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ABSTRACT

The tradeoff between strength and ductility has long been identified as the ‘Achilles’ heel’ of
the mechanical properties in engineering applications. Metal hybrids processed by severe
plastic deformation (SPD) have gained significant attention in recent years, as they have
shown potential for enhancing strength and ductility simultaneously through different
heterostructured designs. Among SPD processes, high-pressure torsion (HPT) is considered
the most effective in grain refinement and offers excellent versatility for synthesising new
materials with a wide variety of experimental setups and processing parameters. This review
article describes the current state-of-the-art of metal hybrids processed by HPT,
characterised by heterogeneous microstructures (i.e. nanoscale and/or microscale), through
a comprehensive study of their synthesis-microstructure-property relationships. The
potential of HPT-processed hybrids is highlighted and discussed along with their limitations.
Suggestions are provided with the aim to advance current research trends towards future
application in high-impact technologies, including the biomedical and microelectronic
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industries.

Introduction

Processing through the application of severe plastic
deformation (SPD) methods is today a well-estab-
lished tool for the fabrication of bulk ultrafine-grained
(UFG) materials having grain sizes within the nano-
metre (10-100 nm) and sub-micrometer (100-
1000 nm) ranges [1]. SPD processes encompass a
series of metal forming techniques in which heavy
straining is applied under high hydrostatic pressure,
usually at room temperature (RT), leading to accumu-
lated strains over ~ 4-6 [2]. Some of the major advan-
tages of SPD methods are their capability to generate
significant grain refinement without changing the
overall dimensions of the sample. The resulting UFG
microstructures, characterised by large volume frac-
tions of high-angle grain boundaries, are ultimately
responsible for the unique physical, mechanical and
functional properties of SPD-processed materials,
which cannot be attained by traditional deformation
methods [3].

Though the roots of SPD metal processing can be
traced back to the Han dynasty of ancient China in
200 B.C. [4], it was not until over 2000 years later
that materials scientists invested significant research
efforts to systematically develop the SPD techniques
which current generations benefit from. In their analy-
sis covering the period from 1980 to 1999, Lowe and

sensitivity; ultrafine-grained

Zhu [5] discovered that very little research was pub-
lished in the archival literature on the topic of SPD
during the 1980s. However, they found 828 distinct
publications on SPD between 1990 and 2002 (805
appearing in archival journals and 23 appearing in
conference proceedings). There was a steady increase
in the number of publications from 1990 through
2000, with the rate of publication nearly doubling
between 2000 and 2001 [5]. Thus, one can estimate
that the conception of modern-day SPD processing
was around 1990, and there has been an explosion of
research and development in this area ever since. In
the 1990s and early 2000s, the SPD research evolved
from investigating pure metals, to traditional metallic
alloy systems, to more complex alloy systems [6,7].
More recently, SPD involving the joining of pure
metals to produce metallic nanocomposite structures,
referred to as ‘hybrids’, has emerged and is rapidly
gaining significant momentum.

The scope of traditional thermomechanical pro-
cesses, such as rolling, extrusion, forging, swaging,
and drawing, is often limited by the strength-ductility
tradeoft typically observed in engineering materials,
which may be strong or ductile, but rarely both at
once [7]. Unlike these deformation processes, SPD-
processed materials are characterised by UFG micro-
structures containing large volume fractions of grain
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boundaries (i.e. low- and high-angle boundaries),
leading to the formation of interface-controlled
materials [2]. As a result, a wide range of UFG metals
and alloys have exhibited superior mechanical proper-
ties [8-16] (i.e. tensile strength, elongation-to-failure,
fatigue, hardness, superplasticity) and functional
properties [17-25] (i.e. electrical conductivity, mag-
netic resistance, hydrogen storage, photolumines-
cence, superconductivity).

The synthesis of metal hybrids using SPD tech-
niques has gained notable interest over the last decade
due to the resulting UFG microstructures, which exhi-
bit a unique set of mechanical properties. Today, high-
pressure torsion (HPT) [26-28], equal channel angu-
lar pressing (ECAP) [29,30], and accumulative roll
bonding (ARB) [31,32] are the most established SPD
techniques. The foundations of HPT granted Bridg-
man the Nobel prize in 1946 [26], and it is considered
the most efficient technique in terms of grain refine-
ment. In addition, HPT offers versatility to explore
the joining of different materials, alternative exper-
imental designs, and processing parameters. The
focus of this review article is set on HPT-processed
metal hybrids, with emphasis placed on their synthesis
routes, microstructural characteristics, as well as their
resulting mechanical  properties and future
perspectives.

Unconstrained HPT Quasi-constrained HPT

(a) P @ P

Figure 1. Schematic setup of (a) unconstrained HPT and (b)
quasi-constrained HPT, where P indicates the applied pressure
and o indicates the rotational speed. The appearance of the
peripheral cross-section of samples produced by (c) uncon-
strained HPT applied to pure Cu for 5 turns and (d) quasi-con-
strained HPT applied to pure Fe for 5 turns. Adapted from [33].

During HPT, a disk shaped specimen (typically 10-
20 mm diameter and 1 mm thickness) is simul-
taneously subjected to a large hydrostatic pressure
(usually 6 GPa) and severe torsional straining, as
shown schematically in Figure 1(a). This shows an
idealised version of HPT, where the lack of lateral con-
straints prevents a uniform applied pressure, thereby
leading to a continuous decrease in sample thickness,
as observed in Figure 1(c). In contrast, a constrained
version of HPT would theoretically lead to pure tor-
sion deformation under hydrostatic pressure without
altering the sample geometry; however, it is practically
impossible as it assumes a frictionless condition. A
trade-off between these two versions, quasi-con-
strained HPT, which includes a cylindrical cavity in
each anvil that is slightly shallower than the HPT
sample, is the most frequently used HPT setup, see
Figure 1(b). In this manner, a small amount of
material flows out of this cavity, as shown in Figure
1(d), ensuring a uniform sample thickness over the
majority of the sample diameter under a nearly ideal
hydrostatic pressure during torsion [33].

The action of concurrent compressive and shear
stresses introduces a significant amount of point and
line defects within the specimen, which enhances
atomic diffusion even at RT [34]. As shown in
Equation (1), the shear strain (y) in the disk specimen
during HPT can be expressed in terms of the number
of rotations (N), the distance from the centre of the
disk (r), and the disk thickness (h) [35]. The equivalent
Von Mises strain (e.;) can be then calculated using
Equation (2) for y <0.8, and Equation (3) for y >
0.8 [6,36]:
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Despite the significant grain size refinement
achieved by HPT, often to the nanoscale range
(1-100 nm), the resulting strengthening increase is
limited by a steady-state regime reached at high strain
values (i.e. 8-10 effective strain) [37]. Thereby, grain
size saturation limits the strength increase in HPT-
processed metals and alloys having uniform micro-
structures. Consequently, a modification of the con-
ventional HPT process, able to promote solid-state
reactions through direct diffusion bonding at RT,
has been investigated for synthesising multiple metal
hybrid systems, including Al-Cu [38-40], Al-Mg
[41-47], Al-Fe [46], Al-Ti [46], Cu-Ta [48], Cu-ZnO
[49], Fe-V [50,51], Zn-Mg [52-54] and V-Zr [55].

(for vy < 0.8) (2)



These hybrids can be defined as metal-based compo-
sites, comprised of at least two elements, whose final
properties are determined by their unique nanoscale
architecturing, which in turn is achieved through
mechanical bonding of dissimilar bulk metals by
HPT processing.

This article offers a comprehensive review of the
experimental procedures used to synthesise HPT
hybrid systems, as well as their resulting ultrafine-
grained (UFG) microstructures and mechanical
behaviour. The flowchart presented in Figure 2
aims to guide the reader through the organisation
of the paper and how each of the major sections is
in turn subdivided into separate topics, as summar-
ised below.

The different approaches used to produce HPT-
processed hybrids are covered in “Synthesis of hybrid
metal systems by HPT”. Particular attention is given
to the mechanical bonding of dissimilar bulk metals
(i.e. Al-Cu, Al-Mg, Zn-Mg systems) in “Origin of the
mechanical bonding of dissimilar metals” and the var-
iety of sample configurations investigated to date in
“Sample formats of HPT-processed hybrids”. One of
the limitations of conventional HPT, its small sample
size, together with recent promising attempts to
upscale the HPT procedure, are discussed in “Upscal-
ing HPT and size limits of hybrid samples”.
Additional synthesis approaches based on HPT
principles, including the consolidation of powders
and machining chips, are presented in “Other strat-
egies for synthesising metal hybrids using HPT" .

The mechanisms governing the microstructural
evolutions of metal hybrids obtained by HPT are pre-
sented in “Microstructural evolution of HPT-pro-
cessed metal hybrids”, which is organised as
follows. The microstructural features common to
most hybrid systems synthesised by HPT, are dis-
cussed in “General microstructural evolution in HPT
hybrid systems”. The formation of additional micro-
structural features of interest, only observed in par-
ticular hybrid systems, is reported in following
subsections. The nucleation of intermetallic com-
pounds, and the critical contributing factors for
their formation during HPT, are presented in “In-
situ nucleation of intermetallic compounds”. The
microstructural effects of post-deformation annealing
(PDA) treatments in the different hybrid systems are
discussed in “Effect of post-deformation annealing”.
The major contributing factors leading to HPT-
induced supersaturated solid solutions (SSSS) are
summarised in “Formation of supersaturated solid sol-
utions”. Additional microstructural-related topics of
interest, such as amorphisation and thermal stability,
are reported in “Other microstructural transform-
ations in HPT-processed hybrids”.

The effect of the microstructural evolutions on the
mechanical performance of HPT-processed hybrids is
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presented in “Micro-mechanical properties of HPT-
processed metal hybrids”, which is subdivided as fol-
lows. “Hardening mechanisms of HPT hybrids obtained
from mechanical bonding” presents the hardness evol-
ution during HPT and PDA in different hybrid sys-
tems, as well as the major strengthening mechanisms
involved in such evolutions. A discussion on the
“Evaluation of global mechanical properties from
HPT hybrids” is introduced, together with a general
recommendation for current researchers to enable a
more comprehensive analysis of the processing-
microstructure-property relationships. An evaluation
of the plastic deformation behaviour of HPT hybrids
from nanoindentation studies is presented in “Nanos-
cale plastic deformation and strain-rate sensitivity of
HPT hybrids”, highlighting the effect of PDA, which
enhances both hardness and strain-rate sensitivity in
the Zn-Mg hybrid system. The general requirements
“Towards strength-ductility synergy through hetero-
geneous microstructures” in HPT-processed hybrids
are also presented. Lastly, the potential and feasibility
of HPT to produce metal hybrids for tailored engin-
eering applications is discussed in “Future potential
applications of HPT-processed components”, with
emphasis placed on biomedical implants, microelec-
tronics, magnetic materials, and hydrogen storage.

Synthesis of hybrid metal systems by HPT

Origin of the mechanical bonding of dissimilar
metals

A wide variety of synthesis approaches has used severe
plastic deformation (SPD) principles to obtain hybrid
materials through the mechanical bonding of dissim-
ilar metals. Before focusing on these approaches invol-
ving HPT, it is worthwhile to describe how mechanical
bonding has been wused to achieve UFG
microstructures.

Clad rolling produces a single multilayered sheet
via elevated temperature rolling of individual metal
sheets stacked on top of each other. This process
reduces the grain size to the microscale range (i.e.
0.1-1 pm), thereby increasing the strength, but only
to a limited extent. To further refine the microstruc-
ture, this process can be repeated multiple times by
cutting the rolled material in half at the end of each
rolling pass and subsequently restacking, followed by
further rolling. This sequential process defines the
so-called ARB, a popular SPD technique used to pro-
duce UFG metal sheets. ARB, which is commonly per-
formed on FCC metals due to their relatively slow
work hardening [56], has also been used to fabricate
metal hybrid sheets. For instance, multilayered
hybrids with compositions of Al/Ni [57], Al/Mg
[58], Al/Ti [59], Al/Al-Zn-Mg-Cu [60], and Cu/Ta
[61], have been successfully ARB-processed. However,
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Figure 2. Flowchart showing the organisation of this review paper in different sections, and the contents covered in each of them.

the inherent microstructural and mechanical aniso-
tropy between the rolling and transverse planes of
ARB sheets [62], along with the fact that it requires
continuous supervision during processing to ensure
good material bonding (i.e. surface brushing and
decontamination between rolling steps), motivated
research and development of alternative SPD pro-
cesses, like HPT, for producing metallic hybrids. The
accumulated plastic strain during HPT is generally
higher than that for ARB [63], thereby resulting in a
more efficient production of metallic hybrids at RT.

Sample formats of HPT-processed hybrids

Metal hybrids have been synthesised by HPT using a
variety of sample formats and experimental par-
ameters. The final dimensions of the HPT-processed
metallic hybrids can be identical to those fabricated

Conventional HPT

from conventional HPT processing of pure metals or
alloys (common dimensions being 10 mm diameter
and 1 mm thickness). However, unlike that for con-
ventional HPT processing of pure metals and alloys,
where a single disk is used (Figure 3(a)), the synthesis
of HPT hybrids offers a variety of possible layered for-
mats that can be customised for obtaining tailored
microstructures and mechanical properties. Some of
these formats are illustrated in Figure 3(b-d), and
the experimental parameters used to produce specific
metallic hybrid systems are described below.

Sun et al. [64] showed that HPT was a feasible tech-
nique to mechanically bond half disks to produce bulk
metallic glass matrix composites. A year later, the feasi-
bility to produce mechanical bonding between dissim-
ilar bulk metals through HPT at RT was demonstrated
by two independent research groups: Sun et al. [65]
(through the combination of Cu/Zr, Cu/Ni, and Cu/

HPT hybrid processing

(a)

()

(d)

Figure 3. Sample formats used in (a) conventional HPT and (b—d) HPT hybrid processing: (b) quarter-disk, (c) half-disk and (d)

stack-disk.



Ag half disks) and Miyazaki et al. [66] (through the
combination of Ag/Ni and Nb/Zr half disks). Both
groups used the experimental setup illustrated in
Figure 3(c). The following year, the combination of
four alternate quarter disks of Al-6061 alloy and pure
Cu, as seen in Figure 3(b), was demonstrated by Boua-
ziz et al. [67], where 1 turn under 2.5 GPa resulted in
the joining of the two materials into a single bulk disk
with an average grain size (GS,y.) of 100-200 nm.
Later, solid-state reactions between two alternate Al
and Cu half disks were confirmed by Oh-ishi et al.
[38] after HPT processing for 1, 10, and 100 turns
with 6 GPa, see Figure 3(c). The increased number of
rotations with respect to the previous study led to the
formation of nanoscale Al-Cu intermetallic phases,
namely Al,Cu, AlCu, and Al,Cu,, as well as the dissol-
ution of Al and Cu in the matrix due to the enhanced
atomic diffusion. These two studies demonstrated
that HPT was not only capable of achieving mechanical
bonding between different metals and metallic alloys,
but also imposing significant microstructural changes.
However, given the complexity associated with the
arrangement and alignment of the quarter-disks and
half-disks in the HPT anvils before processing, alterna-
tive less-complex sample formats were investigated
thereafter.

A more straightforward approach to produce
mechanical bonding was then introduced, which con-
sisted of stacking different metal disks without any
surface adhesion or brushing treatment prior to
HPT processing. This sample format was originally
developed by Ahn et al. [68] in 2015 for three metallic
disks stacked alternatively in an A/B/A sequence,
where the top and bottom material (A) was different
from that in the centre (B), as sketched in Figure 3
(d). The first hybrid system to be synthesised by
HPT using this approach was Al/Mg/Al, which was
subjected to 6 GPa for 5, 10, and 20 turns
[42,45,68,69]. Similar to the Al-Cu HPT-processed
hybrids mentioned earlier, the resulting Al-Mg
hybrids exhibited a nanoscale matrix grain structure
as well as nanoscale intermetallic compounds, namely
Al;Mg, and Al;,Mg;. Since then, several other HPT-
processed hybrid systems have been investigated,
such as Al-Cu [38-40], Al-Mg [42,44,45,69,70], Al-
Fe [46], Al-Ti [46], Cu-Ta [48], Cu-ZnO [49], Fe-V
[50,51], Zn-Mg [52-54] and V-Zr [55]. This stacking
approach is now routinely used to produce metallic
hybrids due to their versatility and adaptability for
use by almost all metal systems without the need for
a binder (which is sometimes required for other join-
ing techniques, including those based on additive
manufacturing). The resulting microstructural evol-
ution and mechanical properties, as well as the ease
for controlling the final composition by simply adjust-
ing the thickness and/or the number of the disks in the
stacking sequence, are the primary reasons that make
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HPT a unique approach for synthesising metal
hybrids.

Upscaling HPT and size limits of hybrid samples

One of the disadvantages of HPT to process metal
hybrids is the large applied pressures (i.e. generally,
6 GPa) required to mechanically bond the different
metallic disks. The means and expenses required to
generate such large pressures limit the size of the
HPT-processed samples, which are typically 10 mm
diameter and 1 mm thickness, though diameters as
large as 20 mm have also been fabricated [71,72].
One of the reasons why such large forces or press-
ures are needed is to avoid slip of the materials in
the HPT equipment during deformation. For
example, 8 GPa pressure (equivalent to 40 tons
pressure) was required to successfully process an
8 mm diameter and 0.8 mm thickness W-25Cu (wt.
%) nanocomposite by HPT [73]. Another reason
why larger forces or pressures are needed is to obtain
both uniform grain sizes and mechanical properties
(i.e. hardness) between the centre and periphery of
the HPT-processed disk. Work by Zhilyaev et al.
[6,74] portrayed results from Ni disks after HPT
for 5 turns at applied pressures of 1, 3, 6, and
9 GPa. The results showed that an increase in the
applied pressure from 1 to 9 GPa gives an overall
increase in the Vickers microhardness (HV),
especially at the centres of the disks, where the strain
is lower than at the periphery. At 9 GPa, uniform
hardness values were exhibited from the centre to
the periphery of the disk. These measurements
supplemented by transmission electron
microscopy (TEM) examination of the microstruc-
tures. After 1 GPa pressure, there was a significant
discrepancy between the finer grain sizes at the per-
iphery of the disk and the larger grain sizes in the
centre of the disk. After 3 GPa pressure, although
there was less inconsistency in grain size, there was
a morphological difference where the periphery
grains were equiaxed while the centre grains were
elongated. Only after 9 GPa pressure, the microstruc-
ture was consistent with respect to both grain size
and morphology. Thus, 6 GPa was considered to be
a reasonable pressure to obtain both uniform grain
sizes and hardness values across the HPT-processed
materials, and this has been adopted as the accepted
pressure used in most studies.

There are significant implications associated with
the scalability of HPT manufactured components.
Although it is possible to produce HPT disks larger
than 10 mm diameter and 1 mm thickness, the invest-
ment in research and industrial infrastructure required
is considerable, and therefore the benefits of imple-
menting this upscaled machinery need to scale accord-
ingly. One means to reduce the forces necessary for

were
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successful HPT bonding is by increasing the tempera-
ture. However, this results in additional costs for heat-
ing and can result in the ingress of undesirable diffusion
products, such as O, N, C, and H, as well as the possi-
bility of imposing undesirable phase transformations,
recrystallisation, and grain growth, which can lead to
reduced strengths, thereby defeating one of the main
benefits of HPT processing. For example, HPT-pro-
cessed W-25Cu (wt. %) at 400°C resulted in signifi-
cantly larger W particles than those observed after
HPT processing at RT [73]. In order to overcome the
reputation of HPT as a merely academic curiosity,
much effort over the last few years has focused on
upgrading HPT machinery for producing larger
samples. The feasibility of RT HPT to obtain cylindrical
samples, having 10 mm diameter and 8 mm thickness,
was confirmed in an Al-Mg-Sc alloy processed under
1 GPaapplied pressure for % and 1 turn [75]. However,
it was found that the deformed microstructure after 1
turn was inhomogeneous across the thickness and
exhibited notable variations in the HV values through-
out different samples. Thus, a greater number of turns
and a higher applied pressure (consistent with
the previous discussion) is needed to increase the
strains imposed and obtain a more homogeneous
fine-grained microstructure.

There are two conditions that must be simul-
taneously met in order to obtain an HPT sample
with a homogenous ultrafine-grained (UFG) micro-
structure. First, the saturation strain (i.e. strain value
above which the grain size remains constant) must
be achieved. Second, a certain thickness (¢) to diam-
eter (d) ratio, t/d, must be obtained. For example, #/
d <1/13 for HPT-processed American Rolling Mill
Company pure iron (Armco-Fe) was required to
achieve both axial and radial microstructural hom-
ogeneity [33]. However, this ¢/d value may not be uni-
versally applied to all materials and may vary for
different compositions.

The size and shape of the initial disk material (prior
to HPT processing) can be adjusted, provided the fol-
lowing technical aspects are met. First, the applied
pressure must be sufficient to prevent sliding between
the sample and the anvils during torsional straining.
Generally, this pressure should be at least three
times greater than the material’s yield stress, and the
maximum pressure is determined by the hardness of
the HPT anvils. Second, the torque required to enable
torsional straining of the sample under fully-plastic
flow is proportional to d’; hence, more powerful
motors are required for samples with larger diameters.
The anvil diameter must be increased accordingly to
withstand higher torques [76]. Taking into account
these concepts, conventional HPT machines can be
adapted to produce larger samples. To date, the largest
samples to be HPT processed, 60 mm in diameter and
12 mm thick, were synthesised using a machine with

10,000 kN maximum loading capacity and 130 kN-m
maximum torque [77].

The feasibility of scaling-up the dimensions of an Al/
Mg/Al multilayered HPT hybrid was recently investi-
gated, and the associated effects on the microstructure
and mechanical properties were reported [47]. The
study concluded that the microstructures of Al-Mg
hybrid samples, having 25 mm diameter and 2 mm
thickness, were comparatively similar to those of con-
ventional samples with 10 mm diameter and 1 mm
thickness after 10 and 20 turns. Both sample dimen-
sions exhibited a similar change in hardness values
across their cross-section and thickness. In order to
prevent the excessive temperature rise from plas-
ticity-induced heating, the rotational speed was
adjusted from 1 rev min~" in the conventional sample
to 0.4revmin ' in the upscaled one. Despite this
decrease in rotational speed, indications of microstruc-
tural recovery were observed at the disk periphery of
the larger sample. To date, this is the only study that
has reported scale-up attempts for HPT hybrids.

Motivated by overcoming the scalability limit of the
HPT process, several researchers have recently made
substantial efforts for developing similar severe plastic
deformation (SPD) methods that can maintain the
extensive grain refinement of HPT in larger samples.
Fujioka and Horita [78] introduced the high-pressure
sliding (HPS) process in 2009, whose setup combines
two anvils and one plunger in between, such that rec-
tangular metallic sheets can be placed between the
anvils and the plunger. Compressive forces are applied
to the anvils during plunger displacement normal to
the compression direction (i.e. parallel to the anvil sur-
face), such that large shear strains are introduced in
the sheet samples. HPS-processed sheets can reach
dimensions of 10-30 mm width, 100 mm length, and
1 mm thickness, and exhibit grain sizes in the range
of 200-300 nm [79]. In 2019, Toth et al. [80] devel-
oped high-pressure compressive shearing (HPCS), a
modified version of HPS with the addition of a confi-
ning pressure and a higher compressive pressure for
introducing higher shear strains. Similarly, Edalati
and Horita [81] developed continuous high-pressure
torsion (CHPT) in 2010 as an attempt to produce
microstructural refinement in metal sheets continu-
ously. Undoubtedly, there is a notable interest in
adapting HPT principles for upscaling and continuous
processing for industrial feasibility while maintaining
its extraordinary grain refinement.

Other strategies for synthesising metal hybrids
using HPT

In addition to the approaches covered in previous sec-
tions to process HPT hybrids from direct mechanical
bonding of bulk materials, other alternative methods
have explored the feasibility of HPT to consolidate



materials in the form of powders or machining chips.
In either case, the material can be filled into the cavity
formed between the HPT anvils to produce a compact
solid sample at room temperature (RT).

Consolidation of powders via HPT has been used to
produce a variety of metal-matrix and ceramic-matrix
composites. Different combinations of miscible alloy
systems (i.e. binary Al-Mg [82] and Al-Fe [83]) and
immiscible alloy systems (i.e. binary Cu-Fe [84] and
Au-Fe [85], or ternary Cu-Fe-Ag [86] systems) have
been consolidated via HPT from metallic powder mix-
tures, resulting in single-phase or dual-phase nano-
crystalline  microstructures.  Ceramic-reinforced
metal-matrix composites have been also successfully
consolidated from powders at RT, including Cu-SiO,
[87], Al-ALO; [87,88], Ti-TiO, [89], Co-NiO [90],
Co-AlLO; [91], Mg-MgO [92]. For instance, Ashida
et al. [88] produced an Al-30A1,03 (vol. %) nanocom-
posite, of 10 mm diameter, from pure Al powder
(150 um particle size) and Al,O3 powder (30 nm par-
ticle size) using HPT for 10, 20, and 50 turns, under
1 rev min~', 6 GPa, and RT. The resulting microstruc-
ture consisted of an Al matrix, with a GS,,. of ~
550 nm after 50 turns, containing dispersed AlL,O;
nanoparticles. Metal-based composites reinforced
with carbon allotropes, such as graphene [93-96]
and fullerenes [97-100] (i.e. carbon nanotubes
(CNT)), have also been synthesised from powder con-
solidation using HPT. Lastly, some examples of cer-
amic-matrix composites that have been fabricated
via HPT from powder mixtures are ZrO,-Y,0;
[101], WC-Co [102], TiO,-ZnO [103], and GaN-
ZnO [104].

Machining chips have also been consolidated into
compact samples using HPT at RT [105-108]. The
use of metal chips offers an opportunity to recycle
a material that already underwent plastic defor-
mation, and as such, contains a higher dislocation
density than its unmachined counterpart. For
instance, a Mg-10A1,0; (vol. %) composite was pro-
duced by the consolidation of pure Mg chips and
Al,O; microparticles [105]. The mixture was pre-
compacted at 250 MPa into disks of 10 mm diameter
and 1 mm thickness and then processed by HPT
under 6 GPa at 1 revmin™' for 1/8, 1, and 5 turns.
This study demonstrated an adequate bonding
between chips and particles and a good mixing of
the different phases after 5 turns, which resulted in
a composite with a reasonably homogeneous micro-
structure. In another study, Al-8Si-3Cu (wt. %) chips
were pre-compacted at 200 MPa and then consoli-
dated into a composite, with 10 mm diameter and
1 mm thickness, via HPT under 8 GPa at 1rev
min~" for 10 turns [107]. The HPT process resulted
in dense bulk composite samples (i.e. 99.6% relative
density) with a higher and more homogeneous
microhardness distribution than that of the HPT-
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processed alloy counterpart due to the higher
imposed plastic strain.

Microstructural evolution of HPT-processed
metal hybrids

General microstructural evolution in HPT
hybrid systems

Processing of HPT hybrids through the mechanical
bonding of several stacked metal disks, as shown in
Figure 3(d), leads to a general good bonding between
the separate disks into a compact sample at relatively
low strain (i.e. 1 turn), without noticeable cracks,
voids, or segregations. As observed in the scanning
electron microscope (SEM) images in Figure 4 for
different HPT hybrid systems, increasing torsional
straining results in a disruption of the multilayered
structure after 1 turn, followed by a subsequent
phase fragmentation with increasing number of
turns. In some metal systems, HPT leads to compo-
sitional mixing in such a way that new phases and/
or intermetallic compounds nucleate in the micro-
structure, as is the case of the Al-Cu, Al-Mg and Zn-
Mg systems shown in Figure 4(a-c), respectively.
However, other metal systems, such as Al-Fe and
Al-Ti, shown in Figure 4(d,e), respectively, do not
exhibit any phase transformation despite the fragmen-
tation of the multilayered structure after severe tor-
sional straining.

Al-Cu HPT hybrids have been synthesised at RT
under 6 GPa, at 1 rev min™, for 10, 20, 40, and 60
turns [39]. The microstructure analysis after HPT
demonstrated an ultrafine-layered structure with a
GS,ve ~ 80 nm after 20 turns and an equiaxed micro-
structure with a GS,.~30nm in the peripheral
regions of the disk after 60 turns. However, relatively
large Al-rich and Cu-rich phases were still present
within the central regions of the disk after 60 turns,
as observed in Figure 4(a). It was apparent that after
60 turns, the Cu-rich phase was fully dissolved into
the Al-rich matrix, and there was no evidence of
phase segregation, as observed in Figure 5(a). Three
different intermetallic compounds, namely Al,Cu,
AlCu, and Al,Cu, were identified after 20 turns, as
observed in Figure 5(b), which gradually increased
in volume fraction after 40 and 60 turns.

Al-Mg HPT hybrids have been processed at RT
under 6 GPa, at 1 rev min~", for 1, 5, 10, 20, 40, and
60 turns [43,68]. Microstructural analysis revealed a
significant grain refinement after 5, 10, and 20 turns,
with a GS,ye ~190 nm, ~ 90 nm, and ~ 60 nm,
respectively. The disk after 10 turns revealed the pres-
ence of two intermetallic compounds in the regions of
higher plastic deformation; Al;Mg, in the form of ~
30 nm nanolayers, and Al;,Mg;; in the Al-rich matrix,
which was in a SSSS state, as shown in Figure 5(c).
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HPT: 5 tur

6.0 GPa — 1 rpm
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30 turns
e
P

Figure 4. SEM images of the cross-sections of different A/B/A-type hybrids processed by HPT at RT under an applied pressure
between 1 and 6 GPa, a rotational speed of 1 rev min~" for increasing number of turns. (a) Al/Cu/Al, (b) Al/Mg/Al, (c) Zn/Mg/
Zn, (d) Al/Fe/Al and (e) Al/Ti/Al. Reproduced with permission from [39,42,44,46,52].

Further HPT processing for 40 and 60 turns resulted
in a slight decrease of the GS,y. to ~ 40 nm and ~
30 nm, respectively, and the dissolution of both
Al;Mg, and Al;;Mg;; in the Al-rich matrix, as
observed in Figure 5(d). This was associated with an
increased Mg concentration in the Al-rich matrix
after 40 and 60 turns, which occurred due to enhanced
diffusion of Mg in the intermetallic compounds.

Zn-Mg HPT hybrids were obtained at RT under
6 GPa, at 1 revmin !, for 1, 5, 15, and 30 turns [52].
The microstructural characterisation of the HPT-pro-
cessed disks showed the formation of a sub-micron
multilayered structure embedded in a Zn-rich matrix
with a GS,ye of ~ 600 nm at the disk periphery after
30 turns. The grain refinement from 1 to 15 turns
was accompanied by a significant increase in the
volume fraction of high-angle grain boundaries. The
slight increase in GS,,. after 30 turns, together with
a significant decrease of the basal texture intensity,
suggested the occurrence of dynamic recrystallisation
(DRX) during HPT. Nanosized intermetallic com-
pounds Mg,Zn;; and MgZn, were identified near to
the disk edges after 15 and 30 turns, and their volume
fractions increased consistently with the number of
turns, as observed in Figure 5(e,f). Similar to the Al-
Cu and Al-Mg systems, the central region of the Zn-
Mg hybrid disk after the highest number of rotations
(i.e. 30 turns) exhibited larger phases than the periph-
eral regions, as observed in Figure 4(c).

The extreme grain refinement achieved in the Al-
Cu, Al-Mg, and Zn-Mg HPT hybrid systems, along
with the nucleation of different intermetallic com-
pounds, had a strong effect on their mechanical per-
formance, as detailed in “Micro-mechanical
properties of HPT-processed metal
hybrids”. However, Al-Fe and Al-Ti HPT hybrids
did not exhibit any compositional mixing despite the
phase fragmentation at increasing number of turns,
and thus, no additional intermetallic compounds
were formed in these cases. This can be observed in
the X-ray diffraction (XRD) patterns of the Al-Fe
hybrid after HPT for 20 turns and the Al-Ti hybrid
after HPT for 50 turns, which are depicted in Figure
6(a,b), respectively. As a consequence, hardness
measurements in the Al-Fe and Al-Ti hybrid systems
reached maximum values of 330 and 350 HV, respect-
ively, which are consistent with the saturated hardness
exhibited by pure Fe and Ti when processed separately
by HPT without any phase transformation [46,109].

Mechanical bonding of dissimilar metals by severe
shearing can introduce metastable phases, including
intermetallic compounds and supersaturation phases
nucleated at the vicinity of the interfaces of dissimilar
metals. The mechanisms of such phase transform-
ations, which are covered in following sections, can
be understood through the formation of tribomater-
ials [110], which involve the formation of unique
flow patterns, similar to the flow of liquids. These
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Figure 5. Representative microstructures of Al-Cu, Al-Mg, and
image with EDS elemental maps of Al and Cu, (b) TEM microgra

Zn-Mg HPT hybrids. Al-Cu system after HPT for 60 turns: (a) SEM
ph and corresponding SAED pattern. Al-Mg system after HPT for 10

turns: (c) TEM micrographs and corresponding EDS elemental maps of Al and Mg, (d) XRD patterns after 40 and 60 turns. Zn-Mg
system after HPT for 30 turns: (e) SEM and TEM with corresponding SAED pattern, (f) XRD patterns after 1, 15, and 30 turns. Repro-

duced with permission from [39,43,52,68].

patterns appear as vortices adjacent to the interfaces
when a Kelvin-Helmholtz (K-H) shear instability
[111,112] occurs under shear or sliding deformation
and can be further accelerated under high-pressure
processing. Thus, the interfaces in the mechanically
bonded metals experience severe shear, and this intro-
duces, through the K-H instability, large volumes of
tribomaterials with nano-scale grains during the
phase mixture and grain refinement by HPT.

In-situ nucleation of intermetallic compounds

As anticipated from the discussion in the previous sec-
tion, several HPT hybrid systems (i.e. Al-Cu, Al-Mg,
and Zn-Mg) were found to promote the nucleation
of intermetallic compounds. However, other HPT
hybrid systems (i.e. Al-Ti and Al-Fe) did not exhibit
any evidence of intermetallic formation. This section
presents the critical conditions for the formation of
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Figure 6. XRD profiles of the (a) Al-Fe HPT hybrid after 20 turns at 1 GPa and (b) Al-Ti HPT hybrid after 50 turns at 6 GPa. Repro-

duced with permission from [46].

intermetallics under plasticity-driven mechanisms,
and rationalises why different hybrid systems are (or
are not) able to nucleate intermetallic compounds
during HPT processing.

The major contributing factor to the formation of
intermetallic compounds during mechanical bonding
of dissimilar metals is an enhanced atomic diffusion
at the large plastic strains achieved in HPT processing,
which is due to a significant increase in the concen-
tration of point defects. Different mechanisms invol-
ving enhanced atomic mobility have been proposed
to explain the shear-induced chemical mixing in het-
erogeneous microstructures [113-116], like those
obtained after processing the HPT hybrids. Dissolution
becomes energetically favourable, from a thermodyn-
amic viewpoint, when the phase size decreases to the
nanometre level. Thereby, the formation of a solid sol-
ution can be achieved through mechanical mixing by
dispersing the dissolved atoms in the matrix. Another
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Figure 7. Comparison of the diffusion coefficients estimated for
the Al-Cu HPT hybrids as a function of the Cu concentration (red
points 1-7) against those corresponding to the Al-Cu alloy sys-
tem (reference values). Reproduced with permission from [38].

mechanism suggested by Veltl et al. [117] claimed
that the energy stored in the grain boundaries of
ultrafine-grained (UFG) microstructures serves as the
driving force for solid solution formation. In contrast,
Bellon and Averback [118] proposed a plasticity-driven
mechanism, known as the kinetic roughening model,
which suggested that atoms are shifted across the inter-
phases of the phase boundaries by the shear of atomic
glide planes. That is, during shearing of the glide planes,
the phase boundaries become increasingly rough, lead-
ing to microstructural refinement and eventually to
complete chemical mixing of the multiphase system.
The synthesis of metastable phases during severe plas-
tic deformation (SPD) was explained by Straumal et al.
[119] using the effective temperature model, originally
developed for materials under irradiation. This model
assumes that the SPD material’s microstructure is con-
verted into a separate microstructural state that could
be described by a specific increased temperature, and
this allows for a prediction of the structure and compo-
sition of phases formed during SPD.

Several studies have shown experimental evidence
for the accelerated atomic diffusion during SPD,
which seems to be the key factor to enable the mech-
anisms and models summarised above. For instance, a
Cu-Pb alloy processed by ECAP demonstrated
increased atomic mobility, which was attributed to
the introduction of additional free volume (i.e. the
volume that is not occupied by atoms) during severe
straining, in the form of non-equilibrium interfaces,
vacancy clusters, nanovoids, and micropores [120].
An estimation of the diffusion coeflicients of the Al-
Cu HPT hybrids revealed that they were about 10"~
10°* times larger than those of lattice diffusion, and
comparable to those of surface diffusion in the Al-
Cu alloy system [38], as shown in Figure 7. This was
suggested to be the reason for the formation of
AlCu, AlCu, and Al,Cuy intermetallic phases in the
Al-Cu HPT hybrid system. The nucleation and
increased volume fractions of Mg,Zn,; and MgZn,
intermetallics in the Zn-Mg HPT hybrids were con-
sistent with a decrease of the matrix Mg-phase volume



fraction from 15 to 30 turns [52,53]. These intermetal-
lics were consistently identified by XRD, as shown in
Figure 5(f), and by Fast Fourier Transform (FFT)
analysis of HRTEM images, as shown in Figure 8.
Moreover, it was observed that the fraction of
MgZn, was greater than that of Mg,Zn;, after 15
turns, contrary to what was expected from their for-
mation enthalpies. Given that MgZn, requires about
twice the amount of Mg atoms than Mg,Zn;;, and
that intermetallics were predominantly found in Mg-
rich areas, the atomic availability for the intermetallic
formation plays a particularly important role when
complete chemical mixing has not been obtained.
However, the fraction of Mg,Zn,; increased at the
expense of MgZn, after post deformation annealing,
in agreement with their formation enthalpies,
thereby providing a more thermodynamically favour-
able energy state to the system.

Effect of post-deformation annealing

HPT followed by post-deformation annealing (PDA)
has been proposed to overcome the strength-ductility
tradeoff typically observed in the heterogeneous
microstructures of HPT hybrids [42,53]. This section
presents the major microstructural evolutions
reported in the hybrid systems (i.e. Zn-Mg and Al-
Mg) subjected to PDA after HPT processing. The
effects of the newly-formed microstructures after
PDA on the micro-mechanical behaviour are covered
in detail in “Nanoscale plastic deformation and strain-
rate sensitivity of HPT hybrids”.

The significance of PDA was demonstrated by
Valiev et al. [121] to improve both the tensile strength
and elongation-to-failure of nanostructured Ti after
HPT. According to a later review [122], the reason
why PDA is an effective strategy to improve the overall
ductility of a material is associated with an ordering of
the defect structures within the grain boundaries,
resulting in a near-equilibrium state without signifi-
cant grain growth. In addition, PDA was found to
reduce the dislocation density in the grain interiors
of the UFG materials, giving an opportunity to
increase the dislocation storage capability during plas-
tic deformation, which may lead to enhanced ductility.

The influence of PDA in HPT hybrids was first
investigated by Han et al. [42] for the Al-Mg system.
They subjected a set of samples processed by HPT
for 20 turns to a PDA treatment of 300°C for 1 h.
The PDA-treated samples’ microstructure was graded,
where the central region contained a multilayered
structure that was not present before PDA. Analysis
of the disk edge revealed that the PDA-treated
material exhibited a uniform equiaxed microstructure
with a GS,..~ 380 nm containing Al;,Mg;; and
Al;Mg, intermetallics and an Al-7Mg (at. %) solid sol-
ution phase. It is noted that before PDA, the HPT
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samples also exhibited Al;,Mg,, intermetallics. There-
fore, it was evident that processing by HPT for 20
turns followed by PDA promoted the formation of a
multicomponent Al-Mg hybrid system, which resulted
in a simultaneous increase of the RT strain rate sensi-
tivity and plasticity while maintaining a reasonable
hardness.

Inspired by the latter example, the effect of PDA
was recently studied by Hernandez-Escobar et al.
[53] on the Zn-Mg hybrid system by performing
a200°C/1 h PDA treatment to a set of HPT-processed
samples for 30 turns. Experimental results indicated a
microstructural evolution from a relatively equiaxed
UFG structure with a GS range of 100-200 nm and
Mg,Zn;; and MgZn, intermetallic nanoprecipitates
evenly distributed after HPT, see Figure 9(a), to a het-
erogeneous microstructure with a bimodal GS distri-
bution of ~ 100-200 nm and ~ 600-900 nm after
PDA (Figure 9(b)). This was suggested to be a result
of the segregation of the Mg,Zn;; and MgZn, nano-
precipitates in the Mg-rich grains, which may act as
pinning sites preventing their grain growth during
annealing. From the XRD analysis, it was found that
PDA resulted in an increase of the Mg,Zn;; volume
fraction at the expense of the MgZn, volume fraction,
and this was associated with a decrease in the for-
mation enthalpy, providing a lower energy state for
the HPT hybrid system. Consistent with this, the for-
mation of stable MgZn, nanosized precipitates in GP
zones and grain boundaries was also reported in a
recent work [123] investigating an HPT-processed
Al-Zn-Mg-Zr alloy subjected to PDA between 120
and 170°C for 2 h. Like the Al-Mg hybrid system
above, the microstructural evolutions that occurred
in the Zn-Mg hybrid system after PDA led to a simul-
taneous increase in hardness and strain rate
sensitivity.

Formation of supersaturated solid solutions

The extension of solid solubility in miscible metal sys-
tems, as well as the supersaturation of immiscible
elements, have been demonstrated in numerous
studies by the application of HPT [48,68,132,124-
131]. This section presents, through several examples,
a summary of the critical factors for HPT-induced
supersaturation in hybrid systems, which is mainly
influenced by the lattice structures, the heat of mixing,
and the deformation behaviour.

Different combinations of lattice structures have
exhibited supersaturation as a result of HPT proces-
sing, including FCC-FCC systems (Cu-Ag [124], Ni-
Ag [125]), ECC-BCC systems (Cu-W [126], Cu-Cr
[127,128], Cu-Fe [129,130], Cu-Ta [48]) and FCC-
HCP systems (Cu-Co [131,133], Al-Mg [68,132]).
The differences in lattice parameters and favourable
slip systems between dissimilar lattice structures are
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Figure 8. Intermetallic compounds (a) MgZn, and (b) Mg,Zn,, identified via FFT analysis of HRTEM images in the Mg-rich nano-
sized grain of the Zn-Mg HPT hybrids after 30 turns. Reproduced with permission from [53].

proposed to have an effect on the solubility limit, as
they determine the dislocation glide across phase
interfaces, which accounts for the dissolution of the
constituent phases. The immiscible Cu-Co HPT
hybrid system, obtained from powder consolidation,
exhibited a maximum solubility of ~ 26 (at. %) Co
in the Cu matrix, with a GS,,. below 50 nm [133].
In the Al-Mg system, a SSSS with a maximum solubi-
lity of ~ 39 (at. %) Mg in the Al lattice, having a
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GS,yve ~ 35-40 nm, was obtained after HPT processing
for 100 turns using the multilayered approach
sketched in Figure 3(d) [132]. Both of these studies
revealed that, despite the original FCC-HCP nature
of their hybrid systems, the SSSS developed after
HPT exhibited a single FCC lattice. This implies that
severe torsional straining can induce a phase trans-
formation from HCP-to-FCC in Co and Mg, which
was demonstrated experimentally for Co [134], and

HAADF-STEM

200 giga)

——

Figure 9. Representative TEM/STEM images showing microstructural evolution of Zn-Mg HPT hybrids (a) after HPT for 30 turns and
(b) after additional PDA treatment (200 C for 1 h). Note that the image contrast in high-angle annular dark-field (HAADF) mode is
proportional to the atomic number (i.e. brighter indicates a higher atomic number). Reproduced with permission from [53].



predicted from atomistic simulations for Mg
[135,136]. Consistent with these studies, a recent
work [137] reported the formation of a SSSS in the
immiscible Mg-Hf system, as well as a HCP-to-FCC
phase transformation after HPT processing.

On the other hand, the FCC-BCC hybrid systems
after HPT exhibited comparatively lower solubility
limits: ~ 20 (at. %) Fe, ~ 16 (at. %) Ta, ~ 5 (at. %)
W and ~ 2 (at. %) Cr in the Cu lattice for the Cu-Fe
[129], Cu-Ta [48], Cu-W [126] and Cu-Cr [128] sys-
tems, respectively. However, unlike the HCP materials
in the FCC-HCP hybrid systems, all the BCC materials
in these FCC-BCC hybrid systems were found to
maintain their lattice structure upon supersaturation,
thus, showing a mixture of FCC and BCC phases
after HPT processing. It is worthwhile mentioning
that BCC-to-FCC phase transformations are indeed
possible in Fe [138], Ta [139], W [140], and Cr
[141]; nevertheless, none of these were observed in
the FCC-BCC hybrid systems after HPT. The apparent
opposite trends followed by HCP and BCC metals, in
terms of phase transformations, when combined with
FCC metals can be understood from a maximisation
of the number of deformation modes. Thereby, during
HPT processing, HCP-to-FCC transformations are
favourable as they involve an increase in the total
number of slip systems from 3 to 12, whereas BCC-
to-FCC transformations are not favourable as they
involve a decrease in the total number of slip systems
from 48 to 12. Consequently, the presence of different
lattice structures might have a detrimental effect on
the compositional mixing and solid solubility required
in the supersaturation process.

The enthalpy of mixing (AH;y), also known as the
heat of mixing, between different phases may also
influence the formation of a SSSS in HPT hybrids.
From the binary systems introduced in the previous
paragraph, Kormout et al. [142] noted that the Cu-
W system exhibited the largest AH,,;x value, as well
as the lowest solubility limit, and this trend was fol-
lowed for the Ni-Ag and Cu-Cr systems. It may
seem intuitive that the higher the AH,,;, value (i.e.
energy that the system requires to mix both elements),
the more difficult it would be for both elements to mix,
thereby favouring the formation of a SSSS. However,
other systems like Cu-Fe, Cu-Co, and Cu-Ag did
not follow that trend. It is, therefore, speculated that
HPT processing might itself provide sufficient energy
to overcome this thermodynamically unfavourable
process in such a way that a low AH,,;, value may
not be an indicator for the formation of a SSSS during
HPT processing.

Lastly, the deformation process, which in turn
determines the strength differences between the
phases forming the hybrid systems, has also been
proposed to influence the degree of supersaturation
in immiscible systems [142]. In the case of hybrids
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with a notable hardness difference between their
constituent phases, plastic deformation is mainly car-
ried by the soft phase, whereas fragmentation of the
hard phase is expected, leading to microstructures
based on partially supersaturated nanoscale phases
or a fully supersaturated single-phase. Instead,
when the hardness difference between phases is not
significant, co-deformation of the individual phases
is expected to create a lamellar structure. This leads
to the formation of a SSSS if one of the phases is pre-
sent in a much larger volume fraction or a micro-
structure of nanoscale phases with partial
supersaturation when the phase volume fractions
are similar.

Other microstructural transformations in HPT-
processed hybrids

In addition to the nucleation of intermetallic com-
pounds and the formation of metastable SSSS invol-
ving  high-pressure allotropic  transformations
presented in previous sections, the synthesis of HPT
hybrids has shown additional microstructural features
of interest, some of which are presented in this section.

At the nanometre level, the formation of amorphous
phases and metastable solid solutions are competing
processes during severe plastic deformation (SPD),
where the microstructural stability of bulk nanostruc-
tured metals can lead to multiple scenarios [143]. A
crystalline-to-amorphous transition, also referred as
amorphisation, has been reported in some HPT-pro-
cessed systems with negative AH,;, but is not
expected to take place in systems with positive AH,ix
[144-146]. For instance, the formation of amorphous
phases was recently observed in a V-alloy/Zr-alloy
multilayered nanocomposite synthesised by HPT for
5 turns [147]. Ordered phases, including intermetallic
compounds, have also been found to undergo amor-
phisation, as is the case of the Ni;Al intermetallic com-
pound, which transforms into  disordered
nanocrystalline phases during HPT processing [148].
The presence of intermetallic compounds seems to
be critical for the microstructural stability of the SSSS
during HPT. Despite their positive AH,,;,, systems
that do not form intermetallic compounds, like Al-
Zn, Cu-Co, Cu-Ni, and Cu-Ag systems, decomposed
during HPT processing [119,149,150].

The thermal stability of SSSS synthesised by
HPT has been examined in multiple works
[48,126,128,129,131,151], and it has been generally
found to be significantly higher than expected both
in single-phase and multi-phase microstructures
[143]. Decomposition is typically reported at low
annealing temperatures, such that phase separation
takes place before grain growth. This enables the for-
mation of immiscible UFG composites that consider-
ably slow down the kinetics for grain growth through
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boundary migration. It was further shown that the
decomposition of SSSS could lead to the formation
of bulk metallic glasses during HPT, as it was reported
for a wide range of compositions in the Cu-Zr and Cu-
Zr-Al systems [152]. However, the presence of inter-
metallic compounds, even in systems with negative
AH iy, like the Cu-In system, seems to be critical for
maintaining the SSSS during HPT processing [153].

Despite the increased scientific interest in hetero-
structured materials and the number of publications
highlighting the potential of HPT for their synthesis,
until recently, little was known regarding the com-
parative attributes of HPT-processed hybrids with
respect to a homogenous material having equivalent
nominal composition. The work of Hernandez-Esco-
bar et al. [54] provided the first study to directly com-
pare the microstructure and the hardness evolution
between a Zn-3Mg (wt. %) alloy and its hybrid
counterpart, after high-pressure torsion (HPT), and
after HPT followed by a post-deformation annealing
(PDA) treatment. Experimental results indicated that
both the alloy and the hybrid reached a similar level
of grain refinement after HPT processing; however,
grain growth followed different trends after PDA.
The HPT-processed alloy exhibited clusters of Mg,
Zn;; nanocrystalline domains that coalesce into coar-
ser grains, maintaining a unimodal GS distribution
after PDA. On the contrary, the hybrid after PDA dis-
played a multimodal GS distribution consisting of
ultrafine Mg-rich grains containing MgZn, and Mg,
Zn;; nanoscale intermetallics in a matrix of coarser
dislocation-free Zn grains. To the authors’ knowledge,
there is not any additional study to date exploring the
comparative microstructural characteristics and
micromechanical behaviour between an HPT alloy
and its hybrid counterpart.

Micro-mechanical properties of HPT-
processed metal hybrids

Hardening mechanisms of HPT hybrids
obtained from mechanical bonding

The extraordinary grain refinement and the develop-
ment of microstructural transformations, including
the nucleation of intermetallic compounds and the
formation of SSSS of the HPT-processed hybrids,
lead to significant hardness increases. Hardness
measurements are typically recorded from the cross-
section of the disk sample along its diameter, either
linearly at the mid-thickness plane (1D) along the
radial direction, or through a rectilinear grid pattern
(2D) across both the radial and thickness directions.
This section presents the evolution of HV values for
different HPT hybrid systems at increasing number
of turns, discusses the strengthening mechanisms
involved in such evolutions, and compares the HV

values obtained from HPT hybrids with those
reported from other SPD processes. It should be
emphasised that the HV values presented in this sec-
tion are obtained from microscopic indentations
(typically 10-200 pm [154]), which correspond to lim-
ited local microstructural patches. Therefore, whereas
the evolution of HV values during different processing
conditions can be correlated with microstructural
evolutions, they should not be used to infer global
mechanical properties like strength or elongation-to-
failure from the bulk material.

The HV evolution of Al-Cu hybrids processed by
HPT for 10, 20, 40, and 60 turns, whose cross-sec-
tions are depicted in Figure 4(a), is presented along
the disk diameters in Figure 10(a) [39]. For compari-
son, the HV values for Al and Cu processed separ-
ately by HPT for 10 turns are denoted by dashed
lines at ~ 65 and ~ 150 HV, respectively. The central
regions of the disk after 10 turns at r <4 mm, after 20
turns at » $2 mm, and after 40 turns at <1 mm,
show similar hardness values, which are slightly
lower than 150 HV. In contrast, the hardness at per-
ipheral regions of the disks after 10, 20-40, and 60
turns reach maximum values of ~ 250, ~ 400, and
~ 500 HV, respectively. This increasing hardness
trend was consistent with the presence of Al,Cu,
AlCu, and Al,Cuy intermetallic compounds near the
disk edges after 20 turns and their higher volume
fractions at increasing numbers of turns [39]. For
comparison, the microhardness of a multilayered
Al-Cu composite produced by ARB reached ~
160 HV in the Cu-rich region, and ~ 80 HV in the
Al-rich region after 2 cycles [155]. In a separate
ARB-processed Al-Cu hybrid, the microhardness
was reported to increase from 21 to 134 HV in the
Al layers, and from 53 to 168 HV in the Cu layers
after 8 cycles [156]. On the other hand, ECAP-pro-
cessed Al-Cu alloys containing 2-5 (wt. %) Cu
reached microhardness values ranging from ~ 140
to 200 HV after 8 passes, with increasing microhard-
ness at increasing Cu content [157,158]. It should be
noted that no intermetallic compound formation was
reported in the Al-Cu system after ARB or ECAP
processing, which is likely the reason why these
SPD techniques tended to exhibit lower HV values
compared to those obtained from HPT.

The HV values recorded along the disk diameter of
the HPT-processed Al-Mg hybrids after 1, 5, 10, 20,
40, and 60 turns, corresponding to the cross-sections
observed in Figure 4(b), are presented in Figure 10
(b) [70]. For reference, the saturation HV values
reported for Al-1050 [159] and ZK60 [160] alloys
after 5 turns are marked with dashed lines at ~ 65
and ~ 110 HV, respectively. At least 10 turns were
needed in order to obtain HV values significantly
higher than those within the range defined by the
reference dashed lines, and these were found at r>
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mission from [39,43,46,52,53].

3 mm. After 20 turns, a saturation hardness value of
330 HV was found close to the disk periphery, r >
4 mm, and it was relatively uniform up to 60 turns.
A gradual hardness increase at the central disk region,
—2<r<2mm, to ~ 115 and ~ 140 HV was reported
with increasing number of turns to 40 and 60, respect-
ively. Note the lack of radial symmetry in the hardness
distribution after 60 turns, which was associated with
the misalignment of the HPT anvils during long-time
processing. However, the hardness values reported
with and without misalignment were found to be con-
sistent with a separate study [161], except for the shift-
ing of the central region. Figure 10(d) shows a series of
colour-coded contour maps of the HV overlapped on
the cross-sections of the Al-Mg HPT hybrids from 1 to
20 and 20 turns+ PDA (300°C, 1h) [42]. PDA
resulted in a hardness decrease, from ~ 60 to ~
30 HV in the central regions, —3 <r<3 mm, and
from ~ 330 to ~ 220 HV at the disk periphery, >
4 mm. This softening was attributed to the increase
of the GS,,. from ~ 60 to ~ 380 nm and the dissol-
ution of the Al;;Mg;; intermetallic as a result of the
PDA treatment [42].

For comparison, the microhardness of an Al-Mg
laminated composite fabricated by ARB saturated at
~ 100 HV in the Al-rich layers, and at ~ 50 HV in
the Mg-rich layers after 2 cycles [162]. These results
were consistent with those reported from an ARB-pro-
cessed Al-AZ31 multilayered hybrid in a different

work [163]. It should be noted that intermetallic com-
pounds, namely Al;Mg, and Al,,Mg;,, with ~
200 HV, were identified at the interface between Al
layers and Mg layers after 3 cycles, which led to
obvious cracking and premature failure during tensile
testing [162,164]. On the other hand, Al-2.77Mg (wt.
%) cast alloy subjected to ECAP showed an increase
in microhardness from ~ 450 HV to ~ 750, 850, and
900 HV after 1, 2, and 4 passes, respectively [165].
Upon applying a PDA treatment (i.e. 250°C for
90 min) to the ECAP-processed samples, their micro-
hardness decreased to ~ 550 HV after 1 pass and satu-
rated at ~ 600 HV after 2 passes [165]. This softening
is consistent with the decrease in microhardness
reported above from Al-Mg HPT hybrids after PDA,
and might be due to the dissolution of intermetallic
compounds during PDA. It should be noted that the
latter HV values are significantly larger than those
above for Al-Mg HPT hybrids. However, not only
the number of ECAP passes plays a role in hardness
increase, but also other factors like the material texture
or the Al content of the alloy, which is notably greater
in the latter ECAP-processed samples. For instance, in
an AZ31 alloy, which only contains 3 (wt. %) Mg, the
microhardness just increased from 65 HV to 76, 78,
83, and 85 HV after ECAP for 1, 2, 4, and 8 passes,
respectively [166]. This evidences that it is not possible
to compare the effect of different SPD methods on the
mechanical properties unless the starting materials
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have an equivalent nominal composition and proces-
sing history.

The distribution of HV values at the mid-thickness
plane of the Zn-Mg HPT hybrids after 1, 5, 15, and 30
turns, corresponding to the cross-sections observed in
Figure 4(c), is depicted in Figure 10(c) [52]. The HV
values of pure Mg [167] and pure Zn [168], which
are 35 and 37 HV, respectively, are provided for com-
parison. After 5 turns, a relatively uniform hardness of
50-70 HV was recorded across the sample, with a
maximum of ~ 80 HV near the disk edge. Processing
for 15 turns not only significantly increased the HV
values, reaching a maximum of ~ 200 HV at the per-
iphery, but also led to a wide Hv range (~ 70-180 HV)
across the disk diameter. The same trend was observed
after 30 turns, where a maximum of ~ 250 HV was
found at the disk edge, and a wide range of hardness
values (between 70-200 HV) was measured across
the sample. Both the notable increase of HV values
and the hardness heterogeneity after 15 and 30 turns
were associated with a notable decrease of the GS,,
as well as the nucleation of heterogeneously dispersed
nanoscale Mg,Zn;; and MgZn, intermetallics, whose
volume fractions increased with the number of
turns. The effect of post-deformation annealing
(PDA) on the hardness evolution of the Zn-Mg hybrid
after HPT for 30 turns can be observed in Figure 10(e),
which shows a series of colour-contour maps corre-
sponding to hybrids with a nominal composition of
Zn-3Mg (wt. %) processed under the same conditions
than those in Figure 4(c) [53]. The HV values followed
a symmetric gradient-type evolution with respect to
the centre from 1 to 30 turns, having maximum values
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Figure 11. Estimated Vickers microhardness (HV) values for
increasing Mg content in Al solid solution in Al-Mg HPT
hybrids after 10 turns; the estimated total hardness is denoted
by the red squares with error bars, and the hardness of the
three different strengthening mechanisms of solid-solution
strengthening, Hall-Petch strengthening, and precipitation
strengthening are denoted by blue upright triangles, green
circles, and pink inverted triangles with error bars, respect-
ively. Reproduced with permission from [68].

within the range of 200-230 HV. Unlike the Al-Mg
HPT hybrid system above, the Zn-Mg hybrid did
not exhibit softening after PDA, but instead presented
maximum hardness values in the range of 210-
250 HV, which were the highest hardness values
recorded for the Zn-Mg HPT hybrid system. For com-
parison, a Zn-3Mg (wt. %) alloy subjected to ECAP
increased its average microhardness from 175 HV to
180 and 186 HV after 1 and 2 passes, respectively
[169]. It should be noted that the nominal compo-
sition of this ECAP-processed sample is equivalent
to that of the Zn-Mg HPT hybrids [53], where hard-
ness values in the range of 210-250 HV were reported
at the disk periphery after 30 turns. To the authors’
knowledge, these works [53,169] are the only ones cur-
rently available in the literature that report the micro-
hardness values of Zn-Mg materials processed by SPD
methods.

An investigation of the different mechanisms
responsible for the strain hardening in the HPT
hybrids was presented in an earlier work by Ahn
et al. [68] for the Al-Mg system. The total hardness
increase was assessed through the combination of
three mechanisms: (1) Hall-Petch strengthening
associated with the significant grain refinement, (2)
precipitation strengthening associated with the
nucleation of Al;Mg, and Al;,Mg,, intermetallic com-
pounds, and (3) solid-solution strengthening due to
the accelerated diffusivity of Mg into Al-rich phases.
The experimental parameters required for the
equation models proposed (i.e. grain sizes, phase frac-
tions, grain boundary fractions, etc.) were directly
obtained from TEM and XRD analysis of the Al-Mg
HPT hybrids, whereas some constant values (i.e. Bur-
gefs vectors, activation energies, diffusion coeflicients,
etc.) were obtained from Al-Mg alloys in the literature.
The contribution of each of the three strengthening
mechanisms to the total hardness of the Al-Mg
hybrids after HPT for 10 turns can be observed in
Figure 11 for different Mg contents in Al solid sol-
ution. The hardness model was consistent with the
experimental HV values. For example, for a 5 (wt-%)
Mg in Al, the model predicted ~ 269 + 8 HV, which
is in good agreement with the experimental value at
the periphery after 10 turns, as observed in Figure
10(b). It is interesting to note these authors left out
strain hardening due to dislocation impingement/
entangling, yet it is likely that this strengthening
mechanism was also active.

Given the success of the hardening model pre-
sented, it may seem trivial to expand it to other HPT
hybrid systems. However, the contributions of the
three strengthening mechanisms considered above
are closely related to the microstructural evolution of
each system and may be completely different from
one material to another. Moreover, additional
strengthening mechanisms, which have been



identified to play a relevant role in metal-matrix com-
posites, like (1) the load transfer effect and (2) the
coeflicient of thermal expansion (CTE) and Youngs
modulus (E) mismatch effect [170-173], may also
take place in the HPT hybrids. For instance, the load
transfer effect, which occurs between the soft/compli-
ant matrix and the stiff/hard reinforcement under an
applied external load, may occur in those hybrid sys-
tems where intermetallic compounds were found dis-
persed in the matrix. Nevertheless, the contribution of
the load transfer effect to the total strength may not be
significant unless the volume fraction of intermetallic
phases is large enough and/or the aspect ratio of the
reinforcement is above a certain value [172]. Similarly,
the CTE or the E mismatch between the matrix and
the reinforcement can produce additional stresses
under an applied load, thereby increasing the content
of geometrically necessary dislocations at the matrix-
reinforcement interface [170]. The CTE mismatch
effect may not be relevant to the total strength, pro-
vided that there were no sudden temperature changes
during processing, as was the case of the HPT hybrids
synthesised at room temperature (RT). However, the
CTE mismatch effect was reported to become even
more significant than Orowan strengthening in
metal-matrix composites obtained at high tempera-
tures (i.e. ~ 300°C) [170]. It was also noted that
grain boundary sliding is another deformation mech-
anism that may be active in HPT-processed materials,
yet it was not mentioned in the above studies, and it is
discussed in “Nanoscale plastic deformation and
strain-rate sensitivity of HPT hybrids”. Overall,
further investigations that account for all possible
deformation mechanisms are needed in order to
develop a thorough understanding of the underlying
strengthening mechanisms for different hybrid sys-
tems processed by HPT.

Evaluation of global mechanical properties
from HPT hybrids

The small dimensions of conventional HPT samples
(~ 10 mm diameter and ~ 1 mm thickness) limit
the evaluation of their mechanical properties beyond
microhardness using standard testing geometries and
procedures. However, several works have reported
stress-strain curves from uniaxial tensile testing
[174-180], as well as stress vs. number of cycles to
failure curves [181-183] or crack growth curves
[184-186] from fatigue testing using specimens
taken from HPT-processed pure metals and alloys.
Global mechanical properties, including ultimate ten-
sile strength (UTS), vyield strength (YS), and
elongation-to-failure (ef), have also been reported
from difterent HPT-processed hybrids. For example,
Al-matrix composites reinforced with 0.25-0.5
(wt. %) graphene platelets synthesised by HPT
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exhibited an enhanced UTS and microhardness, up
to ~ 200 MPa and ~ 120 HV, compared with pure
Al and Al-matrix composite reinforced with C nano-
tubes subjected to HPT, while maintaining a reason-
able & [93]. In a separate work, a set of Cu-NbC
hybrids with 0.5-5 (vol. %) NbC fabricated from
powder consolidation using HPT followed by short-
time annealing at 600-700°C, exhibited increased
UTS and microhardness as a function of the NbC
fraction, up to ~ 1 GPa and ~ 250 HV, respectively
[187]. Another set of powder-consolidated Al-10Fe
(wt. %) hybrids via HPT up to 75 turns exhibited
different combinations of UTS and &g ranging from
100-500 MPa and 10-55%, respectively, and showed
interesting strength-ductility combinations at inter-
mediate levels of imposed strain [83]. Nevertheless,
the stress—strain behaviours above 50 turns were
found to be inconsistent between different tensile
specimens extracted from the same sample. Such
inconsistencies were attributed to the heterogeneous
distributions of the dissolved Fe solute atoms into
the Al matrix leading to heterogeneous hardness dis-
tributions within the test gauges prepared after such
high deformation by HPT [83].

To the best of the authors’ knowledge, only the
recent work from Bazarnik et al. [188] has presented
stress—strain data from miniature tensile testing of
HPT-processed hybrids using the multilayer format
shown in Figure 3(d). The authors [188] synthesised
Al-Cu HPT hybrids for 20, 50, 150, and 200 turns
and measured UTS values of 420, 460, 710, and
910 MPa, respectively. Nevertheless, these hybrid
materials exhibited a limited & of ~ 2%. This pioneer-
ing work enabled a direct correlation between macro-
and micro-mechanical properties in multilayered HPT
hybrids through the comparison of stress—strain data
and microhardness data across the HPT disk.

The fact that the later work was not overly promis-
ing in terms of achieving an adequate strength-duct-
ility combination from Al-Cu HPT hybrids should
not discourage the study of global mechanical proper-
ties at the macroscale, such that these can be coupled
with micro- and nano-mechanical data for a deeper
understanding of the processing-microstructure-
property relationships of HPT hybrids. Furthermore,
current and future researchers in this field are strongly
encouraged to investigate the mechanical properties at
different scales (i.e. macro- (tensile testing), micro-
(microhardness), and nano- (nanoindentation)) to
better assess the effect of the microstructural evol-
utions in the HPT hybrids. Such studies would enable
a significant contribution to the development of het-
erostructured nanocrystalline metals [8]. This is also
expected to help clarify the fundamentals behind the
strength-ductility synergy reported in several HPT
hybrids , as well as to enable a comprehensive com-
parison of the global mechanical properties (i.e.
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UTS, YS, &) between HPT and other deformation
methods, which unfortunately is not possible today.

Nanoscale plastic deformation and strain-rate
sensitivity of HPT hybrids

To date, the research interest in HPT hybrids has been
mainly focused on identifying the mechanisms of the
metal mixture and bonding, as well as the strengthen-
ing mechanisms at the microscale and the nanoscale.
Considering the inherent microstructural heterogen-
eity across the HPT hybrids, nanoindentation has
been deemed to be a versatile technique for testing
local mechanical properties (beyond hardness (H)
and Young’s modulus (E)). Unlike tensile or fatigue
testing, the use of nanoindentation enables the inves-
tigation of the plastic deformation behaviour in small
volumes of the sample. The versatility of nanoindenta-
tion testing allows the design of test protocols capable
of determining microstructure-dependent parameters
like the strain rate sensitivity () and the activation
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Reproduced with permission from [43].

volume (V*), which provide insights related to the
underlying deformation mechanisms. This section
presents a series of studies where nanoindentation
testing was performed under different conditions on
multiple HPT hybrids, and it was used to reveal critical
information about their plastic deformation behaviour
at the nanoscale.

Plastic instability in HPT hybrids results from
microstructural heterogeneity (i.e. inhomogeneous
distributions of grain sizes and phases), and this is
manifested through a relative deviation between
load-displacement curves obtained from different
nanoindentations within the same local area. This
phenomenon can be observed in a series of separate
load-displacement curves obtained under an applied
load of 50 mN and an equivalent strain rate (¢) of
2.5107*s™" at the disk edges of the Al-Cu HPT
hybrids after 20 and 60 turns [43], shown in Figure
12(a). Increasing the number of turns from 20 to 60
resulted in a significant decrease of plastic instability,
as the broadening between different load-displace-
ment curves was greatly reduced. This was attributed
to an enhanced microstructural uniformity at
increased torsional straining, which also led to a
higher H as a result of the increased content of inter-
metallic phases and extreme grain size refinement, as
observed by the lower displacement values after 60
turns. Load-displacement curves recorded at different
€ were then used to obtain the m values using Tabors
empirical relationship [189], which are plotted in
Figure 12(b) in comparison with those of commer-
cially pure Cu and Al processed separately by HPT
for 10 turns. It was found that both the H and m values
corresponding to the Al-Cu hybrids are higher than
those of Al and Cu HPT-processed separately. In
addition, both the H and m values increased for the
Al-Cu HPT hybrids with increasing number of
turns. The increase in m from 20 to 60 turns was
associated with the configurational transformation
from a layered nanostructure after 20 turns into an
equiaxed nanostructure after 60 turns, which was
expected to enhance grain boundary sliding activity,
thus providing potential for achieving enhanced
plasticity.

The effect of the nanoindentation strain rate on the
mechanical response of the HPT hybrids was first
investigated in the Al-Mg system [45]. Figure 13(a)
shows a series of load-displacement curves recorded
under an applied load of 50 mN at &=1.2510"%
2.5107% 50107 and 1.0 107> s™" at the disk edge
(r~5mm) of the Al-Mg hybrids after HPT for 5
turns. Plastic instability becomes larger with increas-
ing €, as the broadening between load-displacement
curves increases gradually from 125107* to
1.0107s™". It was also noted that the variability
between different curves becomes narrower, as they
shift slightly to the right at decreasing € values. Since
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Figure 13. Load-displacement curves obtained from nanoindentation at = 1.25-107%,2.5:107%,5.0-10*and 1.0-10 > s ™" at the disk
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Al-Mg hybrids having 25 mm diameter after HPT for 10 and 20 turns. Reproduced with permission from [42,44,45,47].

the final displacements at different € values are fairly
consistent, no strain rate dependency was reported
on the Al-Mg hybrids after HPT processing for 5
turns [45], and the same was true after 20 turns [44].
The effect of post-deformation annealing (PDA) on
the strain rate dependency was reported for Al-Mg
hybrids processed by HPT for 20 turns + PDA (300°
C, 1h) at the same four € values mentioned above
[44], and their corresponding load-displacement
curves are presented in Figure 13(b). Unlike after
HPT, the microstructural changes during PDA
resulted in decreasing displacements at higher €
values, thereby indicating a strain rate dependency.
It should be mentioned that for all strain rates, the
Al-Mg hybrids after HPT exhibited lower displace-
ments than after HPT + PDA, which is in agreement
with the colour-coded HV contour maps in Figure

10(d). The corresponding softening of the Al-Mg sys-
tem associated with the PDA can be observed in the
logarithmic plot of H/3 vs. € depicted in Figure 13
(c) [42], where the positive slope after PDA denotes
a positive m value (0.1). This demonstrates the feasi-
bility of the PDA treatment for enhancing the plas-
ticity of Al-Mg hybrids at RT without compromising
the hardness significantly. The slightly negative m
value (—0.001) reported after HPT might be associated
with the Portenvin-Le Chatelier effect [190]; however,
its close proximity to zero truly reflects the lack of
strain rate dependency after HPT processing alone.
The influence of scaling up the conventional
dimensions of the HPT samples (i.e. 10 mm diameter)
on the micromechanical behaviour was evaluated
using nanoindentation near the edge of the Al-Mg
hybrids having 25 mm diameter after HPT processing
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for 10 and 20 turns [47]. The significant hardness
increase from 10 to 20 turns was evident from the
decrease in the final displacement values, which can
be observed in the load-displacement curves depicted
in Figure 13(d), obtained under an applied load of 50
mN at the same 4 different € values mentioned in the
previous paragraph. Unlike for the conventional Al-
Mg hybrids after 5 and 20 turns, strain rate depen-
dency of the plastic response was observed in the
scaled-up versions after 10 and 20 turns, which in
fact exhibit the same trend of faster € values resulting
in higher hardness values [47]. This trend, consistent
with that of the conventional Al-Mg hybrids after 20
turns HPT + PDA (see Figure 13(b)), is responsible
for the positive m values of 0.05 and 0.04 after 10
and 20 turns, respectively, which are reported in the
H/3 vs. € plot in Figure 13(e). By comparing the con-
ventional and scaled-up hybrids after 20 turns in the
samples, in Figure 13(c,e), respectively, one can see a
fairly consistent hardness value around 1 GPa in
both cases. However, the conventional hybrid did
not show any strain rate dependency, whereas the
scaled-up sample did, resulting in a positive m value.
This might be associated with an enhanced atomic
mixing due to a larger sample volume, which led to
a higher microstructural homogeneity, similar to the
PDA effect on the conventional hybrids.

Following the studies performed in the Al-Mg
hybrid system, the plastic behaviour of Zn-Mg hybrids
under different conditions was examined through a
series of nanoindentations located at the disk periph-
ery under varying strain rates [53]. Representative
load-displacement curves collected under an applied
load of 50 mN at ¢=12510"% 2.5107% 5.0107*
and 1.0 107> s™" are presented in Figure 14(a,b), for
the sample after HPT for 30 and 30 turns+PDA
(200°C, 1 h), respectively. Despite both samples exhi-
biting some broadening between separate measure-
ments, which seemed to be independent of the &
value, their average displacements decreased with
increasing €. As a consequence of this trend, both
material conditions exhibited a positive m value, as
observed in Figure 14(c), which was slightly larger
after PDA (0.121) than right after HPT for 30 turns
(0.098). In addition, the average displacements after
PDA were consistently lower than after HPT for 30
turns, and this was true for all the € values tested, indi-
cating that the disk edges of the Zn-Mg hybrids
became harder after the PDA treatment, contrary to
what was reported in the Al-Mg hybrids.

The unusual mechanical response of the HPT-pro-
cessed Zn-Mg hybrids after PDA was attributed to the
formation of a bimodal grain size distribution, which
in turn resulted from the segregation of intermetallic
precipitates in Mg-rich grains, hindering their grain
growth during annealing. To further investigate the
origin of the synergistic effect of PDA on the

mechanical behaviour of Zn-Mg HPT hybrids, the
unloading stiffness (S) and the displacement at peak
load (h,,,x) Were obtained from the load-displacement
curves [53]. Both S and h,,,, decreased after PDA.
They also decreased with increasing € for each sample
condition. The theoretical models presented in Figure
14(d,e) were proposed to illustrate the individual
effects of S and /., respectively, in the load-displace-
ment behaviour of two materials (1 and 2) with differ-
ent hardness [53]. On the one hand, if S; < S,, material
1 experiences a larger elastic recovery (i.e. lower plastic
deformation) and thus, will be harder than material 2
(assuming same loading rates) (see Figure 14(d)). On
the other hand, if /.41 < Amaye, material 1 requires a
lower plastic strain to reach the peak load, and thus,
it will be harder than material 2 (assuming same
unloading rates) (see Figure 14(e)). In these models,
material 1 (blue colour) represents the sample after
HPT, and material 2 (red colour) represents the
sample after HPT + PDA, in agreement with the col-
our selection across the figure. This work demon-
strated that the parameters of the PDA treatment
could be tailored to produce a dual enhancement of
hardness and plastic deformation capability, which
was associated to the presence of hard and soft
domains playing complementary roles in the micro-
structure, thereby defying the classical strength-duct-
ility tradeoff.

Towards strength-ductility synergy through
heterogeneous microstructures

Ultrafine-grained (UFG) metals and alloys processed
by techniques of severe plastic deformation (SPD)
often experience high strength but limited ductility,
which refers to the so-called paradox of strength and
ductility  [7,191,192]. The decrease of ductility
(elongation-to-failure in uniaxial tension) in metals
with nano- and submicron-sized grains is mainly
associated with a reduction of the strain hardening
capacity. As it is well known from the Hart s criterion
[193], localised deformation leading to plastic instabil-
ity sets in when Equation (4) below is fulfilled:

oo

—+mo<o (4)

oe
where o is the true stress, ¢ is the true strain, m is the
strain rate sensitivity, and do/de is the strain harden-
ing rate, which reflects the strain hardening capability
of a material. It is apparent that one should either
increase the strain-hardening rate and/or the strain
rate sensitivity to keep up with the increasing stress
during plastic deformation for averting the condition
in Equation (4) from being met. In general, UFG
metals with homogenous microstructures (i.e. uni-
form grain sizes) exhibit a limited strain hardening
capability as a result of a quick saturation of the
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Figure 14. Load-displacement curves obtained from nanoindentation at € = 1.25-107%, 2.5-10™%, 5.0-10™* and 1.0-10> s~ at the
disk edge (r ~ 5 mm) of the Zn-Mg HPT hybrids after HPT for (a) 30 turns and (b) 30 turns + PDA (200 °C for 1 h); (c) logarithmic
plot of H/3 vs. &€ showing the m values after HPT for 30 and 30 turns + PDA; Theoretical load-displacement curves for two materials
having (d) different S values and (e) different h,,., values. Reproduced with permission from [53].

dislocation density due to dynamic recovery at room
temperature (RT) during SPD [3]. Similarly, the strain
rate sensitivity is often not sufficiently high (i.e. m
0.5 at RT) in SPD-processed materials, including
HPT-processed metals, as it is inversely proportional
to the strength level [194]. In this regard, hetero-
geneous microstructures, consisting of soft and hard
domains (i.e. small and large grains) to accommodate
a gradient of plastic deformation through the
increased storage of geometrically necessary dislo-
cations, is particularly interesting to promote
strength-ductility synergy [8].

As mentioned in the previous section, the
improvement in strain rate sensitivity was observed
in several HPT-induced hybrid alloys with increasing
numbers of HPT turns. A recent report [195] offered
a visual representation of the m evolution with
increasing numbers of HPT turns from 20 to 60 on
the Al-Cu hybrid system (Figure 12) in terms of
grain sizes, in comparison with the available data
for numerous UFG Al and UFG Cu samples

processed by different SPD techniques (see Figure
15). For a simple visualisation, the general trends
are provided by the encircling ovals for the UFG
Al and Cu and for the hybrid Al-Cu system. It is
apparent that there is a consistent trend of enhanced
strain rate sensitivity with grain refinement through
SPD processing in both the UFG Al and UFG Cu,
except for a few outliers. By contrast, the Al-Cu
hybrid system showed excellent improvement in
the strain rate sensitivity with a significant grain
refinement capability with increasing HPT turns,
which is denoted by a red arrow. Considering the
high hardness of the Al-Cu hybrid shown in Figure
10(a), the excellent mechanical responses of both
strength and strain rate sensitivity lead to the con-
clusion that the mechanical bonding during grain
refinement by HPT is a promising strategy for fabri-
cating hybrid metal systems with exceptional phys-
ical and mechanical properties.

A recent work [53] analysed the strain hardening
capability of the HPT hybrids for the first time in
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Figure 15. Variation of the strain rate sensitivity with grain size for various UFG Al and UFG Cu processed through different SPD
processing procedures and for the HPT-synthesised Al-Cu hybrid system. The encircling ovals provide a visual representation of

the trends for Al, for Cu, and for the Al-Cu system [43]. Reproduced with permission from [195].

the Zn-Mg system by utilising the HV measurements
recorded along the cross-section of the disk from 1 to
30 turns. The study revealed that Zn-Mg HPT hybrids
follow a three-regime behaviour during deformation,
which can be observed in the double-natural logar-
ithm plot of the HV values against €.y shown in Figure
16. The degree of strain hardening associated with
each of these regimes was estimated by the value of
its slope, which defines the hardenability exponent
() [196]. Tracking the evolution of the n gives an
opportunity to investigate the potential for work hard-
ening, as well as the susceptibility to hardness satur-
ation, which may develop at high strains during SPD
processing.

Regime 1, up to &4 ~ 30, indicated a limited strain
hardening in the early stage of HPT, with a harden-
ability exponent of #=0.017, which is attributed to
moderate grain refinement. Regime II, up to &~
400, showed an exceptional strain hardening, with #

=0.535, which is about one order of magnitude larger
than most reported values from conventional HPT
processing. For example, commercial alloys processed
by HPT, including Ti-6Al-4V [196], ZK60 [197] and
AZ31 [198], exhibited values of #=0.031, 0.07 and
0.08, respectively. The strain hardening observed in
the Zn-Mg HPT hybrids during Regime II was mainly
associated with the formation of hard Mg,Zn;; and
MgZn, intermetallic compounds and their increased
volume fraction at increasing accumulated plastic
strain [53]. Regime III, up to ., ~ 660, exhibited strain
softening, as denoted by the negative n value, which
may be related to the saturation of the grain size
refinement after severe straining. However, the UFG
microstructure developed at the edge after 30 turns
exhibited a large volume fraction of high-angle bound-
aries, which can activate grain boundary sliding at RT
[199], and may be responsible for the high m value
reported in Figure 14(c). Thus, the transition between
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Figure 16. Double-natural logarithm plots of Vickers microhardness (HV) against equivalent strain (goq) for the Zn-3Mg HPT
hybrid (a) after 1, 5, 15 and 30 turns, and (b) determination of the hardenability exponent (1) in regimes |, Il and lll, delimited
by dash lines. Solid lines indicate the linear regressions. Reproduced with permission from [53].



Regime II and III demonstrated a clear tradeoff in the
hardness-plasticity relationship of HPT hybrids.

The observed three-regime strain hardening behav-
iour was suggested to be due to the activation of mul-
tiple strengthening mechanisms, including grain
refinement, in-situ precipitation, and back-stress
strengthening associated with geometrically necessary
dislocations [53]. Although there was no direct
measurement of the elongation-to-failure in the latter
study, the proven enhancement in both strain harden-
ing and strain rate sensitivity suggested that Zn-Mg
hybrids synthesised by HPT + PDA might exhibit an
excellent strength-ductility combination owed to
their unique heterostructure.

The concept of heterogeneous materials was
recently introduced by Wu and Zhu [200] as ‘a new
class of materials with unprecedented mechanical
properties’, which exhibit a combination of strength
and ductility that are not achievable by their hom-
ogenous counterparts. Heterogeneous materials are
characterised by multiscale domains (i.e. grains, sec-
ondary phase particles) with significant strength
differences, such that they will experience different
strains during deformation. This will create large
strain gradients at the domain interfaces of the hetero-
structured material, which will produce significant
back-stress to increase strength, as well as work hard-
ening for high ductility. Heterogeneous materials are
not inherent to a specific deformation process or
microstructure. In fact, they have been obtained
from a wide variety of structural designs, including
bimodal, gradient, lamellar and harmonic microstruc-
tures [8]. As shown in the Zn-Mg hybrids above, HPT
seems particularly interesting to produce such hetero-
structured materials, as the process itself subjects the
sample to a non-homogeneous plastic strain, which
increases with increasing distance from the centre.
This resulted in heterogeneous microstructures with
different domain sizes, and consequently, a gradient-
type hardness distribution across the sample diameter
(see Figure 10(e)). Further PDA treatment led to a
bimodal grain size distribution with a GS,,. of ~
100-200 nm and ~ 600-900 nm, acting as hard and
soft domains, respectively, and playing complemen-
tary roles during plastic deformation [53]. This het-
erogeneous microstructure obtained after HPT +
PDA resulted in a simultaneous increase of H and m
values, which may indicate an enhanced strength-
ductility combination.

Several other works have evidenced the potential of
HPT to achieve strength-ductility synergy after a short
annealing treatment in a wide range of materials. For
instance, a V-Cr-Mn-Fe-Co-Ni high-entropy alloy
(HEA) subjected to HPT for 5 turns and subsequently
annealed at 700°C for 10 min resulted in a UTS of
1.54 GPa and an & ~ 11% [201]. Such outstanding
mechanical properties were related to the contribution
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of an intensive dislocation density, ultrafine-grained
matrix, and grain boundary precipitation suppressing
grain growth. Another work demonstrated the feasi-
bility of HPT to produce an exceptional combination
of strength and ductility in a Co-Cr-Fe-Mn-Ni HEA
through powder consolidation via HPT for 4 turns fol-
lowed by annealing at 800°C for 1 h, exhibiting a YS of
754 MPa and an & of 58% [202]. These superlative
mechanical properties were attributed to extremely
high densification and ultrafine-grained microstruc-
ture combined with the minimisation of contami-
nation and undesirable phases. Moreover, this recent
work [202] provided a breakthrough in achieving
synergy of strength and ductility in the field of powder
metallurgy by leveraging the potential of the HPT
technique and HEA design concept.

Other studies have also shown good combinations
of strength and ductility without any annealing treat-
ment post-HPT. For example, a C nanotube (CNT)-
reinforced Cu-matrix composite synthesised by a
combination of flake powder metallurgy and HPT
for 6 turns resulted in a UTS of 474 MPa and an &
~ 11% [203]. This mechanical response was attributed
to the formation of a trimodal-grained microstructure
with a high density of twin and low angle grain bound-
aries, together with an adequate interfacial bonding
between CNT and Cu. In another work, a Zr-Cu-Al-
Ni-Ti bulk metallic glass exhibited simultaneous
enhancements of UTS and & from 1723 MPa and
0.06% in the as-cast specimen to 2023 MPa and
0.45% after HPT for 30 turns [204]. This synergetic
effect was reported to be due to a concurrent increase
in free volume (which enhanced the ductility) and
nanocrystal precipitation (which increased the
strength) during HPT processing, and it was proposed
that this strategy may be applicable overall for amor-
phous-crystalline composites. The strength-ductility
synergy from additional HPT-processed materials
has also been reported elsewhere [175,205-212].

The application of HPT was proposed as a viable
technique to synthesise multiscale architectured
materials with composition and grain size gradients,
and their mechanical properties were significantly
enhanced as compared with those of their hom-
ogenous counterparts [213]. Different strategies to
design heterostructured materials based on mechani-
cally driven structural and compositional patterning
by means of SPD were recently reviewed by Estrin
et al. [214]. Similarly, the potential for SPD processes,
including HPT, ECAP, ARB, multidirectional forging,
and twist extrusion, to engineer materials with multi-
scale structures was published by Beygelzimer et al.
[215] in a chapter of the book ‘Architectured Materials
in Nature and Engineering’. The two latter works
[214,215], together with the studies referenced in the
previous two paragraphs, indicated that HPT allows
for the manufacturing of hybrid materials with
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unprecedented mechanical properties through the
combined action of large shear and hydrostatic press-
ures. This is possible thanks to the different contri-
butions which are characteristic to SPD, such as (1)
a significant grain refinement, (2) structural self-
organisation of multiphase materials, and (3) unu-
sually fast mass transfer, which can lead to the for-
mation of additional phases [214].

Future potential applications of HPT-
processed components

As stated in the introduction, modern-day severe plas-
tic deformation (SPD) started around 1990. It was a
precursor to the boom of nanotechnology that society
is feeling the strong impact of today. In 2008, the esti-
mated economic impact of nanotechnology on global
markets exceeded 700 billion US dollars [5]. Among
the nanomaterials (which were one of the earliest
commercial components of nanotechnology) that
emerged were bulk nanostructured metals produced
by SPD for such applications as pre-forms for for-
gings, targets for sputtering of precious metals, and
sheet for superplastic forming. Since then, HPT-pro-
cessed metallic hybrids have emerged, and they are
demonstrating a significant potential to be considered
for commercial applications in a wide variety of indus-
tries, including the biomedical, sports, and recreation,
electronic, and aerospace industries.

The review by Zhilyaev and Langdon [6] high-
lighted that SPD materials are especially attractive in
fields requiring high specific strengths under extreme
conditions and environments, ranging from the use
of titanium in the aerospace/defense sector to the
use of specialised steels in arctic environments. For
the utilisation of HPT-processed parts, it is essential
to identify specific areas where HPT offers exceptional
advantages by comparison with more conventional
processing. Based on the great number of available
reports, including experimental results from HPT-
processed materials with properties of interest for
specific industries, their potential application in the
following major sectors will be presented in the next
paragraphs: biomedical implants, microelectronics,
magnetic materials, and hydrogen storage materials.

HPT-processed metallic hybrids have shown sig-
nificant potential in the biomedical industry. For
orthopaedic implant applications, the development
of materials with favourable surface and bulk proper-
ties able to modulate their interactions with the host
tissue are fundamental to ensure their success. A
recent review on absorbable Zn-based alloys [216],
as well as previous works [217,218,227,219-226],
have shown the capability of multiple SPD processes
to enhance the mechanical properties of pure Zn
while maintaining its exceptional degradation behav-
iour in order to fulfil the requirements of biomedical

applications. Electrochemical testing in simulated
body fluid of HPT-processed Zn-Mg hybrids showed
that the degree of plastic deformation had an impact
on the corrosion resistance of the Zn-Mg hybrids
[52]. Both the corrosion mechanism and the electro-
chemical kinetics were influenced by the number of
HPT turns. The current density increased consider-
ably from 1 to 15 turns, as a result of the reactive
nature of Mg,Zn,; and MgZn, intermetallics formed
during HPT acting as micro-galvanic cells, and then
decreased consistently after 30 turns due to higher
microstructural uniformity [52]. Zhang et al. [228]
reported that a solution treatment prior to HPT pro-
cessing helped to achieve a more uniform distribution
of second phases in a biomedical Mg-Zn-Ca alloy,
resulting in higher corrosion resistance in simulated
body fluid than the HPT-processed cast alloy. More-
over, the corrosion resistance improved gradually
with increasing number of turns, and the alloy exhib-
ited uniform corrosion upon grain size saturation at
130-150 nm after 5 turns [229]. These works demon-
strate that absorbable biomedical implants (i.e. Zn-
based and Mg-based), which are those designed to
be dissolved naturally upon tissue healing and regen-
eration, can benefit from HPT processing to improve
their corrosion resistance and mechanical properties
simultaneously. Similarly, permanent biomedical
implants (i.e. Ti-based and Co-based), which are typi-
cally preferred to withstand larger body loads (i.e. hip
stem and knee prosthesis), have also demonstrated
improved strength and hardness [230,231], as well as
enhanced cell adhesion [232] upon HPT processing.
For example, the nature and mechanisms of the cell-
substrate interaction were assessed for HPT-processed
Ti [233,234], and it was shown that the degree of pre-
osteoblast attachment and growth rate were both
markedly increased on the substrates after HPT pro-
cessing. The simultaneous improvement in cell
activity was attributed to the nanostructured feature
of the substrates, thus, demonstrating the advantages
of processing titanium by HPT for biomedical appli-
cations by comparison with conventional and coated
Ti implants. In addition, recent investigations on bio-
compatible Ti-Nb alloys processed by HPT have
shown a promising combination of strength, ductility,
and Youngs modulus close to that of human bone,
confirming their potential for future orthopaedic
devices [235,236].

Another potential application where HPT-pro-
cessed hybrids may find their path into the market is
in the microelectronics industry. Micro-electro-mech-
anical systems (MEMS) are characterised for requiring
exceptional mechanical and functional properties in
components with very small sizes (i.e. microscale to
nanoscale). The development of Al-based and Cu-
based MEMS by incorporating low dimensional car-
bon allotropes, such as graphene, has drawn special



attention for applications in integrated circuits, chips,
and micro/nano-wires [237]. For example, Huang
et al. [94] reported that graphene-reinforced Al
hybrids synthesised by HPT exhibited a simultaneous
enhancement of hardness, tensile strength, and electri-
cal conductivity, as compared to HPT-processed com-
mercial Al Similarly, Khobragade et al. [95]
demonstrated a significant dual increase in hardness
and electrical conductivity in Cu-graphene nanocom-
posites produced by HPT, as compared to pure Cu
processed under similar conditions. The main reason
why the previous two examples improved their electri-
cal conductivity by limiting electron scattering upon
HPT processing is the combination of extensive
grain refinement with the formation of nanosized
second phases [238]. Several other investigations
[19,187,203,239] have also confirmed that HPT is a
promising pathway to obtain materials with a good
combination of tensile properties and electrical con-
ductivity. Moreover, conventional HPT samples (i.e.
1 mm thickness and 10 mm diameter) would be feas-
ible to produce small-scale components of similar
sizes used in MEMs applications. Thereby, their man-
ufacturing would be relatively simple and may be
undertaken with a minimum number of separate pro-
cessing operations.

HPT-processed hybrids are also of interest in the
field of magnetic materials due to the dramatic change
in their hysteresis properties. Tailored magnetic prop-
erties, including diamagnetism, paramagnetism, and
ferromagnetism, can be achieved through HPT by
extensively refining not only the grain size, but also
the size and distribution of second phase particles.
Ferromagnetic particles can be finely dispersed within
the matrix of non-magnetic materials, leading to mag-
netoresistance, which is characterised by an isotropic
behaviour, unlike conventional ferromagnets [240].
HPT has been extensively explored as a mechanism
to disperse such particles, typically with little solubility
in the matrix, as they are not intended to form a solid
solution. Thus, several investigations [20,21,241] in
HPT-processed immiscible systems, such as the Cu-
Co and Cu-Fe systems, have reported an exceptional
magnetoresistance at RT. These studies also high-
lighted the capability of HPT for controlling other
magnetic properties, like magnetisation and coerciv-
ity. Deformation-induced phase transformations and
metastable phase formation during HPT have also
been related to an improvement of magnetic proper-
ties in Nd/Pr-Fe-B ternary alloys [242-245], which
gave rise to the most widely used permanent magnets
since they were first introduced in the 1980s. More-
over, HPT-processed a-Fe/Nd-Fe-B nanocomposite
magnets exhibited a simultaneous enhancement of
both magnetisation and coercivity, which are generally
mutually exclusive properties, due to the high fraction
of soft-magnetic phase and the enhancement in
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domain wall pinning strength [246]. HPT also offers
the opportunity to discover new magnetic materials.
For example, Cepeda-Jiménez et al. [247] showed
that pure Hf, a classical paramagnet, can become fer-
romagnetic after HPT processing due to the develop-
ment of a new monoclinic phase that exhibits
spontaneous magnetisation. All these works evidence
that there exists is a great variety of materials that
can benefit from HPT processing to produce hetero-
geneous microstructures with different domain sizes
that lead to enhanced magnetic properties.

Hydrogen has emerged as a clean energy carrier in
the last few years, and consequently, the investigation
of alternative hydrogen storage systems beyond the
conventional pressurised tanks has recently become
a hot topic. Hydrogen can also be stored in reversible,
solid-state, light metal hydrides (such as Mg, MgNi2,
LaNi5, or TiFe), but they typically exhibit slow kinetics
in the charging/discharging processes and high hydro-
gen desorption temperatures. However, the kinetics
can be significantly improved by reducing the GS,..
and/or introducing large densities of lattice defects,
which enhance diffusion and can act as pathways for
hydrogen transport [238]. These effects have been
demonstrated in numerous HPT-processed hybrids,
mainly Mg-based and Ti-based, and their major
findings were reviewed by Edalati et al. [248]. Both
Mg and Ti are highly reactive and can store hydrogen
in the form of MgH, and TiH,, respectively. More-
over, the Mg-Ti binary system is immiscible even in
liquid form; however, processing by HPT enables the
formation of four different metastable Mg-Ti phases.
After hydrogenation, these Mg-Ti phases decomposed
during heating before they can form Mg-Ti hydrides,
and thus, only MgH, and TiH, contributed to hydro-
gen storage, but only to a limited extent due to their
thermodynamic stability [249]. One approach to over-
come this issue resulted in the use of HPT to syn-
thesise Mg,X compounds (X =21 different elements)
to investigate the formation of metastable phases/
intermetallics with hydrogen storage potential [250].
The study concluded that the hydrogen desorption
temperature decreased with the addition of elements,
which resulted in an increased hydrogen storage
capacity, and the desorption temperature can be cor-
related with the theoretical hydrogen binding energies
obtained from first-principle calculations. Similar to
Mg and Ti, Zr is another potential candidate for
hydrogen storage in the form of ZrH,. The HPT pro-
cessing of the Mg-Zr system, which is immiscible in
both solid and liquid states like the Mg-Ti system,
enabled the formation of several Mg-Zr metastable
phases. These phases did not decompose until 500 °
C and demonstrated reversible hydrogen storage capa-
bility at RT [251]. HPT-processed Mg-based ternary
compounds have also been explored, like the Mg-Ni-
Sn system, which exhibited high phase stability up to
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167°C and reversible hydrogenation properties at RT
[252]. These works highlight the potential of HPT as
a suitable technique for the production of hydrogen
storage materials, as it has improved not only their
hydrogenation kinetics, but also the hydrogenation
activity by enhancing the air resistivity and synthesis-
ing new nanostructured hydrogen storage phases.

The evident potential of HPT hybrids to produce
materials with an unprecedented set of properties for
a wide range of high-demanding applications is cer-
tainly exciting. Despite the small sample size and
lack of continuous processing characteristic of the
conventional HPT procedure, current and future
researchers in the field should not be discouraged
from pursuing the industrialisation of their scientific
breakthroughs. To facilitate this transition from lab-
oratory to market, novel severe straining processes
inspired by conventional HPT principles, namely
high-pressure sliding, high-pressure compressive slid-
ing, and continuous high-pressure torsion, are cur-
rently under development.

Summary and concluding remarks

The investigation of metal hybrids processed by HPT
is still at an early stage, and it is anticipated to sky-
rocket over the next few years due to the inherent
capability of HPT to produce heterostructured
materials with mechanical and functional properties
of interest for highly demanding applications. Not
only is HPT considered one of the most efficient
SPD processes in terms of grain refinement, but it
also offers versatility for designing new materials, as
well as exploring alternative experimental setups and
processing parameters. The extensive literature survey
presented in this review article highlights the feasi-
bility of adapting the principles of conventional
HPT, developed by Bridgman back in 1935, to pro-
duce compact samples from mechanical bonding of
dissimilar metals through solid-state reactions at RT.
This approach has gained popularity in the last dec-
ade, as HPT-processed hybrids exhibit UFG micro-
structures (i.e. within the microscale and/or
nanoscale regime), which are heterogeneous across
the disk diameter, according to the shear strain distri-
bution during HPT. It is precisely this microstructural
heterogeneity, characterised by multiscale domains
(i.e. grains, secondary phases, precipitates), that con-
veys a unique combination of properties not achiev-
able by homogeneous counterparts.

Undoubtedly, HPT has demonstrated a promising
potential to synthesise heterostructured metal hybrids
with mechanical and functional properties that could
outperform those of specific products currently used
in a wide range of engineering industrial applications.
Nevertheless, due to the relatively young age of this
approach, there are still several knowledge gaps to be

filled and challenges that must be addressed before
HPT hybrids can attract commercial interest. For
example, a deeper understanding of the fundamental
aspects governing HPT-induced microstructural
transformations, such as in situ phase formations or
crystalline-to-amorphous transitions, is required in
order to have better control over the resulting hybrid
microstructures. Further progress to expand our cur-
rent knowledge in this area could result from an inter-
disciplinary collaboration between experimental and
computational teams of experts within the field of
materials science. The standardisation of mechanical
testing for HPT-processed samples is another relevant
issue to consider. To date, researchers have evaluated
mechanical properties, like tensile or fatigue strength,
using different testing geometries obtained from
different locations within the HPT sample. This pre-
cludes the comparison of mechanical properties
between different studies, given the inherent inhom-
ogeneity of the HPT procedure. Therefore, current
testing standard methods should be revisited in
order to provide a consistent framework to enable
the evaluation and meaningful comparison of the
mechanical properties in HPT-processed samples.
Another aspect hampering the implementation of
HPT in industrial applications is the limited product
size of conventional samples (i.e. 10 mm diameter,
1 mm thickness), which is associated with the massive
pressures needed to produce such a level of plastic
deformation. However, significant advancements in
upscaling the HPT procedure in recent years have
led to samples up to 60 mm diameter and 12 mm
thickness, which could make them attractive candi-
dates for specific commercial applications. Lastly, it
is worth acknowledging the recent surge of alternative
HPT-inspired processes for the production of con-
tinuous production of sheet metal, including HPS,
HPCS, and CHPT, which have an enormous potential
for industrial feasibility.
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