helical wire fully
embedded in the aluminium matrix is
suggested.

• Samples with helical reinforcement ex-
hibit increased load-bearing capability
and higher strain hardening during de-
formation.

• The SPD processing is important for
strengthening of the hybrid due to
grain refinement and dissolution of in-
termetallic.

• New analytical model predicting the
electrical conductivity of hybrids and
accounting for intermetallic layer is de-
veloped.

• The model depends on two parameters
determined by copper volume fraction
and the geometry of the helical
constituent.
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This study is inspired by the potential of application-designed aluminium-copper conductors. This work com-
bines recently discovered advantages of hybrids with one constituent having a helical architecture with the ben-
efits provided by severe plastic deformation (SPD)methods. The hybrids are made by embedding copper helixes
in melted aluminium and subjecting cast hybrid ingots to different SPD techniques. The electrical conductivity,
microstructure features and strength of the produced samples are discussed in relation to effect of SPD and an-
nealing on both constituents and an interface zone formed during the hybrids' production. It was shown that be-
tween all processing techniques the reciprocal extrusion (RE) has the great potential for production of
lightweight conductors with high conductivity and enhanced strength. A new model describing the effective
electrical conductivity of hybrid samples, consisting of an aluminium matrix with an embedded copper helix
and intermetallic containing interface, is developed and justified by experimental data. The model is shown to
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Microstructure
 be instrumental for analysis of the effect of the helix's parameters and interfacewidth on effective conductivity of
the hybrid samples and could be used for optimal design of hybrid conductors.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Copper and aluminium are the twometallic materials with the low-
est electrical resistivity used to make electrical conductors. While pure
copper has the best conductivity, which is taken as 100% IACS (Interna-
tional Annealed Copper Standard), aluminium offers lower cost and a
lighter weight. The choice between copper and aluminium is defined
by their area of applications. Copper and copper alloys, without doubt,
are the first choice for electronic and telecom wires [1], while alumin-
ium and aluminium alloys are the best selection for overhead high-
voltage power lines [2]. Due to aluminium's lower conductivity (65%
vs. 100%), however, the aluminium conductor must be larger than an
equivalent copper one to achieve the same efficiency. Additionally, cop-
per is twice as strong as aluminium, which means that an aluminium
wire cross-section must be double that of the copper one to get the
same load-bearing capacity as copper wire.

To benefit from the best properties of bothmaterials, an application-
designed hybrid composed of aluminium and copper seems a reason-
able solution. Industry seems to moving toward such a solution. Re-
cently, for example, a combined Al/Cu cable was used at the Dietlikon
Power Station in Switzerland as a low-voltage underground cable
possessing the technological properties of copper at the price of alumin-
ium [3]. Low-cost requirements have, unfortunately, limited the volume
fraction of copper in aluminium conductors and, therefore, the tensile
strength increase by a copper addition to aluminium conductors has,
thus far, not been significant.

In the last two decades, a significant effort has been invested in de-
veloping severe plastic deformation (SPD) techniques, which impart a
virtually unlimited amount of shear strain into materials [4]. The shear-
ing and accompanyingmaterial rotations result in extreme grain refine-
ment, down to the nanometer-range. It was demonstrated that by
forming an ultrafine-grained (UFG) structure, a much more significant
increase in the strength of conductive aluminium and copper alloys
can be achieved [5]. Nevertheless, simultaneously with grain size de-
crease, there is corresponding increase in the grain boundary and dislo-
cation densities, which consequently leads to reduction of electrical
conductivity due to thewell-known relation between strength and elec-
trical conductivity [6]. Designing a process in which SPD of different al-
loys is followed by heat treatment to recover the defects introduced by
SPD but that maintains the UFG structure may be a reasonable strategy
for achieving a high level of both properties—strength and conductivity
[5]—in the resulting composite material.

Today, accordingly, the focus shifts on determining the optimal de-
sign of the constituents of hybrid materials to benefit from their advan-
tages. In a visionary article about new ways to design novel materials,
Ashby [7] highlighted the potential of hybrid materials, which he de-
fined as combinations of two or more materials assembled in such a
way as to have attributes not offered by either one alone. The material
design strategies championed by Ashby are inspired by geometry and
introduce shapes and arrangements of the building blocks to enable
new ‘degrees of freedom’ for hybrids [8,9]. This geometric aspect defines
hybrid materials as a special case of composites with engineered inner
architectures.

The present research focuses on the spiral geometry of copper he-
lixes in aluminiumbars,which can contribute to enhancement of hybrid
conductor properties. Helical architectures are very common in natural
biological systems, ensuring a combination of high strength and stretch-
ability [10]. In engineered structures, the beneficial effect of
reinforcement of a material with helical inclusions on the Young's mod-
ulus, strain hardening and tensile ductility was demonstrated in [11].

Here we study the helical architecture of the copper constituent in a
Al/Cu composite in conjunction with different SPD processing tech-
niques and low temperature annealing for optimisation of the hybrid
material's strength and electrical conductivity.

Special attention is payed to the evolution of intermetallic phases
formed at the aluminium – copper interface during processing. Such in-
termetallics are known to exhibit lower conductivity than the respec-
tive pure components, which, in addition to their intrinsic brittleness,
can compromise the beneficial effects of material hybridization. The
possibility of intermetallic zone tailoring by SPD is discovered.

2. Materials and methods

2.1. Samples preparation

Samples were prepared by pouring melted pure aluminium
(99.96%) into crucibles where the helix, made from commercially pure
copper (99.99%), was placed along the central axis of the vessel. The
set of copper helixes were made from copper wire with diameters, d,
1.5 and 5 mm and with different pitch, p, external diameters, D, and in-
ternal diameters, as shown in Table 1.

To evaluate the temperature increase in the copperwire during cast-
ing, the convective heat transfer from hot aluminium to copper can be
calculated as, [12]:

dq
dt

¼ hS TAl−T tð Þ½ �; ð1Þ

and the heat flux can be estimated from the following expression:

dq ¼ mkCudT tð Þ; ð2Þ

where h= 1000 (Wm−2K−1) [13] is the heat transfer coefficient at the
copper-aluminium interface; S= πDL is the surface area of copperwire;
TAl =660 ° C is the aluminium's initial temperature; T(t) is the temper-
ature of the copper wire with mass m, which rises from an initial tem-
perature of T(0) = 20 ° C to an equilibrium temperature of 0.99TAl =
653 ° C, and kCu=0.385 (J ° C−1g−1) [12] is the heat capacity coefficient
per unit mass.

Integrating Eqs. (1) and (2) gives an estimation of the time needed
until temperature equilibrium is reached:

t ¼ mkCu
hS

ln
TAl−T 0ð Þ
TAl−T tð Þ ¼ mkCu

hS
ln

TAl−20
TAl−0:99TAl

: ð3Þ

Using Eq. (3) for all samples showed that equilibrium temperature
was reached at a time within the range of (6…14) seconds.

The cast billets were thenmachined into samples with geometry re-
quired for the three different SPD processes used in this research and
described below.

Samples 1 and 2 containing helixes with an internal diameter of
4 mm were cut into three rods, each with a 12-mm diameter and 35-
mm long, and deformed at room temperature by high pressure torsion
extrusion (HPTE); a detailed description of the process is given in [14].
This process combines the benefits of two deformation techniques,
namely, extrusion and high pressure torsion. The samples were ex-
truded with a translation speed of 10 mm/min through sectional

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Table 1
Parameters of the copper helixes and deformation processes used.

Helix image Rod
number

Wire
diameter
d, mm

Helix internal
diameter
D-d, mm

Helix
pitch
p, mm

Deformation
process

1 1.5 4 6 HPTE

2 5 4 24 HPTE

3 1.5 15 12 RE

4 5 15 25 RE

5 5 15 30 RE

6 1.5 15 15 TE

7 5 10 24 TE

8 5 10 18 TE

9 5 4 31 TE

10 1.5 10 10 TE

11 5 0 ∞ Non-deformed
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containers rotating relative to each other, with an angular speed of 5
rev/min and an average accumulated equivalent strain of about 930%.

Samples 3, 4 and 5 containing helixes with an internal diameter of
20mmwere deformed at 400 °C by four passes through a reciprocal ex-
trusion (RE) process [15]. Here, samples were extruded back and forth
between two chambers of equal size (35 mm in diameter) connected
via a narrow opening (10 mm in diameter) with a die set in the shape
of an hourglass. Each pass introduced an equivalent strain about 250%
into the deformed material. Consequently, the total accumulated aver-
age equivalent strain was about 1000%.

Samples 6, 7, 8, 9 and 10 containing helixes with different diameters
were machined into parallelepipeds (40 × 25 × 80 mm) and deformed
by two passes through a twist extrusion (TE) [16] process, at 200 °C and
back-pressure of 50 MPa with a total average accumulated equivalent
strain ranging between 30% and 120%.
Table 2
Characteristics of copper helixes essential for conductivity calculation.

Rod number Winding radius
R, mm

Pitch parameter
h, mm

Tan
tan

1
2.75 0.95 0.34

2
4.50 3.82 0.84

3
8.25 1.91 0.23

4
10.00 3.98 0.39

5
10.00 4.77 0.47

6
8.25 2.39 0.28

7
7.5 3.82 0.50

8
7.5 2.86 0.38

9
4.50 4.93 1.09

10
5.75 1.59 0.27

11
2.5 ∞ 0 (0
After the deformation, some samples were subjected to recovery
heat treatment at 250 °C for 4 h to retain the ultrafine grain size in the
copper constituent and attain recrystallization of the aluminiummatrix.

The helix geometry in the deformed samples was imaged by HR 3D
μComputed Tomography using RX Solution's micro-tomograph with an
operational voltage of 150 kV and a large area flat panel
(~100 ∗ 100 mm2). The reconstruction (from 2D projections to 2D
cross-sections) was made with RX Solution's X-Act software, followed
by 3D visualisation using Dragonfly software.
2.2. Electrical resistivity measurements

The electrical resistivity for all these samples wasmeasured at room
temperature by the four-point method. The resistivity was calculated
gent inclination to z axis
θ (θ°)

Copper volume fraction
fCu

7 (19.15°) 0.024 0.048 0.051

9 (40.33°) 0.126 0.138 0.152

1 (13.03°) 0.0034 0.0006

8 (21.70°) 0.0428 0.0460

7 (28.36°) 0.0684 0.0131

8 (16.07°) 0.0015

9 (26.99°) 0.0536

2 (20.91°) 0.0594

6 (52.91°) 0.0311

7 (15.47°) 0.0034

.00°) Varied



Fig. 1. Helix parameters.
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using the following expression:

ρ ¼ V
I
� S
L
; ð4Þ

where V is the voltage drop between two probe points (at a distance L
from each other) on the side of the parallelepiped measured by a
Keithley 2700 multimeter; L is varied from 5 to 55 mm (it was equal
to 5 mm, 25 mm, 35 mm and 55 mm as four different probes were
used), depending on the specimen's height; and I = 10 A is a constant
current applied by the TDK-Lambbda's power source through the top
and bottom sides of the sample.

The base area of the sample, equal to S, is in the contact with copper
plates under 200 Pa of pressure.

2.3. Microstructure characterization

SEM characterization was carried out using a Zeiss Ultra Plus high-
resolution scanning electron microscope (HR-SEM) at 10 kV accelerat-
ing voltage. The majority of images have been taken using the detector
of back-scattered (BS) electrons in Z- contrast mode to distinguish dif-
ferent phases. To reveal the grainswith different crystallographic orien-
tation at the mirror-polished surface (without etching), the angular
Fig. 2. SEM (BS) images showing the interface zone formed between Al and Cu (EDX has taken
bubble-like inclusion of Cu solid solutes in Al (97at%Al-3at%Cu); (b) The thin (4± 2 μm) layer o
line shows the direction of the EDX line scan; (c) The atomic concentration of Al and Cu along
selected BS electrons detector was used at 15 kV accelerating voltage.
Chemical analysis was performed by energy-dispersive X-ray spectros-
copy (EDX) by HR-SEM at 10 kV accelerating voltage. Cu Lα and Al Kα
analytical lines and pure aluminium and copper standards were used.
The average grain size was measure using SEM BS images by line inter-
cept method according to the ASTM (E112 – 10) standard.

Transmission electron microscopy (TEM) was performed using a
Techna T20 operated at 200 KeV. Scanning transmission electron mi-
croscopy (STEM) was performed with a double Cs-corrected FEI 80-
300 Themis G2 operated at 300 kV. A 21 mrad beam convergence
semi-angle was used. In high-angle annular dark-field (HAADF-)
STEM imaging mode, the camera length was set to 94 mm, and gave
an inner collection semi-angle of 119 mrad and an outer collection
semi-angle of 200 mrad. The bright-field (BF) and dark-field (DF)
STEM images were also collected employing the semi-angle range of
0–11 mrad and 15–25 mrad, respectively. Energy-dispersive X-ray
spectroscopy (EDX) mapping was carried on STEM using a Dual-X de-
tector (Bruker).

TEM lamella was prepared by the focused ion beam (FIB) technique
using a FIB-SEM dual beam microscope (FEI Helios Nanolab Dualbeam
G3).

2.4. Helixes geometry characterization

Before SPD, the architecture andmicrostructure of the sampleswere
characterised analytically and experimentally, Table 2.

The helix surface of the copper wire in x, z coordinates, Fig. 1, can be
expressed as:

x−R � cos z=h
� �� �2 þ y−R � sin z=h

� �� �2 ¼ r2; ð5Þ

where R is the winding radius (D = 2R), r is the wire radius (d = 2r),
and h is the parameter defining the pitch of the helix (p = 2πh).

In parametric form, t ∈ (0,2π), the helix is expressed as:

x tð Þ ¼ R � cos tð Þ y tð Þ ¼ R � sin tð Þ z tð Þ ¼ h � t; ð6Þ
along LS shown in insert (b)). (a) The wide (100± 20 μm) layer of the θ-Al2Cu phase with
f theγ-Al4Cu9 phase and the thinner (0.7± 0.4 μm) layer of the ζ-Al3Cu4 phase; the yellow
the line shown versus distance.



Table 3
Electrical resistivity and hardness of three Al\\Cu phases from the literature.

Phases θ-Al2Cu γ-Al4Cu9 ζ-Al3Cu4 References

ρ, [ohm − m] 11.1 16.5 – [19]
ρ, [ohm − m] 7.6 17.3–25.9 – [20]
ρ, [ohm − m] 6.49 18.8 – [21]
ρ, [ohm − m] 8.7 13.5 12.2 [22]
HV0.001, [MPa] 632 636 – [21]
HV, [kg/mm2] 720 1160 – [19]
H0.002, [kg/mm2] 735 – 852 [23]

Fig. 3. STEM-EDX analysis showing the chemical composition and grain structure at the interface zone. (a) HAADF-STEM image, (b) BF-STEM image, (c) EDX mapping, (d) chemical
composition along the line shown in (c).
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and has a constant slope to the z axis defined by angle Θ at any point of
the surface:

tanθ ¼ h
.

R
¼ p=2πR ð7Þ

Using the data in Table 1, the tangent inclination was calculated for
all helixes used in this research (see Table 2).

2.5. Copper volume fraction calculations

Despite being able to calculate the helix volume analytically, exper-
imental measurements of the copper volume fraction were made to
eliminate the scattering of results due to position of the cut. Each rod
was cut into a number of smaller samples according to the requirements
of the deformation process along the length of theworkpiece. For exam-
ple, three samples from rods 1 and 2, Table 1,were cut for HPTEprocess-
ing before deformation, which yielded an average copper volume
fraction of 0.041 and 0.139, respectively (see the values in the last col-
umn of Table 2). Samples processed by RE (rods 3, 4 and 5, Table 1)
were cut into two parts after deformation, yielding large cylindrical
samples, 35 mm in diameter, and small cylindrical samples, 10 mm in
diameter (see the values in the last column of Table 2). Samples proc-
essed by TE (rods 6, 7, 8, 9, 10, Table 1) were not cut into smaller
samples.

Diameter of sample 11was turned downbetween conductivitymea-
surements to provide the variety of fCu values necessary to obtain a con-
ductivity baseline.

The required variables were calculated using the weights and di-
mensions of each sample and the following three equations:

W ¼ ρ́AlVAl þ ρ́CuVCu ¼ ρ́Al V−VCuð Þ þ ρ́CuVCu; ð8Þ

V ¼ VAl þ VCu; ð9Þ

f Cu ¼ VCu
�
V ; ð10Þ

where ρ́Al and ρ́Cu are the density of aluminium and copper; V, VAl, VCu
are the total volume of the sample, the aluminium volume and the cop-
per volume, respectively; andW is the measured weight of the sample.

3. Experimental results and discussion

3.1. Characterization of cast samples

Fig. 2 shows SEM-BS (back-scattered) images of the cross-section of
typical samples produced by the technique described in Section 2.1. The
solidified aluminium had a typical cast structure while the annealed
copper rod had equiaxed grains of ~20 μm, as defined by line intercep-
tion method from SEM imaging. The interface between melted alumin-
ium and solid copper came to temperature equilibrium and three layers
are visible between the Al and Cu regions. It should be noted, that the
cast-aluminium matrix and the interface consisted of intermetallic
phases are quite brittle.

The classic Al\\Cu phase diagram, analysed by Murray [17], allows
thirteen stable intermetallic phases and three metastable phases, in
this system. At equilibrium temperature, on an interface equal to

653 °C: DAl
Cu ¼ 10−12ðm2

.
s
Þ and DCu

Al ¼ 3:98 � 10−16ðm2
.

s
Þ , where

DCu
Al andDCu

Al are the diffusion coefficients of Cu in Al and Al in Cu, respec-
tively. The characteristic diffusion length

ffiffiffiffiffiffi
Dt

p
was estimated, for 2 h

cooling time, to be 85 μm for Cu in Al and 1.7 μm for Al in Cu. This ap-
proximation, however, does not account for the change in the diffusion
coefficient during phase formation and, therefore, the diffusion distance
of Cu in Al was assessed from SEM images to be 100…150 μm,while the
Al in Cu diffusion distance was below 1 μm. Among all intermetallic



Fig. 5. Grain size of the copper and aluminium constituents of the hybrid samples after
deformation.

Fig. 4. Electrical conductivity of the cast aluminium billet with a copper straight wire-
insert along the axis of the billet versus the copper volume fraction (blue dots are the
experimental results; blue dashed line is a linear fitting line). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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compounds (IMC), which have been frequently described in the litera-
ture, [18]—θ-Al2Cu, η-AlCu, ε-Al2Cu3, ζ-Al3Cu4 and γ-Al4Cu9—only θ, ζ
and γ were found, while high temperature phases were not detected
in the cast billets produced for this research.

The chemical composition of the IMC phases was confirmed by
STEM-EDX characterization, Fig. 3. The HAADF image and correspond-
ing EDX measurements clearly indicate four phases: Al, θ-Al2Cu, ζ-
Al3Cu4 and γ-Al4Cu9. Moreover, in the BF-STEM image, Fig. 3b, grains
within each individual four phase were not revealed, which means
that these phases were not polycrystalline. Therefore, it could be as-
sumed that the grain size of the IMC is in the micrometre range.

Several studies on aluminium‑copper IMCs have shown that all of
them are hard and brittle and their electrical resistivity is much higher
than of the constituents of this hybrid material, [19–23]. The properties
of three phases published previously are summarised in Table 3.
Table 4
SEM (BS) images of copper and aluminium constituents and their interface zone.

RE (T = 400 °C, ε = 10)

Cu

Al

Interface zone
For comparison, electrical resistivity of pure aluminium is
2.655 − 2.826 ohm − m and electrical resistivity of pure copper is
1.707 − 1.724 ohm − m [24], while hardness of pure aluminium is
around 20 HV and hardness of pure copper is about 57 HV.

3.2. Electrical conductivity as a function of the copper volume fraction for a
non-helix shaped constituent

Using sample 11, we eliminated the helix shape parameters from
our electrical resistivity study. Sample 11 consisted of a straight wire
5 mm in diameter, cast into an aluminium billet. The electrical conduc-
tivity of the cast aluminiumwas checked on the separately cast alumin-
ium billet and was 53.5 ± 5.6%IACS. The electrical conductivity of
TE (T = 200 °C, ε = 0.75) HPTE (T = 20 °C, ε = 9.3)



ig. 7. EDX line scan analysis across the (a) aluminium-intermetallic boundary (distance between points is 1 μm) and (b) the copper-intermetallic boundary (distance between points is

Fig. 6. Fracture at interface pattern after deformation by: (a)TE and (b) HPTE (white arrows indicate cracks appearance).
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F

5 μm); (lamella for TEM study has been lifted from region indicated by the white box in panel a).



Fig. 8. TEM characterization of the interface zone after deformation by HPTE. (a) BF image; (b) SADP from an Al grain; (c) SADP from an Al2Cu grain.
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sample 11 was measured after casting (~43.3%IACS) and the average
value was much lower than that of pure aluminium casting, which re-
flects the strong influence of the intermetallic compoundwith low con-
ductivity. To increase the copper volume fraction gradually, the sample
diameter was turned down several times and the conductivity was
measured after each turning.

The results of the conductivity measurements are presented by blue
points in Fig. 4. It can be seen that the scattering is quite strong, perhaps
due to possible fractional misalignment during the turning operation.
The fitting line, however, follows the trend and is almost parallel to
the theoretical line calculated by the rule of mixture (11).

σ ef ¼ σAl f Al þ σCu f Cu ¼ σAl 1− f Cuð Þ þ σCu f Cu; ð11Þ

The difference between lines can be attributed to the presence of the
intermetallic layers with conductivity in the range (4…15)%IACS. More
precision can be attained if Eq. (12) is used to calculate the effective con-
ductivity of such composites.

σ ef ¼ σAl 1− f Cu− f Intð Þ þ σCu f Cu þ σ Int f Int ð12Þ

Comparison of the theoretical curves calculated by Eqs. (11) and
(12) shows that they are quite close for small copper volume fractions,
given that the volume fraction of the intermetallic compound is propor-
tional to fCu. Nonetheless, as fCu increases, the theoretical line, which re-
flects the presence of the intermetallic phase, Eq. (12), deviates from the
line for Eq. (11) and approaches the experimental fitting line, Fig. 4.
Fig. 9. TEM images of grains in the Al-Al2Cu intermixing zone after deformation byHPTE and ini
Al2Cu grains (crack initiation indicated by arrows).
The difference between the theoretical and the experimental fitting
curvesΔ is about 8%IACS. Using Eqs. (11) and (12), this difference can be
estimated as:

Δ ¼ f Int σAl−σ Intð Þ: ð13Þ

As the phase θ-Al2Cu is the major one in the interface, Fig. 2, we can
calculate the intermetallic (IM) volume fraction, using the data in
Table 2. The IM fraction turns out to be about fInt=0.1538, which allows
us to estimate the average thickness of the interface zone, ~340 μm,
comprising an inter-diffusion layer and intermetallic phase layers.

3.3. Characterization of samples after SPD

In Table 4, the SEM BS images of the cross-sections of samples de-
formed by three different SPD techniques are presented. For each pro-
cess, the images in columns show the aluminium, copper and
interface regions, respectively. The average grain size collected from
the number of SEM images is dCu = 380 ± 120 nm, 210 ± 80 nm,
160 ± 150 nm and dAl = 14.3 ± 6.1 μm, 1.8 ± 1.2 μm, 0.46 ±
0.15 μm for samples processed by the RE, TE and HPTE processes,
respectively.

It should be noted that the microstructure is extremely non-
homogeneous with the presence of very small grains (below 50 nm)
within prominent shear bands (mostly in the RE processed samples)
and almost undeformed initial large grains of around 200 μm alongside
the band of ultrafine grains for the TE processed samples. The non-
tiation of cracks: (a) between twoAl2Cu grains; (b) within Al2Cu grain; (c) between Al and



Fig. 10. BS SEM image of interface zone after RE deformation.
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uniform distribution of equivalent strain in the cross-section of the TE
deformed samples [16] promotes the non-uniformity of the
microstructure.

The grain size in the aluminium and copper constituents of the de-
formed samples is presented as a function of deformation temperature
and equivalent strain in Fig. 5. These functions of the two variables
show that dAl is more dominated by the processing temperature than
dCu, on which the equivalent strain has the main effect. In the last row
of Table 4, the images of the interface between Al/Cu are shown after
each deformation process. It can be seen that only the RE deformed
samples maintain the integrity of the interface zone. For the other two
processes, constituents are separated by cracks propagating through
the brittle intermetallic phases. Multiple cracks appear in the HPTE de-
formed samples due to the lower deformation temperature.
Fig. 11. BS SEM image with EDX line scan analysis across interfac
Analysis of the interface zone after HPTE and TE processing shows
the presence of the same phases as in the initial as-cast state, Figs. 2
and 3. These phases are quite brittle at low temperatures [21,23], evi-
denced by their damage during plastic deformation. After TE, a single
crack propagating through the θ-Al2Cu phase is seen clearly in Fig. 6a,
while multiple cracks were observed within all three θ-Al2Cu, ζ-Al3Cu4
andγ-Al4Cu9 phases, Fig. 6b. Thesemultiple cracks, parallel and perpen-
dicular to the phase boundaries, develop during SPD, are introduced by
HPTE in comparison to mid-level strain introduced by TE.

The intermetallic phasewas defined by EDX line scan analysis across
the aluminium-intermetallic and copper-intermetallic boundaries, with
results shown in Fig. 7. A mixture of the two-phase Al2Cu and Al(Cu)
solid solution creates a 200 μm wide zone, and has a lamella morphol-
ogy with spacing of 300–400 nm. This is followed, moving toward the
copper, by a 2–10 μm-wide Al3Cu4 zone and an approximately 5 μm-
wide Al4Cu9 zone.

Themicrostructure refinement and crack initiation due to HPTE pro-
cessing were analysed by TEM, Figs. 8 and 9. As seen in Fig. 8a, full
intermixing of the Al2Cu phase and Al matrix due to fragmentation of
the brittle intermetallic phase is observed. The extensive grain refine-
ment can be seen in both the Al matrix and the Al2Cu phase, Fig. 9.
The redistributed Al2Cu grains have very close crystallographic orienta-
tions and exhibited a similar diffraction contrast as what is observed in
Fig. 8a. The grain rotation was restricted due to the low temperature,
which led to crack initiation between intermetallic grains, Fig. 9a, b, as
well as between intermetallic and matrix grains, Fig. 9c.

It should be noted, that the average Al grain size after HPTE is shown
to be 460 ± 150 nm estimated from SEM characterization (Table 4),
while it looks twice smaller from TEM images. This is explained by the
difference in the intensity of grain refinement in theAlmatrix at the dis-
tance from interface and in the vicinity of interface. In proximity of in-
terface more severe grain-refinement takes place. It is generally
accepted that in co-deformation of two materials, the softer phase (Al)
flows around harder phase (Al2Cu) and experiences higher strain.
Therefore, more extensive grain refinement of Al is observed in the
intermixing zone.

Analysis of the interface after RE revealed a completely different sit-
uation, Fig. 10. Apparently, the biggest θ-Al2Cu phase has been dissolved
due to SPD (~1000%) under high hydrostatic pressure and high
e after RE deformation (distance between points is 0.5 μm).



Fig. 12. STEM-DF characterization of the interface zone after deformation by RE.
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temperature (400 °C). Only small particles of this phase remained. The
other two phases were partially dissolved and the interface width has
been reduced to about 3–5 μm, as can be seen in Fig. 11.

In addition to a drastic reduction in the interface zone width (50
times smaller), the intermetallic phases reached sufficient ductility at
400 °C and extensive grain refinement was observed within the inter-
metallic layers, Fig. 12. The average grain size of intermetallic phases
Al2Cu, Al3Cu4 and Al4Cu9 was 530 ± 171 nm, 313 ± 114 nm and
372 ± 152 nm, respectively. Therefore, it is expected that RE process
will be the optimal method for simultaneously increasing strength and
conductivity for structures comprising copper helixes inserted within
aluminium cast billets and subjected to SPD.

Othermethods to govern the thickness of interface between alumin-
ium and copper are discussed in [25]. It was shown by experiments that
the thickness of the interlayer clearly correlates with the friction-stir
welding process temperature. Therefore, the other methods are avail-
able to create the hybrid conductors with helical architecture.
Fig. 13. Electrical conductivity of the samples versus copper volume fraction. (a) Before
and after deformation by TE, RE, and HPTE; (b) after deformation and annealing at
250 °C for 4 h.
3.4. Electrical conductivity of samples after SPD

Samples 1–10 (Table 2) with different helixes covering the region of
the copper volume fraction up to amaximumof 0.152were subjected to
three different SPD processes. Electrical conductivity measured before
and after deformation versus the copper volume fraction is presented
in Fig. 13a. Electrical conductivity measured after deformation and an-
nealing at 250 °C for 4 h is presented in Fig. 13b.

The electrical conductivity values before deformation (black
curve, Fig. 13a) are quite close to the experimental values shown in
Fig. 4 for sample 11 (in the same range of fCu). After deformation by
TE where the accumulated strain is relatively small (30–120%) and
the temperature is relatively high (200 °C), conductivity improves
due to the closing of casting defects and elimination of the sample's
dendritic structure. The more severe plastic deformation by RE (up
to 1000%) results in a decrease in electrical conductivity even though
the processing was done at a high temperature (400 °C). A significant
drop in conductivity was observed after deformation by HPTE, which
applied a high level of strain (930%) at room temperature. We note
that for all samples except those processed by HPTE, the conductivity
has a strong linear dependence on the copper volume fraction. Con-
sidering the inclination angle of fitting lines, it could be notices that
RE and RE - annealed samples have the steepest increase of conduc-
tivity with increase of copper volume fraction. The conductivity of
these samples exceeds conductivity of samples deformed by other
SPD processes, when fCu reaches the value of 0.16 and has the ten-
dency to saturate for higher values of fCu. It can be seen that anneal-
ing at 250 °C improves the conductivity but the tendency remains. To
understand the nonlinear character of the ‘conductivity versus cop-
per volume fraction’ function, the continuity of the copper helix
was checked by XT tomography.
3.5. Continuity of copper helix after SPD

The 3D reconstructed images of samples after SPD are shown in
Fig. 14. These images confirm that the RE and TE processes do not dis-
rupt the copper helixes, Fig. 14a, b, whereas HPTE breaks the helix
into small fragments, Fig. 14c. The effect of randomly distributed copper
fragments on conductivity cannot be described by the analytical model
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developed for continuous helixes and presented in Section 4.1. There-
fore, the model for HPTE processed samples is discussed separately in
Section 4.2.

3.6. Compression behaviour of hybrid samples

All samples underwent compression testing in its original shape.
Samples after TE and RE processing were tested only to a few percent
of plastic strain (7–10%) above yield given that their dimensions were
very big and the load exceeded the Instron capacity. Samples after
HPTE and RE cut from material in the neck of the hourglass die (desig-
nated further as RE-s) were tested to the full range of plastic strain.
The results were consistent with the prediction of themodel developed
in [26]. This model predicts that hybrid samples with helical reinforce-
ment exhibit higher yield strength, increased load-bearing capability
Fig. 14. XR tomography images of samples after deformation by (a)
and higher stiffness due to nonlinear behaviour of the spring embedded
in the matrix compared to linear reinforcement of the matrix, Fig. 15.
The theoretical linear model, based on the rule of mixture (dashed
line in Fig. 15), predicts much lower values of yield stress for our hybrid
samples than displayed by our experimental results, shown by round
symbols. It should be noted that yield stress for aluminium and copper
in the theoretical linear model were taken correspondingly to the strain
level and temperature of deformation for each process. The inserts in
Fig. 15 demonstrate the engineering stress–strain curves for the biggest
volume fraction of copper in each process tested to 7–10% of plastic
strain. Therefore, the strain hardening parameter could not be defined
for samples TE and RE, though visually strain hardening is bigger for
RE samples.

Samples, after HPTE and RE-s, were tested over the full range of plas-
tic strain where the expected tendency of enhanced strain hardening
RE; (b) TE; (c) HPTE (left image – rod 2, right image – rod 1).



Fig. 15. Yield stress in compression for samples deformed by: (a) TE; (b) RE.
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was observed. Some representative curves compared to the stress–
strain curve for annealed CP Al are shown in Fig. 16. A higher slope
was observed for hybrids with higher volume fractions of copper. A
comparison of the two curves for HPTE (fCu = 0.051) and RE (fCu =
0.045) processed samples with similar copper volume fractions, how-
ever, shows higher effective strain hardening (n = 0.46) for the RE-s
samples than for the HPTE sample (n = 0.34). This result can be ex-
plained by the difference in parameter introduced by Bouaziz in [27],
which actually is the winding diameter-to-pitch ratio of the helix (D/
p). The small number of samples available for testing over a full range
of plastic strain restricted the definition of effective strain hardening
as a function of two parameters—fCu and D/p. Nevertheless, the differ-
ence in the compressive behaviour and the effective strain hardening
parameter is clearly seen in Fig. 16.

It is expected that spiral reinforcement ofmaterialswill demonstrate
the benefits of such hybrid architectures for tensile loading as well. The
benefits due to postponing of the necking onset and increased tensile
ductility [26] should also make this technique attractive.

4. Theoreticalmodel of the effective electrical conductivity of hybrid
materials

Many theoretical models for prediction of effective electrical con-
ductivity of composite materials were developed during the 20th cen-
tury and comprehensive reviews of these can be found, for example,
Fig. 16. Engineering stress–strain curves resulting from compression of the samples de
in [28]. The two most common approaches were percolation theories
and effective media theories, and they were used until McLachlan pro-
posed the general effective media (GEM) model, combining the main
features of both approaches [29]. In hismodel, the effective conductivity
of composite material with two constituents depends not only on con-
ductivity and volume fraction of each component but on their shape
and interconnectivity.

Themodel of effective conductivity, σef, for hybrid samples with one
constituent possessing a helical internal architecture was developed
and presented in Section 4.1. It was assumed that the distance L be-
tween two probe points is significantly larger than the pitch of the
helix p and the effective conductivity is the inverse value of electrical re-
sistivity defined by formula (4). The model was developed for hybrid
materialswith a continuous copperwire, such as our samples, deformed
using RE and TE processes, while for samples deformed by HPTE,
McLachlan's model [29] was applied.
4.1. Models of electrical conductivity of hybrid samples with a helical inter-
nal architecture

The model is derived under the assumption that the current runs
parallel to the sample axis (for similar resistivity of constituents). The
situation inwhich the current runs along the copper helix only (resistiv-
ity of aluminium is very high, close to dielectric) is not realised.
formed by: a – HPTE; b – RE (cut from material in the neck of the hourglass die).
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The model regards a sample with a continuous helix as two conduc-
tors connected in parallel, Fig. 5a. The first conductor is a hollow cylin-
der (I) of diameter D (D = 2R is the winding diameter) and wall
thickness d (d = 2r is the wire diameter), which contains the copper
helix. It has a base area equal to:

SI ¼
π Dþ dð Þ2− D−dð Þ2
� �

4
¼ πDd ð14Þ

The second conductor is an aluminium cylinder (II) having the vol-
ume remaining after subtraction of the hollow cylinder's volume,
Fig. 17a. Both conductors should have the same height and, therefore,
the base area of the aluminium cylinder (II) is: SII = S − SI, where S is
the base area of the hybrid sample.

Here we introduce a parameter,

f 0Cu ¼ SI

S
¼ πDd

S
; ð15Þ

which characterizes the volume fraction of the cylinder (I) in the hybrid
sample.

The presentation of the hybrid sample as two cylinders leads to
the assumption of their connection in parallel. To calculate the ef-
fective conductivity per helix pitch, we consider one layer of height
p.

Designating the conductivities of cylinders (I) and (II) by σ I ;

σ II , respectively, first we calculate the conductivities using the
schematic presented in Fig. 17b, c. Then we use the additivity of
the conductivities for in-parallel connection of the conductors.

Each layer of cylinder (I), Fig. 17b, consists of a set of columns (with
width Δ, thickness d and height p) connected in parallel, where each
column has two aluminium parts, two interfaces and one copper part
connected in series.

Therefore, the electrical resistance of each column is equal to:

r ¼ hAl
d � Δ � σAl

þ hCu
d � Δ � σCu

þ 2δ
d � Δ � σ Int

: ð16Þ

here hAl, hCu and δ are the effective heights of the aluminium, copper and
interface parts within one column, respectively.
Fig. 17. Illustration of the electrical resistancemodel for hybridmaterial with one helix constitu
representation; (c) enlargement of one column.
The conductivity of the hollow cylinder (I), Fig. 17b, is calculated by
summation of all the columns' conductivities:

σ I ¼
X

r−1 ¼
X

d � Δ � ðhAlσAl
þ hCu
σCu

þ 2δ
σ Int

Þ−1

¼ SIðhAlσAl
þ hCu
σCu

þ 2δ
σ Int

Þ−1

:

ð17Þ

The conductivity of the aluminiumcylinder (II)with the sameheight
p is equal to:

σ II ¼
σAl S−SI

� �
p

: ð18Þ

Therefore, the effective conductivity of the whole sample can be
written as:

σef ¼ σ I þ σ II ¼
σAl S−SI

� �
p

þ SI
hAl
σAl

þ hCu
σCu

þ 2δ
σ Int

� 	−1

: ð19Þ

Considering that the thickness of the intermetallic is negligibly small
(2δ ≪ hCu), the final expression of effective conductivity can be written
as:

σef f 0Cu; f
00
Cu

� � ¼ σAl 1− f 0Cu
� �þ f 0Cu

1
f 00Cuσ−1

Cu þ 1− f 00Cu
� �

σ−1
Al þ kf 00Cuσ−1

Int

;

ð20Þ

where

f 00Cu ¼ hCu
p

ð21Þ

is the volume fraction of copper in the cylinder (I), Fig. 17, andk ¼ 2δ�
hCu

.

Model, based on the rule of mixture, depend only on one parameter:
the volume fraction of copper, fCu, in a whole sample. Our model, on the
other hand, rests on two independent parameters: (i) fCu′, which
charcterises the volume of the hollow cylinder containing the helix
and (ii) fCu′′, which characterizes the volume of copper within the
helix-confining hollow cylinder. Actually, fCu is decomposed into two
additional parameters according to the following expression:

f Cu ¼ f 0Cu � f 00Cu: ð22Þ
ent. (a) Schematic of helix andmatrix connected in parallel; (b) 2D hollow cylinder surface



Fig. 18.Maps of σef(fCu, fCu′) for: (a) k = 0 ; and (b) k = 0.005. (Eq. (23) is not satisfied within the grey shadowed area.)
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Obviously, the following limitation is valid:

0≤ f Cu≤ f
0
Cu≤1: ð23Þ

For convenience, Eq. (20) can be re-written as a function of fCu and
fCu′:

σef f Cu; f
0
Cu

� � ¼ σAl 1− f 0Cu
� �þ f 0Cu

� �2 1
f Cu σ−1

Cu þ kσ−1
Int

� �þ f 0Cu− f Cu
� �

σ−1
Al

:

ð24Þ

Eq. (24) was used to draw themaps of effective electrical conductiv-
ity. The examples of the maps representing function σef(fCu′) for differ-
ent fixed levels of fCu and the two different parameters of k—(i) k = 0
(absence of intermetallic); and (ii) k=0.005 (thin layer of intermetallic
7.5–12.5 μm)—are shown in Fig. 18a, b. From Eq. (23), it is obvious that
themap values should be considered only in the non-shadowed area, fCu
′ ≥ fCu.
Fig. 19. Parameters fCu′ and fCu′′ vs. winding diameter for five different pitch values (6,
The maximum value of σef(fCu′) = σef
max is reached when fCu′ = fCu

and is equal to:

σmax
ef ¼ σAl 1− f Cuð Þ þ σCu

f Cu

1þ k
σCu

σ Int

� 	 : ð25Þ

From Eq. (24), it can be seen that themaximum effective conductiv-
ity is reachedwhen the copper volume fraction is close to 1,which is ob-
tained when the pitch value goes to zero and the hollow cylinder
(I) comprises only copper or, in other words, the hollow cylinder (I) is
a copper tube.

It should be noted that at k=0, Eq. (23) is transformed into Eq. (11),
which calculates the effective conductivity by the rule of mixture. For
the general case of k ≠ 0, fCu′ ≠ fCu, however, ourmodel takes into account
the presence of intermetallic phases and all constituent connections, in
parallel and in series, which are represented by Eq. (24). Clearly, the
value of effective conductivity also depends on three constituent con-
ductivities, which change with the level of strain.

The maps in Fig. 18 show that effective conductivity generally in-
creases with the volume fraction of copper fCu, but for each fixed value
of fCu, it slightly decreases as the parameter fCu′ increases. Considering
12, 18, 24 and 30 mm): (a) thin (d = 1.5 mm) wire; (b) thick (d = 5 mm) wire.



Table 5
Values of model parameters for samples subjected TE and RE processing.

TE RE

fCu 0.0015 0.0536 0.0594 0.0311 0.0034 0.0034 0.0428 0.0684
fCu′ 0.0778 0.2356 0.2356 0.1414 0.0542 0.0808 0.3265 0.3265
fCu′′ 0.0193 0.2275 0.2521 0.2199 0.0627 0.0421 0.1311 0.2095
k 0.33 0.1 0.1 0.1 0.33 0.0067 0.002 0.002

15R. Lapovok et al. / Materials and Design 187 (2020) 108398
Eq. (22), the effective conductivity should increase as parameter fCu′′ in-
creases. Theoretically, this parameter can be calculated as:

f 00Cu ¼ f Cu
f 0

¼ d
4D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Dþ dð Þ2

p2
;

s
ð26Þ

and, therefore, parameter fCu′′ depends on all three helix parameters:
winding diameter – D, wire diameter – d and helix' pitch – p.

Plotting both parameters, fCu′, fCu′′ (Eqs. (15) and (26), Fig. 19), the
following trends can be observed:

(i) fCu′′ decreases exponentially with the winding diameter;
(ii) fCu′′ decreases with pitch size for both wire diameters, though to

a higher degree for thick wire;
(iii) fCu′ increase linearly with thewinding diameter and does not de-

pend on pitch size;
(iv) the product of fCu′ and fCu′′, representing the copper volume frac-

tion (Eq. (22)), is the biggest for small pitch sizes andbigwinding
diameters.

To validate themodel, parameters of samples subjected to TE and RE
processing (see Table 5) were substituted into Eq. (24) and σef was cal-
culated and compared to conductivity measured in the experiments,
Fig. 13a, b. The correlation coefficient between theoretical prediction
and experimental data was 0.884, Fig. 20.

The developed analytical model is instrumental in the analysis of the
contribution of different architecture parameters to effective conductiv-
ity of hybrid conductors. Obviously, an increase in the copper volume
fraction fCu results in higher conductivity of the hybrid material, while
an increase in the intermetallic volume fraction leads to the opposite ef-
fect. The fCu increase could be achieved by increasing the wire diameter
and/or the winding radius and by decreasing the helix pitch. Neverthe-
less, despite the thickness of the intermetallic compound δ, which de-
pends only on manufacturing and deformation methods, all these
parameters define the intermetallic compound volume fraction.
Fig. 20. Effective electrical conductivity: Model prediction versus experimental data.
For example, we consider two aluminium cylindrical samples
35 mm in diameter, with incorporated copper helixes 15 mm and
25 mm in winding diameter, respectively. If the helix is made from a
thick wire 5 mm in diameter, then parameter fCu′, from Eq. (15) is
equal to 0.3265 and 0.4898 for the first and second cylinder, respec-
tively. For a helix made from a thin wire 1.5 mm in diameter, parameter
fCu′ is equal to 0.081 and 0.1298 for thefirst and second cylinder, respec-
tively. Fig. 21 shows the effective conductivity, calculated using Eq. (24),
for these two cases and intermetallic layers 150 μm and 250 μm wide.
Parameter k introduced in Eq. (24) takes the value of 0.06 and 0.1 for
a thickwire and 0.2 and 0.33 for a thinwire. It can be seen that two com-
petitive processes are present. For the same wire diameter, if the inter-
metallic layer is 250 μm wide, the conductivity decreases, but for an
intermetallic layer of 150 μm wide, the conductivity increases. There-
fore, the volume fraction of copper increases the effective conductivity
while the intermetallic layer formed on the interface causes it to de-
crease. To obtain a steady increase in effective conductivity, the inter-
face width should be reduced (k → 0), while the volume fraction of
cylinder (I) within the sample should increase.

Thedevelopedmodel could beused to designAl\\Cuhybrid conduc-
tors, benefitting from the high strength and high conductivity of copper
and the lightweight of aluminium. In Fig. 22, the effective conductivity
calculated using our model (Eq. (24)) versus the specific weight of Al/
Cu conductor is plotted. Four regions shown in this plot represent con-
ductors made from aluminium with σAl = 66 % IACS (regions I and II)
and with σAl = 53 % IACS (regions III and IV), while the conductivity
of copperwas always 100%IACS. The green point represents the average
conductivity of aluminium between the two limiting cases considered.
For regions I and III, k = 0 (no intermetallic forms), while for regions
II and IV, k = 0.05 (the thickness of the intermetallic layer is about
125 μm). It can be seen that for k = 0, both regions I and III reach a
value close to the copper level, but for k = 0.05, regions II and VI have
different inclination angles and reach a much lower maximum conduc-
tivity. The dots within each region represent different geometrical pa-
rameters of the helix, which can be varied to optimise the specific
weight at the same level of effective conductivity (within the width of
the region) or to optimise the effective conductivity at a pre-set specific
weight (within the height of the region). An example of possible design
variations is indicated by the dashed line intersecting the point with

σef = 80 % IACS and a specific weight of 50kN
.

m3
.

4.2.Models of electrical conductivity of hybrid sampleswith a disrupted he-
lical constituent

Asmentioned already at the beginning of Section 4, the interconnec-
tivity of each constituent is extremely important. We saw that the me-
chanical turning of samples for HPTE processing followed by SPD at
room temperature resulted in disruption of the copper helix. The
modelling of aluminium samples with copper/intermetallic inclusions
can be analysed by McLachlan's GEM equation in general form:

f Al �
σ1=t

Al −σ1=t
ef

� �
σ1=t

Al þ Aσ1=t
ef

þ f Cu �
σ1=t

Cu −σ1=t
ef

� �
σ1=t

Cu þ Aσ1=t
ef

¼ 0; ð27Þ

where t, A are two parameters of the model that account for the geom-
etry, interconnectivity and critical percolation volume fraction of the
constituent with higher conductivity.

It is shown in [27] that for a symmetrical lattice model, parameter A
can be expressed via the critical percolation volume fraction of the high
conductivity phase, A = fc/(1 − fc). Nonetheless, as discussed in [29],
when fitting Eq. (27) to experimental data, different values of parame-
ter A could appear, compared to those predicted by percolation theory
(fc ≈ 0.16 A ≈ 0.19); and the value of fc could change for symmetrical
and random lattices from 0.02 to 0.6 of the volume fraction.



Fig. 22. Effective conductivity (theoretical, Eq. (24)) versus specific weight of the Al\\Cu
conductor. (I, II – σAl = 66 % IACS, σCu = 100 % IACS; III, IV – σAl = 53 % IACS, σCu =
100 % IACS; I, III – k = 0; II, IV – k = 0.05).
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It should be noted that there is not enough experimental data to find
the best fit of McLachlan's GEM Eq. (27). By fitting the left group of
points with an exponential function and the right group of points with
a logarithmic function, however, we can define the percolation thresh-
old to be approximately around 0.1 (dashed line in Fig. 23). The values
in the vicinity of the threshold on the right side represent the case of
the conductive constituent being embedded in a non-conductive ma-
trix, while the values on the left side in the vicinity of the threshold rep-
resent the case of infinite conductivity of constituents embedded in the
matrix. Fitting the experimental data to the effective conductivity curve
obtained fromEq. (27) (black line in Fig. 23) gives the value of thefitting
parameters fc = 0.0877 t = 0.09, though the small number of points
cannot provide reliable results and should only be used to indicate a di-
rection for further research on aluminium conductors with disrupted
copper constituents.

5. Conclusions

• To leverage the benefits of copper's high strength and high conductiv-
ity and aluminium's lightweight, Al\\Cu hybrid conductors could be
designed. The novel design was suggested in the present work. The
copper constituent was used as a helical wire fully embedded in the
aluminium matrix. The interdiffusion at the interface between alu-
minium matrix and copper helix during casting results in formation
of interfacial intermetallic phases. Three phases of different thick-
nesses were observed: θ-Al2Cu, ζ-Al3Cu4 and γ-Al4Cu9.

• It was confirmed that hybrid samples with helical reinforcement ex-
hibit higher yield strength, increased load-bearing capability and
higher strain hardening during deformation than predicted by rule
of mixtures. Samples with very small volume fractions of copper
(~0.05) exhibited quite high strain hardening exponents (n =
0.34–0.46) compared to that typical of aluminium, n ≈ 0.2.

• The SPD processing method was shown to be important for strength-
ening of the hybrid due to grain refinement within constituents and
within intermetallic layers. The SPD processes employed in this
work and conducted at low temperature and with insufficient hydro-
static pressure, however, resulted in fracture of brittle interfacial in-
termetallic compounds and separation of constituents in the hybrid
samples. Moreover, it was shown that very high strains introduced
at room temperature, which led to disruption of the helical compo-
nent, could be beneficial for further increase the electrical conductiv-
ity of the hybrid material based on the percolation theory prediction.
This phenomenon should be investigated further.

• It was found, that at elevated temperatures and under high hydro-
static pressure, a significant thinning of the interface intermetallic
zone was observed. This occurred because of dissolution of the θ-
Fig. 21. Effective conductivity of hybrid samples (diameter 35 mm) vs. copper volume
Al2Cu phase, followed by formation of precipitates of similar composi-
tion. Therefore, the tailoring of interfacial zone could be done by opti-
misation of SPD processing.

• It was shown that annealing at 250 °C for 4 h resulted in improvement
of conductivity due to recovery of dislocation and relaxation of the
micro-stresses at the interface.

• A new analytical model to predict the effective electrical conductivity
of hybrid samples was developed. The model takes into account the
presence of an intermetallic layer, both in series and in parallel con-
nections of the hybrid's constituents. Contrary to the rule of mixtures,
the model depends on two parameters, the product of which repre-
sents the volume fraction of copper. Each parameter is determined
by the geometry of the helical constituent. The model showed good
correlation of the predicted values with the experimental data and
can be used for optimal design of hybrid conductors.

• In the case of disruption of the helical constituent by SPD, the effective
conductivity could not be described using the developed model. The
results were analysed using McLachlan's GEM equation. It should be
noted that electrical conductivity growing nonlinearly with the cop-
per volume fraction can potentially generate a sharp increase in con-
ductivity at small volume fractions of copper. Moreover, the
alignment of copper fragments along helix shapes results in improved
fraction for two different winding diameters of the helix: (a) 15 mm; (b) 25 mm.



Fig. 23.Analysis of experimental data for HPTE processed samples (black line shows the fit
to the experimental data using McLachlan's GEM Eq. (27)).
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strain hardening of the hybrid, similar to an intact spiral embedded in
an aluminium matrix.

• Finally, this work demonstrates that an optimal combination of me-
chanical strength and electrical conductivity of the helical
aluminium‑copper hybrids can be achieved by an appropriate selec-
tion of the SPD mode and subsequent heat treatments. In particular,
the reciprocal extrusion at elevated temperatures has a high potential
in reducing the thickness of brittle intermetallic phases formed at the
interface during casting, and preserving themorphology and integrity
of the copper helixes.
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