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Heterostructured materials (HSMs) constitute heterogeneously distributed soft and hard zones with a mismatch in mechanical or physical
properties of at least 100% between them. A synergistic effect resulting from the interactive coupling between the heterogeneous zones surpasses
the properties predicted by the rule of mixtures. Therefore, the mechanical or physical properties of HSMs are not achievable by their
homogeneous counterparts. HSM production commonly requires plastic deformation to refine the microstructure and subsequent partial
recrystallization heat-treatments to obtain heterogeneous distributions of grain size, texture, or defect density. Other routes are by applying
surface plastic deformation or by stacking layers with a high property mismatch between them. All of those routes can be achieved by severe
plastic deformation (SPD) techniques. This overview focuses on describing the fundamentals of HSMs produced by SPD. A critical description
of the physics of SPD and HSMs, as well as the factors influencing their microstructural evolution, perspectives, and outstanding issues, are
included. A critical comparison of the strength–ductility relationship in HSMs produced by different SPD techniques is also included to guide
upcoming research. This overview is intended to serve as a basis for understanding and designing future HSMs produced by SPD.
[doi:10.2320/matertrans.MT-MF2022010]
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1. Introduction

Heterostructured materials (HSMs) provide a positive
answer to the tough question faced by the metallurgical
community: is it possible to significantly increase both the
strength and the strain-hardening to avoid the “inevitable”
loss of ductility? Due to the above, HSMs constitute a fast-
emerging field characterized by a significant contribution of
hetero-deformation induced (HDI) strengthening. Since the
coining of the term HDI strengthening and its in-depth
description by Zhu et al. in 2019,1) HSMs have inspired
numerous multidisciplinary materials with outstanding me-
chanical performance.2–5)

Unlike homogeneous materials, the HSMs require specific
features for significant activation of HDI strengthening.
Those features are mainly i) the coexistence of a soft and
a hard zone with a mechanical mismatch of at least 100%
between them to encourage strain partitioning, ii) an effective
mutual constraining between zones, and iii) planar slip
promoted mainly by low stacking fault energy (SFE) or
short-range ordering (SRO).2) As a result, geometrically
necessary dislocation (GND) pile-ups form near the soft/hard
interfaces to accommodate the strain mismatch. The GND
pile-ups generate back stress in soft regions and forward
stress in the harder ones. The combined contribution of both
back and forward stress is known as HDI stress. While back
stress provides hardening to the soft regions; forward stress
promotes the deformation of hard zones. HSMs provide a
successful strategy to reduce the strength–ductility trade-off
of homogeneous materials.6)

Besides their outstanding mechanical behavior, HSMs also
have the processing advantage of being feasible by numerous
thermo-mechanical routes, most of which are conducive to
large-scale and low-cost industrial production. In many cases,
HSMs require a combination of plastic deformation with
partial recrystallization heat-treatments to encourage abnor-
mal grain size growth or multiphase microstructures.2) Severe
plastic deformation (SPD) techniques are one of the routes
that make it possible to combine with heat-treatments to
produce HSMs (Fig. 1).

As shown in Fig. 1, SPD techniques can boost mechanical
properties of metallic materials by an extensive grain
refinement up to the nanometer scale.3) However, the near
simple shear deformation mode, which is characteristic of
SPD techniques, produces mainly homogeneous micro-
structures that suffer from strength–ductility trade-off,7)

which can be overcome by the HSM strategy.2,7–9) Thus,
combining the virtues of SPD to produce HSMs is promising
as a further step to obtain heterogenous microstructures,
whether by grain size, multiphases, or crystallographic
texture. Additionally, SPD-processed HSMs do not require
chemical alterations, which might decrease the impact of
physical properties such as the thermal or electrical
conductivity of multidisciplinary alloys.

As shown in Fig. 1, SPD-processed HSMs combine
multiple strengthening mechanisms.2) Low-SFE and SRO
trigger the formation of defects, e.g., stacking faults,
twinning, GND pile-ups (to produce HDI), and the
occurrence of transformation-induced plasticity (TRIP) in
specific alloys. Additionally, HSMs can also combine other
conventional strengthening mechanisms, including the
accumulation of statistically stored dislocations (SSDs),
grain refinement (Hall-Petch effect), substitutional or

+Corresponding authors, E-mail: liliana.rom7@comunidad.unam.mx;
m.naeem@bham.ac.uk

Materials Transactions, Vol. 64, No. 10 (2023) pp. 2346 to 2360
©2023 The Japan Institute of Metals and Materials OVERVIEW

https://doi.org/10.2320/matertrans.MT-MF2022010


interstitial solid solutions, or possible second-phase dis-
persion.

The application of short-time or low-temperature heat-
treatments after SPD ensures the formation of heterogeneous
structures in terms of grain size, multiphase or crystallo-
graphic texture distributions. As a result, one of the six
recognized HSMs classifications can be obtained (Fig. 1):
i) multimodal structure, ii) gradient structure (GS), iii)
harmonic structure, iv) heterogeneous lamella structure
(HLS), v) layered structure (LS), or vi) multiphase structure.
Detailed reviews and compilations on the physics, micro-
structural and mechanical performance of HSMs can be
found in the literature.1,2,7–9) Likewise, detailed studies have
been published on the physics, microstructural, and mechani-
cal performances of SPD techniques,3,10–20) including specific
techniques, such as high-pressure torsion (HPT),21,22) equal
channel angular pressing (ECAP),23–31) accumulative roll
bonding (ARB),32–34) and repetitive corrugation and straight-
ening (RCS).35,36) However, a review that explains the
physics and results of combining both fields is missing from
the literature.

This overview aims to serve as a basis for the fundamental
features regarding microstructural evolution in HSMs
produced by SPD. This overview will focus on the use of
the highly reported SPD techniques; HPT, ECAP, ARB, RCS,
and some surface nanostructuring techniques, mainly surface
mechanical attrition treatment and shot peening. The authors
expect to provide design and production guidance for new

SPD-processed HSMs, as well as encourage future efforts of
the scientific community through a discussion of perspectives
and outstanding challenges. Finally, this overview includes
current and potential multidisciplinary applications of SPD-
processed HSMs that can be synergistically combined with
their exceptional mechanical behavior.

2. Brief History of Severe Plastic Deformation and
Heterostructured Materials

Figure 2 points out the continuous historical advancements

Fig. 1 SPD-based thermo-mechanical route and microstructural evolution to produce HSMs with low stacking fault energy (SFE) or
short-range order (SRO).

Fig. 2 Number of scientific papers published with terms “severe plastic
deformation” (SPD) and “heterostructure material” (HSM) included in
their title, abstract or keywords based on the Scopus database (up to
August 29, 2022). The graph comprises historical developments related
to SPD and HSM fields.
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in SPD and HSMs fields, which have broadened their
multidisciplinary applications and brought new underlying
metallurgical knowledge. Regarding SPD, the development
of new techniques, such as HPT,37) ECAP,38) ARB,39) and
RCS,40) allowed the development of bulk nanograined
(NG) and ultrafine-grained (UFG) arrangements. It’s worth
mentioning that while HPT research introduced the
possibility of large shear stresses in confined systems, i.e.,
SPD as a new field,41) the development of ECAP triggered its
technological application as the first SPD technique with
potential commercial use.10) However, there are currently
other SPD techniques, such as ARB and RCS, with better
prospects for implementing continuous processing and
producing components on a large scale. In general, SPD
techniques opened the possibility: i) to introduce large strains
in metallic materials by multiple deformation steps (due to
almost constant geometrical dimensions before and after
deformation), ii) to produce NG or UFG bulk materials with
low porosity or impurities, and iii) to process higher volumes
of materials than those by other techniques such as surface
deposition.

The basis of HSMs started from the description of a
stress field (now known as “back stress”42)) around GND
dislocations that induce hardening.43) Later, the correlation of
the Bauschinger effect44) (difference between the applied and
the reversed flow stress, causing lower compressive yield
strength than the tensile yield strength, and vice versa) to the
formation of back stress45) allowed the design of precise
methods based on stress-strain curves to estimate back
stress.46,47) The use of such methods broadly followed the
first report on HLS material.48) Finally, the back stress
hardening was renamed as HDI hardening to include the
contribution of the forward stress.1)

SPD made it possible to produce bulk NG or UFG
materials without chemical alterations, i.e., without signifi-
cant impact on physical properties (e.g., electrical or thermal
conductivity). Additionally, HSMs significantly relieve the
typical strength–ductility trade-off associated with homoge-
neous materials. Due to the outstanding achievements of both
SPD and HSM in mechanical metallurgy, intensive research
continues in these two related areas worldwide (Fig. 2).

3. Basics of Heterostructured Materials

The outstanding mechanical properties of HSMs originated
from the interactive coupling between soft and hard zones
that coexist in the same microstructure. The differences in
flow stress cause a heterogeneous response to the applied
strain. The soft zones start deforming before the hard ones
(elastic stage I in Fig. 3). Consequently, a strain gradient
will be created with respect to the Frank-Read dislocation
source, where the plastic strain is highest.8) To accommodate
the strain mismatch in interfaces, known as zone boundaries
in HSMs, GNDs will generate from Frank-Read sources at
the soft zone. Afterwards, hard zones remain elastic while
soft zones start deforming plastically (stage II in Fig. 3).
Both soft and hard regions remain under mutual constraining.
The creation and interaction of GNDs near the zone
boundaries will produce the hetero-boundary affected region
(HBAR).49)

With increasing applied stress, the GNDs pile-up against
the zone boundaries and generate long-range back stress in
soft zones.1,46) The back stress produced in such a way will
act against the dislocation source to curtail the emission of
more dislocations.48) Simultaneously, the stress exerted by
the head of the GND pile-up produces forward stress in hard
zones.8,50,51) The back stress strengthens soft zones, while
the forward stress makes hard zones easier to deform.7) As
a result, the soft (coarse-grained) zones sustain larger
deformations, while the hard ones (nano- or ultrafine-grained)
act as obstacles to block the gliding of dislocations.
Therefore, the HSM possesses higher strain-hardening and
strengthening than that obtained in homogeneous nanostruc-
tures or coarse materials (blue and green stress-strain curves
in Fig. 3).52)

The back stress and the forward stress do not cancel each
other globally, and they collectively produce the HDI
strengthening to enhance yield strength and HDI strain-
hardening to retain or even improve ductility. The HDI
strengthening is usually negligibly small in homogeneous
materials and not considered in most classical models, such
as the rule of mixtures (ROM). As a result, the yield strength
of HSMs is greater than that predicted by the well-known
ROM,53) i.e., greater than the strength contributions of each
component weighted by their volume fractions.

Even though the HDI strengthening is dominant in HSMs,
their properties still come from the synergy of multiple
strengthening mechanisms. The microstructural heterogene-
ities in low SFE or SRO HSMs (Fig. 1), such as zone
boundaries obtained from multiphase frontiers, multi-order
grain sizes, twins, shear bands, stacking faults, TRIP, among
others, promote the occurrence of heterogeneous deformation
and diverse strengthening mechanisms.

For HSMs, the occurrence of HDI and the synergistic
strengthening from the interaction and mutual constraint
between the heterogeneous zones should be added to the

Fig. 3 Comparison of stress-strain curves for soft (green curve), hard
(blue curve) and heterostructured (red curve) materials, including the
representation of the three deformation stages (I, II, and III) in HSMs and
their effect on dislocation behavior and stress distribution (black solid
lines) near a zone boundary. Red solid circles represent the dislocation
sources, while ¸a is the applied shear stress. Adapted from Ref. 9).
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ROM. As a result, the modified ROM can be used as shown
in eq. (1)9,53)

·Y ¼ �· þ 1

th

Z th

0

·ðxÞdx ð1Þ

where ·Y is the macroscopic yield strength of the sample, ¦·

is the contribution of the synergistic strengthening, th is
the total thickness/volume of the sample, and ·(x) is the
yield strength of each layer/zone of the sample at position x
along the thickness/volume. The term ¦· has a nonlinear
contribution, revealing a balance between the proportion of
soft and hard zones that maximizes the mechanical proper-
ties,53) which will be discussed in section 6.

Some experimental approaches have been reported to
estimate HDI stress. The HDI stress is closely related to the
Bauschinger effect because they have the same origin, i.e.,
the GND pile-ups.54) The Bauschinger effect refers to the
difference between the applied and reversed flow stress,
causing lower compressive yield strength than its tensile
yield strength and vice versa.44) The Bauschinger effect is
triggered by strain gradients that can occur in heterogeneous
as well as homogeneous materials. Considering the high
strain gradient at zone boundaries in HSMs, the Bauschinger
effect will be more significant and hence a higher HDI stress.
This effect mainly influences HSMs because the strain-
hardening in homogeneous materials is governed by mutual
trapping and accumulation of SSDs, while strain-hardening
in HSMs is controlled by HDI hardening, i.e., the pile-ups
of GNDs. Some examples of the above have been reported,
such as GS,54,55) HLS,48) alloys with soft/hard interfaces of
bulk phases56) and others with non-shearable precipitates
(multiphase structured materials),57–59) or LS passivated thin
films (with film–oxide/nitride/sulfide interfaces).60–62) This
means that the contribution of HDI to the total hardening in
HSMs is always higher than that of dislocation hardening.63)

This was demonstrated by the higher HDI stress due to GNDs
pile-up in heterostructured Cu55) compared to pure Cu,64)

where the Bauschinger effect was minimal.
An experimental approach to estimate the contribution of

HDI stress (·h) during unloading–reloading loops in tensile
tests is shown in eq. (2) and Fig. 4:47)

·h ¼
· r þ ·u

2
ð2Þ

where ·u and ·r are the unloading and reloading yield
strength defined in the unloading–reloading stress-strain
curves.47) Equation (2) assumes reversible GND pile-up
structures during the unloading–reloading process, keeping
the HDI stress almost constant. This methodology reduced
the measurement errors of previous models, where an
arbitrary plastic strain offset was used to determine
·u.46,65,66) Instead, the ·r and ·u from eq. (2) can be estimated
by the slope from the linear elastic segments of the
unloading–reloading curves.47) Some limitations and future
opportunities to improve this method have been discussed in
the literature.2)

In summary, the main intrinsic characteristic of HSMs is
the HDI strengthening as the major contributor to the global
strengthening of the material. Due to their unique features,
HSMs display a delayed necking due to continuous increase
of strain-hardening, high HDI stress, and mechanical
behavior that the classical ROM does not count.

4. Heterostructured Materials by Severe Plastic Defor-
mation

This section will very briefly introduce some of the reported
approaches for producing HSMs by SPD. Fundamentals of
the highly studied SPD techniques, i.e., HPT,67–69) ECAP,70,71)

ARB,33) RCS,40,72,73) and surface nanostructuring,74) can be
found elsewhere. In general, SPD can be implemented by
simple shear (e.g., ECAP and simple shear extrusion10,75)) and
pure shear stress (e.g., cross loading, pure shear extrusion, and
central areas of severe cold rolling76,77)). In simple shear, the
plastic flow is concentrated along the main direction. While
in pure shear, the distortion occurs in two directions. Simple
shear is the optimal deformation mode as it gives rise to fine
homogeneous structures with high-angle grain boundaries
(HAGBs), which could be helpful in enhancing ductility.

Bulk SPD techniques such as HPT and ECAP combined
with heat-treatments can produce multimodal structures,
harmonic structures, heterogeneous lamella structures, or
multiphase-structured HSMs (classification shown in Fig. 1).
Due to the heterogeneous nature of the strain during the first
pass of the RCS technique, it does not require heat-treatment
to produce multimodal structure. On the other hand, the ARB
technique has been widely used to produce LS by stacking
alternating plates of various materials. Lastly, the gradient
structured materials, where the grain size increases gradually
from the surface to the interior, are produced by surface SPD
techniques.

The heat-treatments applied to the UFG or NG materials
produced by SPD aims for partial recrystallization with final
heterogeneous grain size distributions or thermally-induced
phase transformation with final multiphase microstructures.
Thus, to obtain HSMs, the most common heat-treatments on
SPD-processed alloys are short-time annealing and phase
reversion. The dependence of recrystallization temperature
on the stress state of the material, as well as the thickness and
parent phases, should be considered in the selection of heat-
treatment temperature and time.

Fig. 4 The schematic of the unloading and reloading test loop to
investigate the evolution of HDI stress during the tensile test.47) The
loop is used for defining the unload yielding ·u, reload yielding ·r, back
stress ·b and frictional stress ·f , effective unloading Young’s modulus Eu

and effective reloading Young’s modulus Er.

Heterostructured Materials by Severe Plastic Deformation: Overview and Perspectives 2349



The factors influencing microstructural evolution during
different SPD processing routes can be inherent to the
materials or thermo-mechanical parameters. The factors
inherent to the material will be discussed further in section 5.
The thermo-mechanical processing parameters that control
the final grain size and phase volume fractions are strain rate,
equivalent strain, processing or heat-treatment temperature,
and heat-treatment time.

4.1 High pressure torsion (HPT)
Due to the large applied strain, HPT introduces more

severe grain refinement than ECAP, ARB, or RCS. There-
fore, compared to other SPD methods, the HPT-produced
UFG or nanometric materials are relatively more prone to the
typical strength–ductility trade-off.78) However, synergistic
mechanical properties between the soft and hard zones in
HSMs reduce the severe loss of ductility while strengthening.
HSMs have been produced by combining HPT and heat-
treatments79) or by designing HPT-processed LS materi-
als.80–88) The first approach is based on partial recrystalliza-
tion initiated from heterogeneous nucleation at defects,
resulting in multimodal or HLS materials. The second
approach consists of the HPT processing of stacked metal
sheets of different chemical compositions with a high
mechanical mismatch.

The microstructures produced by HPT become more
homogeneous with increasing the number of turns of HPT.
Therefore, LS materials produced by a small number of HPT
turns can become multiphase structures when the layering
arrangement is lost at higher strains.81–87,89) The interface
spacing is a crucial factor in the mechanical performance
of LS materials.90) The interaction of the HBAR with other
strain-induced defects is expected to influence the final
mechanical performance of the HPT-processed HSM (more
details in section 6).

Some different uses of HPT-processed HSMs are the use
of metal powders as starting materials to produce multiphase
HSMs.91) HPT-produced HSMs have also been designed for
spring magnets applications, where a correlation between
applied strain and magnetic properties has also been
studied.85)

4.2 Equal-channel angular pressing (ECAP)
In general, the ECAP process can produce microstructure

in the nanometric size range after 4 to 5 passes, depending
on the ECAP parameters.92,93) From the fine ECAP-
processed microstructures, multiphase and heterogeneous
lamella structured materials can be produced by combining
with subsequent heat-treatments. From section 3, heteroge-
neous grain sizes, texture, or phase distributions are
required for at least 100% mechanical mismatch between
soft and hard zones. Partial recrystallization processes are
commonly used to induce large grain size disparities across
the microstructure of fine-grained ECAP-processed materi-
als. Partial recrystallization can be achieved by warm ECAP
processing94–99) or by short-time annealing post-treat-
ments.100) Low-temperature heat-treatments are another op-
tion to promote the formation of precipitates in the ECAP-
processed material, i.e., multiphasic materials.99,101–103) The
aforementioned HSMs produced by ECAP have shown a

lower strength–ductility trade-off compared to their homoge-
neous counterparts.94,99–102)

Regarding physical properties, some works have focused
on improving the electrochemical behavior of ECAP-
processed HSMs compared with their homogeneous counter-
parts.103) The improvement in their corrosion resistance has
been related to less activation of galvanic pairs due to a
reduced fraction of well-distributed second phases.103)

However, another report showed that the presence of fine
secondary phases and high grain boundary density can be
detrimental to the wear resistance of ECAP-processed
HSMs.102)

4.3 Accumulative roll bonding (ARB)
As ARB can well control the final thickness of multiple

layers, numerous LS materials have been produced by this
technique.104–117) Decreasing the interface spacing in LS
materials is related to the improvement of strength and
ductility during uniaxial tension.104) However, overlapping
HBAR from neighboring interfaces may affect the GND pile-
up formation. More details about the effect of interface
spacing are presented in section 6.

Other works in cubic-structured LS materials have
investigated the crystallographic texture evolution after
ARB.105,107,111) The recent findings on the texture evolution
of cubic LS materials, such as stainless steel and Cu/Nb,
can be found in the literature.2,109) A study on the interface
structure of ARB-elaborated HSMs can also be found
elsewhere.108)

4.4 Repetitive corrugation and straightening (RCS)
RCS results in significant grain refinement with high

strengthening, as expected from the Hall-Petch relation-
ship.40) It is also common to obtain wide grain size
distributions and non-equiaxial grain morphology after RCS
processing.35,118,119) Owing to this, RCS can provide
heterostructured materials with multimodal grain size due
to the heterogeneous nature of the deformation at the first
pass.72) Multimodal grain size distributions after RCS can
be encouraged by the die geometry and by avoiding the 90°
rotation between passes.120) Examples of multimodal struc-
tures have been widely reported in the literature.119,121–126)

The synergistic performance of nanometric, UFG, and
micrometric grains which coexist in the same structure, has
been shown to increase the bulk yield strength.121) A
synergistic performance to improve electrochemical corro-
sion resistance and stress corrosion cracking has also been
reported in wide-grain size distribution Al-7075 alloy
processed by RCS.119,121) Other works have focused on the
simulation of fracture or residual stress in RCS-processed
multimodal materials.120,127–129)

4.5 Surface nanostructuring
Surface nanostructuring includes several techniques that

apply large stress impacting the microstructure from a few
nanometers to tens of micrometers from the surface.130) These
techniques create GS materials, i.e., they are HSMs and
do not require any posterior heat-treatments. Several GS
materials have been developed by surface nanostructuring
techniques like peening-based processes,131–143) surface
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mechanical attrition treatment (SMAT),144–171) blast-
ing,172–180) ultrasonic surface deformation-based proc-
esses,132,140,142,181–198) and surface mechanical rolling treat-
ment.199–201) From all the above, the most widely reported
are SMAT and shot peening.

Surface nanostructuring techniques result in grain size
distributions that changes gradually from the surface to the
center of the material. Typically, NG structures can be found
on the surface and micrometric grains at the center. A typical
GS material is schematized in Fig. 5. The GS is typically
formed by gradients in grain size, but it can also be achieved
by gradient crystallographic texture or defects density.2) As
a result, GS materials combine the virtues of a high-
strength surface with a ductile center. The substantial strain
disparities among layers during straining will lead to mutual
constraining and the formation of GND pile-ups to
accommodate the strain mismatch. Thus, a significant HDI
strengthening and HDI strain-hardening will be obtained as
described in previous section 3. Figure 5 shows the expected
tendencies for some microstructural features and strain
gradients near the NG/CG interface in GS materials. It has
been shown that in GS materials, the GNDs density is
maximum near the UFG (SMAT-treated)/CG interface202)

and increases with increasing strain gradient.203) The same
tendency of strain gradient has been observed by height
contour measurements in GS materials.204,205) From section
3, the strain gradient is required to keep the material
continuity at the interface during straining.205)

5. Factors Influencing Microstructural Evolution in
SPD-Processed HSMs

The deformation modes strongly depend on crystal
structure, SFE, initial crystallographic texture and micro-
structure, strain rate, stress state, and processing temperature.
Out of these features, the first three are intrinsic to the
material, while the latter three are processing parameters. For
a clear understanding of fundamentals, the intrinsic and
processing parameters affecting the microstructural evolution
of SPD-processed HSMs will be discussed in separate
sections. However, these parameters are interrelated and it
is difficult to separate their individual contributions in

practice. The critical microstructural factors to control the
mechanical behavior of HSMs will be discussed in section 6.

5.1 Intrinsic parameters
5.1.1 Crystal structure

The active twin or slip systems in a material depends on
the crystal structure. Thus, the microstructural response of
materials to the shear stress from SPD might differ depending
on their crystal structure. According to von Mises,206) an
arbitrary deformation can be described by six terms in the
strain tensor, one of them being constant due to preserved
volume. Thus, five independent slip systems are necessary
to preserve the continuity of a crystal during plastic
deformation by slip. High-symmetry crystalline structures,
like face-centered cubic (fcc) with 12 slip systems
({111}©110ª) or body-centered cubic (bcc) with up to 48
slip systems ({110}©111ª, {112}©111ª, and {123}©111ª),
meet the criterion. However, due to the lack of close-packed
planes in the bcc structures, thermal activation of slip systems
may sometimes be necessary.

Other low-symmetry crystalline structures, such as
hexagonal with only 3 slip systems (prismatic-
f10�10gh11�20i or basal-{0001}h11�20i), have low plasticity
at room temperature. Twin systems or preferred crystallo-
graphic orientations may allow small plasticity in hexagonal
materials. The lattice parameters ratio c/a also strongly
impacts the deformation mode of hexagonal materials. Thus,
polycrystalline hexagonal metals, e.g., Ti, Zn, or Mg, require
raising temperature to increase the number of active slip
systems. Despite the low plasticity of Ti, it has been
demonstrated as a very effective HSM.48) The limited slip
systems decrease the likelihood of dislocation to cross slip
among slip planes, promoting the planar slip necessary for
GNDs to pile-up. As explained in section 3, GND pile-ups
are the first requirement for effective HDI strengthening and
HDI strain-hardening.

It should be noted that the above discussion applies to
polycrystalline materials, where there is mutual constraining
among neighboring grains.207) Since polycrystalline materials
dominate most of technological applications, the case of
single crystals will not be discussed here. The reader can
consult comprehensive literature concerning plasticity and
SPD of single crystals.31,208–216)

5.1.2 Factors inducing planar slip
5.1.2.1 Stacking fault energy (SFE)

SFE strongly influences the deformation mode of metals
and, consequently, the generation of HDI stress. Stacking
faults, bordered by Shockley partial dislocations, are planar
defects with interrupted atomic arrangement sequences. The
energy per unit area associated with a stacking fault
determines the SFE. Low SFE materials have wide stacking
faults (larger distance between partial dislocations) and
promote planar slip.217) From section 3, planar slip
encourages GND pile-ups. In contrast, high SFE materials
have narrow stacking faults (smaller distance between partial
dislocations), increasing the likelihood for partials to pinch
in the original slip plane and be extended to an intersecting
cross-slip plane.150,217,218)

Cross-slip decreases the likelihood of GND piling up.7)

The difference between the planar slip and the cross-slip can

Fig. 5 Typical microstructure and features of gradient structured materials
with low SFE.2)
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be observed in the upper-right inserts of Fig. 6. As a result,
the low SFE cubic metals deform by twinning. In contrast,
cross-slip is the preferred deformation mode for medium and
high SFE cubic metals. Low SFE also promotes twinning
and TRIP. Generally, SFE below 20mJm¹2 promotes
martensitic transformation in fcc steels, while values from
12 to 45mJm¹2 promote twinning.219–222) The hexagonal
metals with fewer slip systems (as mentioned in section 5.1)
generally activate twinning. Some of the preferred strength-
ening mechanisms according to the preferred deformation
mode of homogeneous and heterostructured metallic materi-
als are shown in Fig. 6. Compared with HSMs, the homo-
genous medium-to-high SFE materials are governed by SSDs
accumulation. The SSDs tend to group as dislocation tangles
and arrange in cell blocks, which are sub-divided in
incidental boundaries, also known as dislocation cells.

A detailed description of dislocation arrangement in a
medium SFE Cu has been reported elsewhere.223) As cross-
slip is promoted in these materials, the contribution of GND
pile-ups and HDI stress is expected to be low. At the same
time, the SSDs accumulation may be significant for the
strengthening and strain-hardening of the alloy. It is worth
emphasizing that SSDs create short-range stress localized
near the individual dislocations. Collectively, the short-range
stress around the individual dislocations is canceled. In
contrast, the long-range stress (back and forward) created by
GND pile-ups does not cancel each other globally. Due to the
above, the long-range back and forward stresses collectively
produce the HDI strain-hardening and strengthening.2)

While SFE is mainly related to chemical composition,
strain rate and temperature may also influence it.224–226)

The likelihood of the transition from dislocation slip to
deformation twinning, implying a decrease in SFE, increases
at high pressure, high strain rates and low tempera-
tures.227–232) This is because the mechanically-driven grain
boundary migration is limited under those conditions.233)

Besides, low temperatures also encourage dislocation
accumulation, which, together with deformation twinning,
tends to increase the strain hardening of alloys.233) Other
factors affecting twinning likelihood include metastable grain
boundaries, stress concentrations, and favorable orientations
of twin partials.234)

It has been found that grain size has a significant effect on
the deformation twinning in nanostructured metals. For fcc
metals, there is an optimum grain size for twining, which can
be estimated by eq. (3)227)

dm

lnð
ffiffiffi
2

p
dm=aÞ

¼ 9:69� ¯

253:66ð1� ¯Þ
Ga2

£
ð3Þ

where dm is the optimum grain size, a is the lattice constant,
¯ is the Poisson ratio, G is the shear modulus, and £ is SFE.
This equation shows that lower SFE increases the optimum
grain size for twinning. In other words, low SFE makes
twinning easier.

From the above, coarse and nanometric materials can show
different mechanisms of deformation twinning and different
kinds of deformation twins, which can be exploited by the
synergistic effect of coarse and fine grains in HSMs. Coarse
materials can form twins relatively easily; e.g., increasing the
austenite grain size in steels has been shown to reduce the
SFE.235) It has also been reported that a higher activation
stress may be required when grain size decreases further than

Fig. 6 Preferred strengthening mechanisms according to SFE of homogeneous and heterostructured metallic materials. ·s stand for flow
stress of coexisting zones A and B, ¸a is the applied shear stress, n is the number of GND in the pile-up, and n¸a is the stress
concentration. Adapted from Ref. 2).
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the optimum range for twinning.227,236) Detailed information
regarding the mechanisms of deformation twinning in
nanometric metals can be found in the literature.227,234)

It is important to mention novel strategies in multiphase
HSMs with medium-to-high SFE to overcome the critical
resolved stress for twinning. High SFE steels based on dual-
nanoprecipitation have increased the tensile stress high
enough to overcome the critical twinning stress.237) As a
result, this strategy has allowed twinning and simultaneous
increment of toughness and strain hardening in high SFE
steels.
5.1.2.2 Short-range order, atomic size mismatch, and

shear modulus
As explained in section 5.1.2.1, avoiding cross-slip is

crucial to promote the planar slip and GND pile-ups
responsible for the long-range HDI stress. Besides low
SFE, there are other factors that can promote the planar slip
deformation mode. Those factors are based on a different
combination of two Shockley partials or make the cross-slip
dislocations to follow the same plane (planar slip). Those
factors include high shear modulus, large atomic size
mismatch, and chemical short-range order.220,238,239)

From Taylor’s theory240) and eq. (4), a high shear modulus
(G) is related to high flow stress (¸) for two parallel
dislocations to overcome their elastic interactions past each
other.241) Thus, the likelihood of partials being intersected,
pinched and extended to another slip plane (cross-slip) may
be increased by a high G238)

¸ ¼ ¡Gb

l
ð4Þ

where ¡ is a constant of order 0.1, b is the Burgers vector,
and l is the spacing between dislocations. Moreover, the ratio
SFE/G is related to the spacing between dislocations and the
deformation mode.238)

Regarding atomic size mismatch, the amount of lattice
distortion in a solid solution increases with the atomic size
mismatch between the matrix and the alloying element.241)

The strain field increases the critical resolved shear stress and
determines the dislocation interactions. Thus, higher lattice
distortion also makes it difficult for the partial dislocations to
be combined.

Recently, SRO has been under intensive research from the
development of high-entropy alloys. In highly concentrated
alloys, the head dislocation confronts a high slip resistance
that is overcome while breaking the SRO. The trailing
dislocations emitted from an active source face a lower slip
resistance because the SRO has already been destroyed. Once
the dislocations push together, the leading dislocation can
overcome the slip resistance and the slip velocity and plastic
deformation increases (i.e., softening effect). This deforma-
tion is localized as it is restricted to a single slip plane. The
overall phenomenon leads to planar slip.238) SRO may have
a more significant impact in promoting planar slip than SFE
and the critical resolved shear stress.238) Among the examples
of the SRO influence on the planar slip, a recent report on
FeCrNi alloy reported planar slip despite an increased SFE
due to Cu additions.242)

Nanometric secondary phases may cause short-range
clustering, also known as atomic order, which refers to local

regions composed of the same atoms. If the secondary phase
particles are small enough, they will be cut through by
dislocations. In this case, the incoming dislocations will
face cut particles with reduced strength until they are totally
cut. The planar slip may encourage minor strengthening by
the trailing dislocations encounter. A recent example of the
above is an FeCoNi alloy with SRO nanometric intermetallic
particles, which demonstrated outstanding strengthening and
strain-hardening due to HDI and SSDs strengthening.243)

5.1.3 Crystallographic texture
The importance of texture evolution in SPD process is

based on two fundamental effects: 1) the plastic deformation
frequently leads to preferred crystallographic orientations,
and 2) the slip and twinning systems of the preferred
crystallographic orientations may lead to different grain
rotations.244) As explained in section 4, ARB, RCS, HPT,
and ECAP frequently lead to substantial grain refinement
up to UFG or NG domains. The grain sub-division implies
crystalline grain rotations. If the rotations create misorienta-
tions larger than 15°, HAGBs will be created. A similar
mechanism is followed when deformation by twinning
dominates. However, the twin will have a higher misor-
ientation angle than the grain boundary.245) Thus, the effect
of the initial texture is especially important in deformation
modes that are closely related to the crystalline orientation,
such as twinning in hexagonal materials.

It has been identified that among the parameters affecting
the texture evolution during plastic deformation, the
deformation mode, the strain path, the initial texture, and
the initial microstructure have a strong effect.245) The first
two parameters have been briefly described in previous
sections 5.1 and 5.2. The effect of initial texture on the
microstructural evolution during SPD processes is closely
related to the initial texture intensity. The higher the initial
texture intensity, the higher the required equivalent strain to
erase its effect.26)

For example, for many fcc alloys, 2 to 4 ECAP passes are
necessary to create totally different crystallographic tex-
tures.26) Those 2 to 4 ECAP passes coincide with the
common observation of microstructural (grain size) stability
in fcc alloys.246–248) However, the texture does not necessarily
remain stable after that strain; it may change continuously,
forming reiteratively repeated textures when applying
repeated strain paths. In some processes, such as RCS with
a sinusoidal die profile, the initial texture remains nearly
constant up to 4 RCS passes.119) However, other techniques
with higher equivalent strain per deformation pass, like ARB,
demonstrate the ability to erase the initial texture from the
first deformation pass.122) Thus, as explained before, the
texture evolution also strongly depends on the strain path and
the deformation mode.

The previous general behavior has been studied mainly in
homogeneous materials; the effect of the initial texture on the
texture evolution after SPD of HSMs remains an important
area for future research focus. To study this effect, it has been
recommended to start by comparing two samples of the same
material with different deformation orientations.26) However,
it should be noted that it is difficult to isolate the effect of
the initial texture from the effect of other microstructural
and processing parameters on the microstructural evolution.
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Besides, in LS materials, the crystallographic orientation
relationship between layers and the morphology direction-
ality may strongly influence texture evolution.2)

An example of the above is the rotations (commonly
known as tilts) from the ideal texture components in Table 1,
which can be widely observed in SPD-processed materi-
als.119) Tilts originate from non-ideal processing conditions,
such as friction between the die and the sample, die
geometry, or elasto-plastic characteristics of the material.26)

Moreover, it is difficult to isolate the effect of other
microstructural factors, such as grain size, grain shape,
storage stress, density of defects, etc.

Lastly, the effect of initial texture on materials with other
deformation mechanisms, such as grain sliding in nanometric
materials (commonly <10 nm, which coincides with the
inverse Hall-Petch relationship249)), has not been systemati-
cally studied. Furthermore, very fine NG regions coexisting
with CG regions in HSMs may have a different micro-
structural and mechanical effect than homogeneous NG
materials. Details on the texture evolution during SPD and
heat-treatments can be found in the literature.2,27,245,250,251)

5.2 Processing parameters
5.2.1 Stress state

The strain induced by SPD can be mainly classified as
shear or plane strain.245) Among the SPD techniques
mentioned in section 4, HPT, ECAP, and RCS (with
trapezoidal die profiles) belong to shear strain mode, while
ARB belongs to plane strain deformation. It is noteworthy
that the slowest grain refinement is achieved by torsion.17)

The imposed strain mode strongly influences the final
texture, but the relative intensities depend on the symmetry of
the process and the applied equivalent strain. The expected
texture components (crystallographic orientations) for shear

and plane strain modes applied for fcc metals are shown
in Table 1. The expected texture components for other
crystalline structures can be found in the literature.245)

Changing the strain path between SPD passes may change
the shearing features, activate different slip systems, and
increase the grain refinement effectiveness.223,252,253) As
described in sections 4.2 and 4.3, changing the strain path
by rotations is common in ECAP and RCS processes. As
a result, dislocation–dislocation interactions occur in the
current slip system as well as with dislocations generated in
the previous SPD passes.223) These interactions may generate
dislocation tangles, blocks, and cells that form equiaxed
grains, with increasing strain, in materials deformed by cross
slip (mainly with high SFE).252,254) However, GND formation
is triggered by the high mechanical mismatch at zone
boundaries in HSMs with planar slip, where the soft zone
deforms before the hard one.5)

5.2.2 Equivalent strain and strain rate
Increasing the equivalent strain improves the homogeneity

of the final microstructure, which may be desired for HLS
that require further partial recrystallization heat-treatments,
but unnecessary for multimodal structured HSMs.255)

However, it should be remarked that the use of annealing
after the SPD process aims to build heterogeneous grain-size
microstructures but also lower the dislocation density to
improve strain hardening.

From the above, equivalent strain is a critical factor for
controlling grain size and interface spacing in HSMs. The
increment of equivalent shear strain increases the dislocation
density, mainly SSDs for homogeneous materials and GND
and SSD for HSMs. The arrangement of dislocations forms
low- and then high-angle grain boundaries while increasing
the strain. Thus, the increment of equivalent strain is related
to higher grain refinement described mainly by grain
boundary diffusion or grain boundary sliding in nano-
metric-grained microstructures.256) Higher equivalent strain
also increases the defect density and residual stress. Stress
accumulation at stress concentrators may provide sites for
twinning nucleation,253) which improves strengthening and
strain hardening by providing blockers for dislocation
accumulation. Furthermore, twins can act as sites for phase
transformation nucleation and encourage grain refinement by
sub-division of coarse grains.2,257)

While steady microstructural (equilibrium between dy-
namic formation and annihilation/recovery of defects) and
mechanical states typically reach at shear strain of about
100,17) the HPT process has gotten shear strain of over
1000.258) Higher microstructural and mechanical levels can
be created at those HPT shear strains, as well as interesting
phenomena such as atomic-scale elemental mixing.258)

However, multiple SPD-processed HSMs have reported
considerable improvement in mechanical properties within
the typical strain range of SPD methods.87,101,259–262)

Higher defects density induced by severe shear strains may
reduce the high-temperature stability of alloys. The presence
of dispersed fine particles, e.g., precipitates, may help to
inhibit grain growth at elevated temperatures. The thermal
stability of refined microstructures has been improved by the
presence of fine particles which also enhances the ductility at
high strain rates (lower strain rate sensitivity).252)

Table 1 Main ideal texture components for plane and shear strain in fcc
materials.
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Regarding strain rate, SPD processes are usually
performed at low strain rates (of the order of 1mm s¹1) to
avoid temperature rise, which may cause dynamic recovery
or recrystallization processes with consequent grain growth.
However, dynamic recrystallization may favor ductility
enhancement by encouraging HAGBs.17)

Increasing strain rate sensitivity is another alternative to
strain hardening rate for improving ductility.9) Decreasing
grain size in fcc and bcc systems seems to increase and
decrease the strain rate sensitivity, respectively.263–266) This
effect is usually higher in low melting point alloys. Some
bcc HSMs have shown the opposite behavior of higher strain
rate sensitivity with grain refinement.267) The authors
attributed this behavior to higher dislocation density due to
preferred formation of GNDs in HSMs.267) LS Cu/Ni have
also shown an increased strain rate sensitivity at higher strain
rates due to the presence of HDI, which is different behavior
than the pure Cu and Ni.268) Higher strain rates cause an
increase in GND density. However, LS Ti/Ni reported nearly
constant strain rate sensitivity at higher strain rates.269,270)

More systematic studies are required to understand the
relationship between GND density and strain rate sensitivity
for different classifications of HSMs.
5.2.3 Temperature, time, and pressure

Temperature and time of annealing after SPD processes
can be used to control the volume fraction of recrystallized
(soft) zones and their size. The formation of recrystallized
(soft) zones starts at the highest defect density regions and are
surrounded by non-recrystallized hard zones.8) Defect
density, including grain boundaries, increases the storage
residual energy (stress) and decreases the stability of the
system. Exceptions to this effect may be alloys with restricted
grain boundary mobility, such as multiphase alloys with
dispersed fine secondary phases.271,272) Thus, recrystallization
time and temperature decrease with the defect density.

Regarding pressure, it is well-reported that high-pressure
processing makes the phase transformation kinetics more
efficient.17) Besides, pressure effectively modulates interface
spacing in LS materials.273)

6. Strength-to-Ductility Trade-Off among Different SPD
Techniques

Based on different microstructural arrangements, the
mechanical behavior among the six kinds of HSMs shown
in Fig. 1 is expected to be different. The three most relevant
microstructural factors to control are constraining (soft zones
surrounded by hard zones), interface spacing, and volume
fractions of soft and hard zones (Fig. 7).

The mutual constraining between soft and hard zones plays
a crucial role in the mechanical behavior because it increases
strain partitioning and the GND pile-ups generation.
Consequently, effective constraining allows simultaneous
strengthening and strain-hardening improvement. The
strength–ductility relationship, given by the yield strength
and uniform elongation of SPD-produced HSMs, is shown
in Fig. 8.

The constraining of the soft zones embedded in the hard
ones in HLS is considered the most effective method for
reducing the strength–ductility trade-off among HSMs.5) In

comparison, other HSMs, such as GS materials, have lower
zone boundary density and hence lower GND pile-up
formation can be expected. This is due to the fact that fine-
grained zones are distributed exclusively at the surface and
not in bulk. Thus, the hardening of GS materials is a function
of the distance from the SPD-processed surface. In LS
materials, which consists of alternating layers of different
grain size or crystallographic texture, the strain partitioning
may be insufficient for a significant HDI stress generation
because layers are subjected to the same strain in the loading
direction. However, the strain may differ in the transversal
and normal directions to the loading.5) Thus, it is dependent
on the applied stress state and a similar phenomenon may
occur in GS materials. Furthermore, hard zones embedded in
soft zones are the most common arrangement of multiphase
materials, which is ineffective in constraining the soft zones
and leads to lower HDI strengthening. Harmonic or core-
shell structured materials require that the volume fractions
between both zones be optimized (apparently at about 40%
of the hard zone274,275)) to allow adequate constraints. Lastly,
the multimodal structured materials, characterized by a
coexistence of colonies of different order sizes, the zone
boundary density is usually not maximized, reducing the HDI
strengthening contribution.

Fig. 7 Main processing parameters, materials features, and microstructural
factors to consider during the design and production of SPD-processed
HSMs.

Fig. 8 Comparison of yield strength and uniform elongation among
HSMs produced by different SPD techniques reported in the liter-
ature.79,80,88,90,94–96,99,101,105,106,122,124–126,281–286) The kinds of HSMs
produced by each SPD technique are also indicated.
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The HBAR, i.e., the zone affected by higher HDI stress,
should also be considered in HSMs, especially in LS
materials. The optimized layer thickness in LS materials
should consider an interface spacing large enough to avoid
overlapping the HBAR of each interface, which is estimated
to be a length of about five micrometers in heterostructured
Cu/bronze laminates.104) Thus, an optimum interface spacing
has been suggested to decrease the strength–ductility trade-
off in LS materials. Some attempts to optimize the interface
spacing have been made.105,113) The strength–ductility trade-
off has been shown to increase in layers with smaller
thicknesses compared to micrometric ones.113) This behavior
may be related to the negative effect of overlapping HBAR
between two interfaces when decreasing thickness. Another
study correlated the crystallographic texture of LS materials
of variable interfacial area fraction with its capability to
accommodate deformation.105) More systematic studies with
different structures are needed to verify the effect of interface
spacing on the mechanical performance of LS materials.

From eq. (1) in section 3, the synergistic strengthening
does not have a linear contribution. Thus, there is an
optimum fraction of coarse and fine grains to maximize the
synergy between GND pile-ups and dislocation accumulation
in HSMs. Some experimental approaches have been devised
to optimize coarse/fine-grains fractions. The optimization
has resulted in ³40% of fine grains (hard zone) for harmonic
structured 304L stainless steel and copper,274,275) ³30% of
hard zone (martensite) in multiphase structured duplex
stainless steel and manganese steel,276,277) 40% of hard zone
(30% nanograined and 10% nano-twinned) in an HLS 316L
stainless steel,278) and ³30% of hard zone (martensite) in a
GS 304 stainless steel.279) Besides, a maximum contribution
of "· was found by finite element method modeling in a GS
interstitial-free steel with ³0.5 volume fraction of fine-
grained layers.53) Despite the optimization of mechanical
properties by the abovementioned experimental and model-
ing approaches,2,53,274–279) finding a mathematical model to
predict the optimum fraction of zone boundaries for
maximizing the contributions of HDI and other strengthening
mechanisms in different HSMs remains to be explored as an
active topic within the scientific community.

7. Perspectives and Outstanding Issues

HSMs are an emerging field with multiple scientific
principles that challenge the understanding of conventional
metallurgical literature. In addition, the fact that it is not
necessary to modify the chemical composition to produce
HSMs, allows maintaining or improving the physical
properties simultaneously with the mechanical ones. Exam-
ples of the above are biomedical, antimicrobial,2) magnetic85)

or catalytic91) HSMs, among others. Thus, HSMs have great
potential for industrial applications.

The applicability of HSM technology is mainly determined
by scalability and the cost–benefit ratio.5) However, SPD
techniques can manufacture mainly components of small
dimensions, which affects scalability. The application of
continuous versions of SPD techniques to create HSMs can
provide a successful route in overcoming this problem.
Faraji18) has reviewed the most promising continuous SPD

methods, although they have not been used to produce
HSMs. Another way to overcome this issue is by using
conventional plastic deformation techniques, such as rolling,
extrusion, forging, etc., to produce HSMs. Most of the HSMs
with outstanding mechanical properties have been made by
these traditional techniques combined with heat-treat-
ments.2,5) This approach can reduce the initial investment
for the industrial applications of future HSMs.

Among the fundamental issues to solve in HSMs is the
description of the interaction between GNDs and zone
boundaries to produce HDI stress. Among the possible
interaction, the GND absorption by the zone boundary, which
has already been observed,280) may affect the effectiveness
of HDI stress due to changes in the number of GNDs in the
pile-up. From the above, the strain gradient near the zone
boundaries and its relationship with GND pile-up density
should be revisited. Besides, the contribution of SFE and
SRO in promoting planar slip, which is necessary for the
formation of GND pile-ups and HDI stress (section 3),
should be systematically investigated. It is also recommended
to explore and compare the effectivity of HDI stress to reduce
the strength–ductility trade-off in materials with different
crystal structures. Some recent reviews have described a
detailed description of the fundamental issues that must be
overcome in HSMs.2,5)

Furthermore, modeling and simulation of abnormal grain
growth during partial recrystallization processes, defects
interactions, optimization of the volume fractions of soft/
hard zones, and stress and strain gradient distributions are
necessary for accurate designs of HSMs and increasing their
industrial scalability. Finally, it is imperative to include the
theory of HDI strengthening and HDI strain-hardening in
textbooks so that the new insights reach the younger
generation and encourage future efforts to clarify multiple
fundamentals of HSMs.
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