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This paper presents an overview of fundamentals and potential applications of ultrafine-grained Al-based conductors developed with the
help of severe plastic deformation (SPD) techniques. Based on deliberate formation of nanoscale features (such as nanoprecipitates, segregation
of solutes along crystallographic defects and so on) within ultrafine grains, it is possible to optimise their mechanical and functional performance
enhancing the combination of strength and electrical conductivity to produce advanced lightweight conductors required by modern industries.
Guidelines related to SPD-driven development of Al alloys with properties superior to those exhibited by traditionally processed conductors are

discussed. [doi:10.2320/matertrans. MT-MF2022048]
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1. Introduction

There is a continuous increase of the electric power
consumption across the world and the unavoidable future
reduction of fossil energy will further promote this growth
thanks to the development of solar or wind energy for
example. Electrical conductors are key components, they
have to be easily shaped in proper dimensions, they have
to be reliable, affordable and minimize power loss by Joule
Effect. Conductors are usually made of metals or metallic
alloys, ductile materials suitable for forming processes. Silver
exhibits the highest electrical conductivity (1.6 x 1078 Qm)
but is too expensive, therefore Copper, with a slightly lower
electrical conductivity (1.7 x 1078Qm), is widely used.
There are however some concerns about future copper
supply and price. Besides, in applications where low weight
is required, there is a need for low weight conductors pushing
the development of aluminium-based materials.” Materials
with a high specific strength combined with a low electrical
resistivity are of interest both for transportation industries and
for power transmission lines. For example, modern cars can
contain up to 5 km of wiring comprising a significant weight,
so that developing advanced Al-based conductors can assist
reducing the weight and cost of automobiles together with
lowering environmental impact and improving fuel effi-
ciency.? Pure aluminium exhibits an electrical conductivity
of only 62% of that of copper but with a much lower density
(three times less) and is available at a much lower price. Up
to the end of the 20th century, the use of Al conductors has
been limited to few specific applications because it is more
difficult to process and because of the high resistivity of
the Al,O3; oxide that inevitably grows on surface that leads
to connecting problems. Power transmission lines are among
the most important and the most advanced use of Al
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conductors. Specific designs of cables reinforced with steel
wires have been developed to optimize the combination of
electrical conductivity and mechanical strength (including
fatigue properties). The demand for such components that
combine low weight, high mechanical strength and high
electrical conductivity has dramatically increased during the
past years” and will continue to do so with the rise of
electric power vehicles and other advanced transportation
applications.

Increasing the mechanical strength of Al requires the
design of microstructures with obstacles to the motion of
dislocations, such as solid solution, forest dislocations (strain
hardening), grain boundaries, precipitates. However, all these
features may scatter conduction electrons and thus affect the
electrical conductivity. Solid solution hardening is never used
for the design of alloys where a high electrical conductivity
is required because the homogeneous distribution even of a
small amount of alloying elements has the most detrimental
effect on the electrical conductivity. Dislocations, however,
have a moderate influence. It has been shown that a
dislocation density up to of 10'®m~2 gives rise to an increase
of only about 10% of the electrical resistivity.” Commer-
cially pure Al alloys (AA1350 for example) are typically
used in as-drawn state, with a high dislocation density
leading to a tensile stress up to 200 MPa. This is however
not sufficient for power transmission lines that are typically
made of 6xxx aluminium alloys where Mg and Si are the
main alloying elements leading to a high density of second
phase particles after appropriate precipitation treatment. They
typically exhibit a tensile stress in the range of 245-330 MPa
with an electrical conductivity of 57.4-52.5% IACS (Interna-
tional annealed Copper Standard).®

Taking advantages of grain boundaries (GB) to design
optimized microstructures for unique combination of strength
and electrical conductivity, has been only possible thanks to
the development of Severe Plastic Deformation Processes
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(SPD).Y It is now well admitted that such process may be
applied at large scale to produce ultrafine grained materials
with grain sizes ranging from 50 to 500 nm.

As proposed by Mayadas et al.,® the contribution of GBs
to the electrical resistivity writes as:

0
o
,OGB — . - Al . (1)
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Where A is the mean free path of electrons in Al (1=
18.9nm”), and R the reflection coefficient of grain
boundaries. In metals, R is often close to 0.5% and
experimental data indicate that R is in a range of 30 to
50% in pure AL>'? For a grain size of 25nm, eq. (1) gives
an estimate of the contribution of GBs to the electrical
resistivity of about 2 x 1078Qm which is significant
comparing to the intrinsic electrical resistivity of pure Al
(2.65 x 1078 Qm). However, it quickly drops at larger grain
sizes down to about 0.50 and 0.25 x 10~ Qm for d = 100
and 200 nm respectively.

The contribution of GBs to the yield stress (oy) of metals
has been studied many years ago and is known as the “Hall
and Petch law”:

k 3
oy =00+ 3)

Where oy is the lattice friction stress, d is the grain size and
k is a constant.

Thus, decreasing the grain size increases the yield stress
and the extrapolation of the data of Hansen et al.'" shows
that a maximum yield stress of about 250 MPa could be
achieved for a grain size of 25nm in pure Al. Note, that
the Hall-Petch slope for SPD materials defined by the grain
boundary strengthening is still a widely disputable issue since
this contribution might be interfered by the effects of the
other structural factors. The most recently reported results
by Dangwal et al.,'* who analyzed numerous experimental
data, testify that £ may be considerably increased even for
commercially pure aluminuim. These observations are
consistent with the model for the deformation behavior of
metals accounting for dislocation-mediated grain boundary
sliding.'® Wenwu Xu et al.'® have shown that significant
deviation to the Hall and Petch law may occur at such small
grain size and the yield stress might be up to 1GPa. This
work is however based on molecular dynamic simulation
carried out at very strain rate and cannot be compared with
classical tensile experimental data.

Anyway, achieving such small grain sizes by SPD in high
purity Al is not realistic due to the high driving force for grain
growth and the relatively high mobility of grain boundary
during deformation at room temperature.'> Therefore, the
design of UFG materials with an optimized combination of
electrical and mechanical properties that takes advantage of
GBs usually relies on multiple factors such as intergranular
precipitates and GBs or intragranular precipitates and GBs
or composite UFG structures. In this short overview, it is
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proposed to report about the most promising approaches that
enable to reach various combinations of mechanical strength
and electrical conductivity adapted to various application
thanks to SPD applied to Al-based materials.

2. Application of SPD Processes to Traditional Al
Alloying Systems for Enhanced Combination of
Mechanical Strength and Electrical Conductivity

Traditional approaches to design high performance Al-
based conductor alloys assume two main approaches: (i)
Using solid solution treatment with subsequent controlled
heat treatments for decomposing the solid solution and
achieving precipitation of finely dispersed particles entail-
ing precipitation hardening; (ii) Using the alloying systems
with low solubility to avoid the solid solution formation
with formation of fine intermetallic phase pinning grain
boundaries to increase the thermal stability of the material
for specific applications. Below we consider how SPD-
based procedures can intensify the benefits of the tradi-
tional approaches on the example of the most popular Al-
Mg-Si system (6xxx series) and Al-Zr alloys with low Zr
content.

2.1 Age-hardenable AlI-Mg-Si alloys

Age-hardenable 6xxx alloys are used as the most popular
Al-based conductors with highest strength maximally
approaching strength of Cu conductors (Ultimate tensile
strength (UTS) of 400-430MPa) after traditional thermal-
mechanical treatments (TMT) such as T81.Y Their con-
ductivity is approaching the level of Commercially Pure (CP)
Al and 6xxx series alloys are the most demanded Al-based
conductor material in the industry. Wires fabricated of 6xxx
alloys are being widely used in different electrotechnical
applications including automotive industry or self-bearing
stand-alone wires. Traditional TMT (EN 50183:2002)'¢
include solid solution treatment after casting followed by
natural ageing, wire drawing and final ageing to control the
combination of properties by decomposition of solid solution
and precipitation of strengthening particles. To extend the
domain of properties combination, several studies proposed
variations of the standard T81 treatment'”'”) by involving
specific artificial ageing before the final cold drawing.
Table 1 summarizes data from the literature for convention-
ally and SPD-treated 6xxx alloys.

Introducing SPD processing gives an additional possibility
to control mechanical and functional properties by adjusting
the grain size and grain boundaries features (misorientation,
size, local chemical composition).”) SPD processes may also
modify diffusional processes intensifying atomic transport
and promoting deeper decomposition of solid solution as
well as facilitating unconventional dynamic and static
precipitation. These features might help producing materials
with a simultaneous increase of both mechanical strength and
electrical conductivity which can be superior to the properties
exhibited by traditionally treated conductor alloys (Table 1).
Among the SPD techniques listed in Table 1, HPT stands for
high-pressure torsion, ECAP — for the equal-channel angular
pressing and ECAP-C — continuous ECAP process according
to the Conform scheme.®
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Table 1 Mechanical properties and electrical conductivity of convention-
ally treated and SPD-processed Al-Mg-Si alloys.

Alloy Process/ Treatment OuTs, 0.2, 3, % IACS Ref.
(wt.%) MPa MPa %
After conventional or modified treatment
AA6101 or | Combined casting, | 245-342 3.0-3.5 57.4- 4)
AA6201 rolling, solution 52.5
treated, drawing
and aging (T81)
6101 Combined casting, 375 - - 56.0 17)
rolling, solution
treated, aging and
drawing
Al-1.0Mg- | Combined solution 316 - - 57.4 18)
0.5Si- treated, aging,
0.8Cu rolling and aging
6201 Combined casting, 424 .4 410.7 6.71 52.78 19)
hot extruded,
solution treated and
cold rotary swaging
After the SPD-assisted treatment
6201 Combined solution 412 - 4.9 55.6 21)
treated and two- 365 - 8.8 58.4
stage HPT
Al- Combined solution 289 275 14.0 56.1 28)
0.60Mg— treated, ECAP-PC
0.45Si and aging
6063 308 289 15.5 58.6 20)
6063 Combined solution 331 328 12.0 51.4 29)
treated and two-
stage ECAP
6101 Combined solution | 320-370 - 3.0 57.2- 30)
treated, ECAP-C 56.1
and T81-alike TMT
Combined solution 308 282 15.1 53.1 31,32)
treated and ECAP-C
Combined solution 304 291 15.0 57.1
treated, ECAP-C
and aging
Combined solution 364 - 3.5 56.4
treated, ECAP-C,
aging and drawing
Combined solution 238 - 16.0 57.0 33)
treated, ECAP-C
and aging
Combined solution 385 - - 55.1 17)
treated, aging,
ECAP-C and
drawing

The initially proposed SPD-inspired strategy for achieving
this goal was based on benefits of grain refinement
accompanied with accelerated formation of nanoprecipitates.
First, it was experimentally shown in Ref. 20) and further
formulated in Refs. 21, 22) as represented in Fig. 1.

Sauvage et al.?® proposed a quantitative basis to analyse
the horizons for possible space of “strength-conductivity”
combinations in UFG alloys and to predict the limits of the
properties that can be achievable in AI-Mg-Si alloys by SPD
(Fig. 2). As aresult, SPD-driven formation of UFG structures
with intragranular nanoprecipitates of different modifications
was demonstrated as a highly fruitful approach to simulta-
neously improve the strength and electrical conductivity in
this system.??

Important to note that several studies reported about
grain boundary segregation in SPD-processed Al-Mg-Si
alloys.?>™>> These atomic-scale features are essential for the
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SPD-processed alloys and may considerably contribute to
additional impact in strength®®2”) as well as to depletion of
solid solution.?”

Most of the research above was carried out with small
specimens mostly processed by HPT. These laboratory
studies allowed to work out the necessary structural design
which could be potentially up-scalable. Among the proposed
approaches, the advanced ECAP technologies capable of
introducing more strain per pass than traditional ECAP in
parallel channels seems promising.?®?® Another direction in
the field is related to optimization of the SPD processing
temperature leading to utilizing advantages of both dynamic
and static ageing.?”) These studies logically led to a step up
in producing UFG Al 6xxx semi-products in the form of
wires by combining enhanced SPD (the continuous ECAP-C
scheme, for example) with traditional routes such as
drawing.>°3? In addition to the improved static strength/
conductivity ratio these wires demonstrated better fatigue
properties>*?3% as compared to traditional TMT, which is
important for automotive applications where vibrational loads
are essential?) or for the fretting fatigue issue.

However, there are still issues related to the possible
negative effects of SPD nanostructuring on the functional
properties of the 6xxx alloys. Rochet et al.>*% warned that
the pitting corrosion behaviour of the ECAP-processed Al—
Mg-Si alloys might be affected due to increased intergranular
corrosion. This issue has to be kept in mind because wires
can be subjected to the combined influence of aggressive
environment which can be amplified by varying temperature
and vibrational effects.>®

2.2 Thermal resistant Al-Zr-based systems

For applications with operational temperatures of con-
ductors above 90°C (a standard requirement for conventional
Al wires?), eventually resulting from Joule effect in case
of high power, Al-based conductors usually do not exhibit
sufficient thermal stability. To overcome this issue, Al-Zr
alloys with a Zr content up to 0.4wt.%> have been
developed for overhead conductors. However, the UTS of
these conducting materials typically does not exceed
200 MPa (see Table 2 where the reference data on Al-Zr
alloys subjected to conventional and SPD-assisted treatments
are collected). Proposed doping the Al-Zr system with
scandium***% is not also capable to increase this value. This
level of mechanical strength does not meet the raising
demand from the industry. Unfortunately, the additional grain
boundary strengthening resulting from SPD (HPT and ECAP)
is relatively weak.>*=® It is the result of the limited solubility
of Zr in Al that do not promote grain refinement leading to
mean grain sizes similar to CP Al processed by SPD (400-
900 nm).

As shown in Ref. 39), the properties of Al-Zr alloys might
be however improved by Mg doping, a lightweight element
that does not affect conductivity as much as other solutes.
Also, additives of this element, especially in low concen-
trations, do not impair the corrosion resistance of aluminum,
which is important for conductive materials used without
insulation. During SPD Mg dramatically increases the
dislocation multiplication rate leading to much stronger grain
refinement as compared to classical binary Al-Zr alloys.**4D
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Hierarchical structure comprising ultrafine grains (1) as well as stable and metastable precipitates in their interiors (2), which is

produced by SPD and artificial ageing, and its schematic representation (3). Drawn according to a concept presented in Ref. 20).
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Fig. 2 General prediction of the combination of hardness and electrical
conductivity (%IACS) for AIMgSi alloys as a function of the grain size
and with 0.2wt.% of solute left in solid solution. Reproduced from
Ref. 22).

The strongest UFG state accompanied with reasonable
conductivity (51.1%IACS) and thermal resistance (up to
150°C) was achieved in the Al-0.53Mg—0.27Zr alloy
processed by HPT (Table 2). Such an unusually high level
of strength for an alloy containing less than 1% magnesium,
in addition to reduced grain size and increased dislocation
density, may be due to the presence of nanoclusters and Mg
segregations at grain boundaries, as reported in other alloys
with similar magnesium content and processed by HPT.*?

Thanks to proper adjustment of the chemical composition,
of the SPD process (by ECAP-C technique) and of aging

treatments, it has been possible to achieve UFG structures
with a relatively high strength (oyrs =267 MPa), an
electrical conductivity of 57.1% IACS and an operating
temperature up to 150°C (much higher than the convention-
ally required limit of 90°C), see Table 2.

Recently, Nokhrin e al.*? suggested doping the Al-Zr
system with other elements (Er, Si, Hf and Nb) and in
combination with SPD they achieved the best “hardness-
conductivity” trade-off (57.1%IACS, Hv = 482 MPa) with
an  Al-0.25%Zr-0.25%Er-0.20%H{-0.15%Si alloy proc-
essed by ECAP and annealing. Further studies are required
to check if this strategy might be cost-effective for the
development of competitive alloys dedicated to electrical
conductors.

3. Beyond Modified Commercial Alloys: The Potential-
ity of New Systems Processed by SPD

As shown above, SPD can provide additional possibilities
to tune the combination of properties by adapting the
chemical compositions of existing alloys, especially to
promote grain refinement. Another strategy is to go beyond
these classical alloys and explore new systems with high
potential for the design of UFG electrotechnical alloys.

3.1 AI-RE alloys processed by SPD

Immiscible systems such as AI-RE (where RE stands for
Rare Earth) alloys are potentially interesting. RE elements
form second phase particles that can significantly strengthen
the material and the extremely low solubility of RE does not
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Table 2 Mechanical properties and electrical conductivity of convention-
ally treated and SPD-processed Al-based conductor materials alloyed with
zirconium.

Alloy Process/ OUTs, 0.2, 35, % TACS | Texpl. | Ref.
(wt.%) Treatment MPa MPa % °C
After conventional or modified treatment
Al- Conventional 169- - 1.5- 55-60 150- | 35)
1...0.3Zr thermomechanic 250 2.0 230
al process
Al-0.15Zr Combined 194- - 3.0 58.6- - 43)
casting, rolling 212 60.7
and extrusion
process and
drawing
Al-0.6Zr Combined 234 207 6.8 55.6 230 39)
electromagnetic
ally casting
(EMC) and cold
drawing
Al1-0.23Zr- Combined cold 194.3 167.6 - 61.4 - 44)
0.06Sc drawing and
two-stage aging
Al-Zr<0.1Sc | Combined 188~ - - 58.0— 310 |45)
casting, rolling 197 59.5
and drawing
After the SPD-assisted treatment
Al-0.4Zr Combined 190 140 23.2 47.4 - 36,
casting, rolling 37)
and HPT
Combined 275 265 7.7 52.0 - 37)
casting, rolling,
HPT and
annealing at
230°C
Combined 118 96 18.4 54.5 - 38)

casting, rolling,
aging and HPT
Combined 163 149 19.0 54.9 -

casting, rolling,
aging and HPT
Combined 193 178 19.5 59.6 - 46)
casting, rolling,
aging and ECAP-
C

Combined 226 199 5.5 59.6 150
casting, rolling,
aging, ECAP-C

and drawing

Al-0.53Mg- | Combined 465 400 3.0 51.5 - 40)
0.27Zr casting, rolling,

aging and HPT
Al-0.40Mg- Combined 205 188 14.6 57.6 - 41)
0.20Zr casting, rolling,

aging and ECAP-

C

Combined 267 249 2.4 57.1 150

casting, rolling,
aging, ECAP-C

and drawing

Al-1.17Mg- | Combined 267 257 10.4 48.3 - 46)
0.34Zr casting, rolling,

aging and ECAP-

C

Combined 366 321 2.1 48.1 150

casting, rolling,
aging, ECAP-C

and drawing

affect the aluminum matrix electrical conductivity. The first
processing route that has been proposed for this system
was RE alloying up to several wt.% by powder metallurgy
techniques,*® a quite laborious and costly process. An
alternative technique has been proposed more recently, it
is based on electromagnetic casting (EMC) and ultrafast
cooling.*” The alloy synthesis is simplified but properties are
not particularly interesting (Table 3).

Table 3 Mechanical properties and electrical conductivity of convention-
ally treated and SPD-processed AI-RE systems.

MPa MPa %
After conventional treatment

Al-RE Combined 200- - >9,0 58.6- - 43)

casting, 250 55.6

rolling and

Alloy Process/ outs, | 0.2, 3,
Treatment

% IACS ‘ Texpl, ‘ Ref.

extrusion
process

(CREP)

Al-7RE RS/PM 180- - 4.6 - 56-54 - 48)
(01417 method 230 2.5
alloy) |Combined 226- - 0.8- 52-56 - 49)
casting, 233 1.0

rolling,

annealing,
and
drawing

Al- Combined pre- | 213.3 - 13.8 61.7 345 55)
0.20Sc- aging, cold
0.04Zr rolling, and
aging

After the SPD-assisted treatment
Al- Combined 297 265 18.5 56.6 - 52)
2.5RE EMC and
HPT

Combined 225 195 21.6 60.2
EMC, HPT

and

annealing
(230°C)
Al- Combined 580 489 17.3 45.5 - 51,
4.5RE EMC and 52)
HPT
Combined 582 520 12.0 50.3 210
EMC, HPT
and

annealing
(230°C)
Combined 522 455 17.0 52.2 210
EMC, HPT
and

annealing

(280°C)
Combined 435 410 30.0 50.2 150 52)
EMC,
annealing
and HPT
Combined 430 320 17.0 55.9 150
EMC,
annealing,
HPT and
annealing
(230°C)

Al- Combined 637 506 18.2 39.7 - 50,
8§.5RE EMC and 51)
HPT
Combined 670 506 12.4 43.1 210
EMC, HPT
and

annealing
(230°C)
Combined 620 460 13.7 44.7 210
EMC, HPT
and

annealing
(280°C)

Al1-0.5Sc- | Combined ECAP 245 - - ~52 - 58)
0.5Mg and annealing

Using SPD, Murashkin et al.’” showed for the first time
that HPT can produce an UFG structure in Al-8.5% (Ce/La)
alloy with a significant amount of RE atoms in super
saturated solid solution in the Al matrix. Then, this specific
UFG state can potentially be treated as an age-hardenable
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Fig. 3 Nano-scaled structure of an AI-RE alloy processed by SPD. Atom probe tomography data showing nanoparticles and GB
segregations of RE elements: Ce (a) and L (b) as well as of their combination (c). Concentration profiles of Ce/La recorded along lines I

and II (d). Reproduced with permission from Ref. 52).

alloy. Following this route, subsequent studies® 3 SPD
and heat treatment parameters were optimized to combine
UFG structure and nanoscaled precipitates (Fig. 3) giving
rise to promising combinations of strength and conductivity
(Table 3).

As was shown in Refs. 54-56), Al-Sc is another potential
interesting system for the design of heat-resistant conductors.
Zhou et al.® showed that combination of traditional
treatments (such as aging and cold drawing) for the Al-
0.2Sc—0.04Zr alloy may lead to a UTS of 213 MPa combined
with an electrical conductivity of 61.7% IACS with a thermal
stability up to 345°C (Table 3). These excellent properties
result from the precipitation of nanoscaled Al;(ScZr)
precipitates that efficiently pin GBs.*”)

However, despite their high electrical conductivity and
heat resistance, Al-Sc alloys do not exhibit outstanding
strength, to more classical Al-Zr alloys (Table 3). Following
the strategy proposed for Al-Zr (see the section above)
Chuvil’deev et al.>® proposed to introduce a small amount
of Mg in combination with SPD processing via ECAP. It led
to a significant strengthening with a tensile strength up to
245 MPa with an acceptable level of electrical conductivity of
52-54% IACS and a good thermal stability.

3.2 Al-Fe alloys processed by SPD

Processing by SPD immiscible systems like Al-Zr or Al-
RE has been proven to be a promising approach to achieve
ultrafine grained structure with low solute content in the
matrix and a reasonable thermal stability thanks to second
phase nanoparticles. Thus, appropriate processing and
thermal treatments can give rise to excellent combination of
strength and electrical conductivity. However, such systems
have a main drawback, which is the price. Besides, the
limited solubility of Zr in Al for example, also limits the
range of reachable properties. Therefore, to go further, it has

been proposed to take advantage of SPD not only to reduce
the grain size but also to create super saturated solid solutions
by mechanical mixing. The Al-Fe system is probably the
most interesting system to develop this approach for several
reasons: i) the solubility limit of Fe near room temperature is
extremely low,>® thus this alloying element is not supposed
to affect significantly the electrical resistivity, ii) Fe is an
abundant and cheap element, iii) aluminum scraps often
contain significant Fe amount, thus taking advantage of Fe
may simplify recycling. The Al-Fe system is the typical
base for 8### aluminum alloys, but the typical Fe amount
does not exceed 1 wt.%. Besides, intermetallic particles that
nucleate and grow during classical solidification processes
are relatively coarse (micrometer scale) and cannot efficiently
stabilize an UFG structure. However, it has been shown that
these brittle intermetallic AlgFe or AljsFey particles®® are
progressively fragmented under large level of deforma-
tions.®!® Then, the typical grain sizes achieved by SPD
are typically in a range of 100 to 400nm.®"64%9) For the
highest level of deformation, Senkov ef al. were the first
to report the formation of super saturated solid solutions
induced by strain induced decomposition of the intermetallic
phase.®”) Similar features have been reported in an Al-5Fe
alloy processed by ECAP where the authors report about
a super saturated solid solution of 0.6 wt.% Fe in Al and a
significant age hardening response.®® More recently, Atom
Probe Tomography (APT) data combined with transmission
electron microscopy (TEM) observations confirmed the
mechanisms leading to the progressive strain induced
dissolution of intermetallic phases.®® In the same work,
in-situ TEM data also revealed how post-deformation thermal
treatments promote the nucleation of new intermetallic
particles that pin GBs.

In an Al-2Fe alloy processed by HPT, Medvedev et al.
managed to obtain an UFG structure with a yield stress of
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320 MPa combined with an electrical conductivity as high as
52% IACS.%”) These properties were obtained by SPD at
200°C which seems the most effective way to directly obtain
ultrafine grains and uniform distribution of nanoscaled
intermetallic particles without significant amount of Fe left
in super saturated solid solution.®”)

It has also been demonstrated that the initial microstructure
resulting from casting of the Al-Fe alloy (size, volume
fraction and crystallographic structure of intermetallic
particles) has a strong influence on the final structures and
properties achieved thanks to SPD.¢!656) It should be noted
that a fine eutectic structure gives rise to the best combination
of strength, ductility and electrical conductivity after HPT.
And the same authors have shown that appropriate post-
SPD aging can promote further hardening such as in age
hardenable aluminum alloys®® (see Table 4).

Thus, the synergy of novel casting technologies (such as
EMC) which allow the easy production of different eutectic
morphology (Fig. 4), combined with advanced SPD process-
ing techniques’” seems particularly promising (Table 4).
For example, one may note that Al-Fe alloys produced by
EMC and processed by ECAP/cold rolling exhibit a similar
thermal stability like Al-Zr alloys,”® with a tensile strength
close to that of 6xxx alloys!

3.3 Al-Ca alloys processed by SPD

The Al-Ca system is also offering some interesting
possibilities for the design of low weight electrical
conductors with a similar strategy because: i) the solubility
of Ca in Al is also extremely low; ii) Ca is an abundant
element, iii) Ca is a low weight element. Like for the Al-Fe
alloys, casted Al-Ca alloys with intermetallic particles
(Al4Ca) can be processed by SPD to promote the
fragmentation of particles. Following this route, Rogachev
et al. have shown that the processing of an Al-8Ca alloy by
HPT may give rise to a mean grain size of only 30 nm with
a hardness up to 1.9GPa.”® To achieve a homogeneous
distribution of Ca within the UFG structure, Sauvage et al.
have proposed another approach, starting from an Al-Ca
composite and using SPD to create mechanical mixing
without phase transformation (dissolution of Al;Ca).”> The
result is a nanoscaled structure with a grain size of only
20 nm stabilized by intensive Ca segregation at GBs (Fig. 5).
Such segregations promote hardening with a strong deviation
to the Hall and Petch law and an estimated yield stress up to
1 GPa. However, these segregations strongly scatter elec-
trons, giving rise to a high electrical resistivity (2 x
1077 Qm), thus low temperature annealing is required to
reach an acceptable properties combination through the
nucleation of nanoscaled Al4Ca particles along GBs.

4. Metal Matrix Composites Processed by Severe Plastic
Deformation

As reviewed above, SPD-related approaches for the
processing of high strength lightweight conductors rely on
the optimization of alloys microstructure (grain size,
precipitation morphology and distribution, solid solution
decomposition, defect configurations). Alternatively, compo-
site materials taking benefits of two or more metallic
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Table 4 Mechanical properties and electrical conductivity of convention-
ally treated and SPD-processed Al-Fe system.

Process/ 3, %

Treatment

ouTsS, Go.2,

MPa MPa
After conventional treatment

Combined 103- - 10 60.6- 71)

casting, 152 61

rolling

Alloy ‘

% Ref.
TACS

AA8030,
8176

and
drawing
After the SPD-assisted treatment
Combined 649 564 5.0 40.3
casting and

HPT

Combined 335 310 13.5 49.3 69)
casting,
HPT and
annealing
Combined 327 295 14.2 52.3

casting and

Al-2Fe 61,69)

two-stage
HPT
Combined 340 270 8.0 48.0 61)
casting and
HPT
Combined 244 216 5.8 - 64)
ECAP with
backpressure
Combined 272 257 1.5
ECAP with

Al-4Fe

Al-5Fe

backpressure
and aging
Combined

casting, heat

AA8176 172.2 |157.9 11.8 60.88 72)
treatment
and ECAP
(RT)
Combined

casting, heat

185.7 1 164.9 7.6 59.97
treatment
and ECAP
(150°C)
Combined - 178 11.2

casting, heat

61.55

treatment
and two-
stage ECAP
Al- Combined 156 121 19.8 57.2 73)
0.5Fe EMC and
ECAP
Combined 200 185 17.2 58.5
EMC, ECAP
and rolling
Combined 195 175 16.5 59.6
EMC, ECAP,

rolling and

annealing
Al- Combined 258 200 15.8 45.5
2.5Fe EMC and
ECAP
Combined 340 290 16.7 47.9
EMC, ECAP

and rolling
Combined 330 275 16.5 49.3
EMC, ECAP,

rolling and

annealing

constituents can be processed by SPD to develop Al-based
conductors with enhanced static and fatigue strength,
electrical conductivity and thermal stability.

Al-based composites can be composed of different
components. Tian et al.”® proposed a metal-matrix compo-
site based on the Al-Ca system, produced by a technique
combining powder metallurgy and complex SPD processing.
As a result, Ca particles were transformed to nanofilaments
with a volume fraction of 20% allowing the combination of
a low density, a high strength and a reasonable conductivity



1840

Fig. 4 Al-2Fe (a, b) and Al-4Fe (c, d) alloys processed by HPT. STEM
HAADF images showing the fragmentation of intermetallic particles
(brightly imaged). Reproduced from Ref. 61).

30 nm Al Ca

Fig. 5 Nanoscaled structure of an Al-Ca composite processed by HPT.
Atom Probe Tomography data showing segregation of Ca along GBs
(Ca orange, Al blue). Reproduced from Ref. 76).

of the final composite.”® The UTS of such composite can
reach an outstanding level of 470 MPa, however, the ductility
was significantly sacrificed and the multistep processing
technology is rather laborious.

Authors of Ref. 77) proposed to reinforce pure Al by
oxide, boride or carbide nano- and micro-particles (Al,Os3,
TiB,, TiC) by using mechanical mixing followed by ECAP.
They reported a positive influence of TiB, particles that
enhance mechanical properties without a notable reduction
of conductivity (about 54% IACS). ECAP promote an
homogeneous distribution of particles in the matrix and in
turn they apparently do not affect significantly the mean free
path of electrons. Unfortunately, the YS and UTS remain
relatively low (as compared to other systems described in

M.Y. Murashkin, N.A. Enikeev and X. Sauvage

previous sections) with maximal values of only 103 and
165 MPa, respectively.

Recently, SPD-processed bimetallic systems attracted more
interest. In Ref. 78) it was shown that ECAP might be
effectively used to adjust the combination of strength and
electrical conductivity of a 6201 composite conductor with a
316 stainless steel core (UTS in a range of 390-590 MPa and
43-24% 1ACS). Unfortunately, if the strength is relatively
high, the conductivity of such bimetallic composite is poor
and the steel core significantly affect the weight.

Al-Cu composite wires made of an Al core coated with
copper (known as copper clad aluminum wires) are well
documented in the literature,”” and they exhibit a typical
electrical conductivity of 62% IACS combined with UTS
of 252 MPa. The most recent publications on SPD-driven
design of UFG Al/Cu bimetallic composites also showed
promising results thanks to ECAP?” or to high pressure
torsion extrusion/reciprocal extrusion/twist extrusion.®!
Two ECAP passes provided a significant strengthening with
a conductivity up to 60% IACS and even 68% IACS after
annealing which was higher than theoretically predicted.

More complex helicoidal structures were created by
various SPD-assisted extrusion processes.®!) Depending on
the process and on the heat treatment, the authors managed
to reach a remarkable level of conductivity combined with
an increased load-bearing capacity for cylinders of pure Al
reinforced with a spiral CP Cu armature. However, the large
proportion of interphase boundaries promotes the nucleation
of intermetallic phases (9-Al,Cu, y-Al4Cuy and &-Al;Cuy)
and because of their low electrical conductivity, the final
electrical conductivity of the wires might be significantly
reduced.®?

The elaboration of Al-Al based composite wires seems
another interesting strategy. In Ref. 83) the authors have
proposed to use a core made of AA1350 with high electrical
conductivity and a clad made of AA6201 alloy with
enhanced strength. The experimental strength values of this
composite wire correlate well with estimates calculated
thanks to the additive rule of mixtures. However, the
combination of strength and electrical conductivity is not
beyond that of classical AA6201.

As pointed out in subsection 2.2, the problem of increasing
the thermal resistance of Al-based conductors is usually
solved by alloying Al with small amount of Zr (typically
0.4 wt.%), while SPD promote strengthening by Mg doping.
In Ref. 46) the possibility of creating a strong and thermally
resistant composite wire with a UFG structure based on Al—
Zr and Al-Mg—Zr alloys was considered. The wire core was
made of Al-Zr alloy with high electrical conductivity, and
the wire clad was of AI-Mg—Zr alloy with a potential high
strength. To maximize the clad, the Mg content was increased
more than 2.5 times as compared to the alloy in Ref. 40).
This study demonstrates that this approach is very promising
to produce high-strength heat-resistant conductors. Indeed,
specific SPD processing led to a UTS of 354 MPa, an
electrical conductivity of 50.6% IACS, and an operating
temperature of up to 150 C. These excellent properties are
the result of the UFG structure and of the homogeneous
distribution of nanosized Al;Zr particles. They are noticeably
superior to those of classical AI-Mg—Si alloys widely used in
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von Mises (MPa)

218 MPa l 5
306 MPa | L

385 MPa s

| 418 MPa

| a27wmpa

Fig. 6 Stress diagram of a two-component conductor, a longitudinal cross-
section, re-drawn from the data presented in Ref. 85).

electrical engineering. A similar approach might be applied
with other alloying elements such as Cu and Mn.?¥

Traditionally, the properties of composite conductors are
evaluated by the rule of mixtures in accordance with the
volume fraction of each constituent. Authors of Ref. 85)
used FEM simulation to evaluate the rational design of a
two-component conductor in the form of a wire (Fig. 6)
made of nanostructured high-strength alloy 6101 and
aluminum electrical grade 1350. It was shown that the
optimal combination of strength and electrical conductivity
is achieved for a ratio between the core and the wire section
of 0.16.

5. Concluding Remarks

The design of high strength and high conductivity metallic
conductors has always been a challenge for scientists since
defects are required to promote strengthening but they also
scatter conducting electrons. The increasing demand for low
cost, low weight, high strength and high conductivity wires
and conductors is a strong motivation to investigate all the
potentiality offered by Al based materials. A vital qualitative
step-up from laboratory-scale applications to industrial
solutions implies upscaling of existing processing ap-
proaches. The development of SPD techniques during the
past 25 years, including the design of continuous processes
like ECAP-Conform has open a new field for the develop-
ment of UFG Al based electrical conductors. Recent
developments in upscaling and modernizations of SPD
techniques also provide new possibilities of optimizing
technological routes®®®” and producing bulk workpieces®®
attractive for industrial reproduction.

Note that despite intensive research in the area there are
still poorly explored fields in development of SPD-designed
conductor alloys. For example, creep properties. The creep
issue can be really important for cable applications in long
power lines due to the cable own weight and long distance
between supports which causes high tensile stresses for long-
term periods of operation. As recently summarized in
Ref. 89), UFG materials can exhibit deterioration of creep
properties depending on creep conditions and testing modes,
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which is demonstrated also on the example of ECAP-
processed commercially pure Al and Al-Sc alloys®" and
related to facilitation of grain boundary processes. This issue
needs in a thorough dedicated research on the SPD-designed
conductor alloys and it can be expected to be solved via
deliberate precipitate engineering to tune misfit parameters
combining APT analyses and DFT computations.’”

In this review, it has been shown how it is possible to
explore combinations of chemical compositions, micro-
structures, processing routes and thermal treatments.
Maximizing GB strengthening requires solute or nanoscaled
particles to promote structure refinement and/or to stabilize
the UFG structure and achieve good thermal stability. Severe
plastic deformation can help creating super saturated solid
solutions that cannot be achieved by classical thermal
treatments and that can be decomposed during annealing
for additional precipitate hardening or GB pinning. Severe
plastic deformation promotes the segregation of some solutes
along crystalline defects, decreasing the solubility and thus
eventually enhancing the electrical conductivity of the Al
matrix. Severe plastic deformation is very efficient for the
fragmentation of second phase particles (intermetallic
particles for example), leading to homogeneous distribution
of nanoscaled fragments that promote mechanical strength
and pin GBs. Severe plastic deformation creates numerous
crystalline defects that modify precipitation kinetics and
offer new possibilities for precipitation hardening alloys.
These different strategies could be applied to classical
commercial alloys to reach new combination of strength
and electrical conductivity (like in 6xxx alloys). However,
the most promising routes are those that involve the design
of new alloys. Standard compositions might be adapted to
promote some of the mechanisms described above, like
doping with Mg of Al-Zr alloys to promote grain refinement.
New alloys may also be specifically designed for SPD
processes, like the AI-RE alloys that take advantage of
the strong fragmentation of RE rich particles during SPD
as well as cheaper Al-Fe based systems pre-produced with
novel casting technologies. Finally, composite materials,
even if they are more complex to elaborate, they also offer
some interesting possibilities. For example, when wires have
to sustain bending or torsion stresses, the design of graded
structures or specific architectures thanks to adapted SPD
processed might be a promising route for the design of
optimized Al based low weight conductors.

To sum up, SPD-driven microstructural design proved to
be a powerful pathway to develop lightweight high-perform-
ance Al-based electrical conductors with the properties
superior to the level achieved by traditional approaches.
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