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Heterostructures are composed of spatially distinct zones with differing
mechanical and/or physical properties. When carefully engineered, these
architectures can exhibit superior performance compared with their

homogeneous counterparts. However, not all heterostructures inherently
lead to a pronounced improvementin properties. Realizing the full potential
of complex heterostructures requires a rigorous understanding of the
structure-property relationships and mechanisms related to inter-zone
interactions. This knowledge is essential if the heterostructure effect is to be
effectively harnessed and the overall performance of the material optimized.
Here we examine the fundamental mechanisms underlying the unusual
mechanical properties of heterostructured materials, highlighting the
important role of interactive coupling in the heterozone boundary-affected
regions. We outline strategies for evaluating the effects that arise from
heterostructures, in particular the heterodeformation-induced stress.

We also provide guidelines for designing heterostructured materials with
optimal mechanical properties, and discuss future directions for property
design and characterization development.

Inrecentyears, heterostructured materials have attracted widespread
attentioninthe materials community because they canbe engineered
to possess superior mechanical and physical properties compared
with their homogeneous counterparts'™ (Fig. 1). For example, the
heterogeneous lamella structure of titanium (Ti) has been reported
to simultaneously possess the high yield strength of ultrafine-grained
Ti and the high ductility of coarse-grained Ti, which overcomes the
strength—-ductility trade-off observed in conventional homogeneous
metallic materials™. Gradient materials are another example that show
superior mechanical properties. The biggest advantage of gradient
structuresis their migrating zone boundaries during tensile testing™",
whichhelp tosustainthe prolonged accumulation of geometrically nec-
essary dislocations (GNDs) and statistical dislocations, thus producing
extrastrain hardening for alarge applied strain. Harmonic structured
materials have a perfect encapsulation of soft zones in a network of
hard zones'*"”'%, Although their reported yield strengths have been
relatively low sofar, they can beimproved by increasing the thickness
ofthe hard-zone network and changing the geometry of the soft zones.
Otherreported heterostructures include the dual-phase structure'®®°,
bimodal structure??, layered structure** and so on. Itis noted that

all of these heterostructures can be designed toimprove their hetero-
structure effect, as discussed later.

Thesefindings challenge our conventional understanding of mate-
rials science, including the Hall-Petch relationship®*”” and dislocation
strengthening mechanisms such as Taylor hardening®?’,and offer an
effective strategy for achieving both high strength and toughness in
metallic materials. Such superior mechanical properties are enabled by
amaterials science principle thatis absent fromtraditional textbooks—
heterodeformation-induced (HDI) strengthening and work hardening'.

Notably, heterostructured metals and alloys can be mass-produced
at low cost using existing industrial facilities, making them highly
attractive for commercial applications. For example, the heterogene-
ous lamella structure can be produced using cold rolling plus partial
recrystallization annealing®*'. The heterogeneous fibrous structure
can be produced using cold extrusion plus partial recrystallization
annealing®. Other industrial processing techniques include multiple
forging, heat treatment, powder metallurgy and so on. In fact, some
heterostructured materials are already entering the market, for exam-
ple, heterostructured lamella stainless steel’° and heterostructured
fibrous Ti*>**, demonstrating their practical viability. These materials
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Fig.1|Schematic representation of the effects of various heterostructures on
the strength-ductility relationship. For conventional homogeneous materials,
ductility and strength usually show a trade-off, whereas heterostructured
materials can exhibit a superior combination of both properties.1+1<2
indicates alower integrated property than predicted by the rule of mixtures
(ROM);1+1>2denotes a higher integrated property than prediction by the
ROM; the dashed straight line (1 +1=2) means that both strength and ductility
follow the ROM.

hold great promise for current and emerging high-tech industries—
such as electric vehicles, drones and humanoid robots—where light-
weight structures are essential.

Designing heterostructured materials should go beyond simply
combining different structural components; it requires a thought-
ful consideration of the beneficial effects that emerge from specific
heterostructure features. Numerous heterostructured materials have
beenreported, but their effectiveness in enhancing mechanical prop-
erties varies widely'. Even within the same type of heterostructure, the
performance can differ widely. Thus, intelligent design is essential
and involves factors such as size, geometry and volume fraction of
the heterostructured zones. In the following sections, we discuss
the fundamental effects of heterostructural features that can be lev-
eraged to improve mechanical properties, methods for evaluating
these effects and practical considerations for guiding the design of
heterostructured materials.

Heterostructure effects

Although heterogeneities such as grainboundaries and second-phase
particles often exist in conventional materials, they rarely generate
significant heterostructure effects. This is because the heterostructure
effect arises frominteractive coupling between heterogeneous zones.
Such interactive coupling occurs near the zone boundaries, which
forms a heterozone boundary-affected region (HBAR)"*. The HBAR
is composed of two parts: HBAR", which represents the HBAR in the
hard zone, and HBARS, which represents the HBAR in the soft zone. As
discussed later, a substantial volume fraction of HBARs is essential to
produce a pronounced beneficial effect.

A classic example of interactive coupling is the well-known p—n
junction, where electronic interactions occur across the interface
between p-type and n-type semiconductors. This electronic coupling
enables a unidirectional electron flow across the junction (Fig. 2a)—a
property not exhibited by either the p-type or n-type semiconductor
alone. The depletion region has a width, which is a function of the
charge concentrations, permittivity, equilibrium potential and external
voltage. The depletion region can be considered as an HBAR. Other

types of heterostructured functional material also show properties
that arise from physical interactions across their heteroboundaries®,
including magnetic materials™** ¥, thermoelectric materials®® and
ferroelectric materials®.

For structural heterostructured materials, the interactive cou-
pling across the heteroboundaries between the hard and soft zones
is activated during deformation. Typically, the soft zones accom-
modate more plastic strain than the hard zones. This causes strain
partitioning that inevitably leads to a strain gradient near the zone
boundaries in the HBAR®, which is accommodated by GNDs* (Fig. 2b).
The piling up of GNDs against a zone boundary in the soft zone pro-
duces along-range internal stress (back stress) that strengthens the
soft zone. Meanwhile, at the head of a GND pile-up, a stress concen-
tration develops which must be balanced by a forward stress at the
heteroboundary.

At zone boundaries, the back stress and forward stress balance
eachother. The back stress strengthens the soft zone by offsetting the
applied stress, while forward stress weakens the hard zone by adding
totheappliedstress. If these stresses fully neutralize each other across
the entire volume, no strengthening will be observed in tensile tests.
In reality, away from the boundaries, back stress decays slower than
forward stress, preventing complete neutralization and resultingina
net strengthening effect (Fig. 2b).

TheHDlIstress results from the difference between the back stress
and forward stress'’, that is, the effect of the back stress minus the
effect of the forward stress. At theyield point, a high HDI stress contrib-
utestoahighyield strength. As deformation progresses, the continued
building up of HDI stress produces HDI strain hardening, contributing
to theretention of ductility.

HDI stresses arise at multiple structural levels, including disloca-
tion cells, grains and heterostructured zones?. In conventional homo-
geneous metals, HDI stresses at the dislocation cell and grain levels are
usually weak. By contrast, heterostructured metals show a strong HDI
effectat the zone level, driven by the substantial strength differences
across the zone boundaries.

The mechanical heterostructure effect originates fromthe piling
up of GNDs in the HBAR® in the soft zones***'. The HBARS was observed
from measurement of the GND density gradient near heterobound-
aries using electron backscatter diffraction (EBSD)** (Fig. 3a), and
was later confirmed via plastic strain gradient measurements using
high-resolution digital image correlation (DIC)* (Fig. 3b). (The HBAR
was initially called the interface affected zone*.)

The heterostructure effect is produced in the HBARs, as experi-
mentally verified*?. Logically, the heterostructure effect should be
proportional to the volume fraction of the HBARS (figar):

Onpr = Aopgar fusars n

where o0y, is the HDI stress (for example, the value measured using
loading-unloading-reloading methods) and Ag,. is the average stress
increment caused by the HDI effect in the HBARs. Figure 3a,b shows
that the HBAR encompasses both the hard- and soft-zone sides of the
heteroboundary:

Jrpar :fHHBAR *+JhBar’ @)

where fﬁBAR and fSHBAR are the HBAR volume fraction in the hard and
soft zones, respectively. The HBAR width in the soft zone (HBAR®) is
expected tobe larger than thatin the hard zone according to the GND
pile-up model*’ (Fig. 2b); this was verified in a Cu-Fe layered material .

For heterostructured materials, strengthening comes from the
back stressin the soft zones, while the forward stress helps to deform,
thatis, softens the hard zones. Therefore, to maximize the HDI strength-
ening, fﬁBAR should be maximized. This is one of the design principles
for heterostructured materials.

Nature Materials | Volume 25 | March 2026 | 366-372

367


http://www.nature.com/naturematerials

Perspective

https://doi.org/10.1038/s41563-025-02444-y

Depletion region b HBAR
p type [e—— n type Hard zone Soft zone
00 :

®o

10,50

0° 0|0
Drlft currentE e @ :current
e o

Exojor
= O

o

)

|

|

1

:

:
Dz,
' F-R
:

:

1

:

:

i

Forward stress Backi stress
|
|

Boundary

Fig. 2| Formation of an HBAR near a zone boundary. a, Schematic of adepletion
region, thatis,an HBAR, in a p—njunction, formed by electronic coupling.

b, Schematic of the HBAR near a hard-soft zone boundary in a structural
material, formed by the piling up of GNDs (denoted by the L symbols).

F-R, Frank-Read dislocation source; 7, the resolved applied shear stress; n, the
number of GNDs in the pile-up. The solid curve in the hard zone represents

the profile of the forward stress; the solid curve in the soft zone represents the
profile of the back stress.
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Fig.3|Measurement of the HBAR. a, EBSD observation of the density
distribution of GNDs (top) and the HBAR® defined from the GND density gradient
(bottom) in the soft copper layer (Cu soft zone) in a copper-bronze layered
heterostructure, where the bronze comprises Cu-10 wt% Zn (CulOZn hard
zone)**. Black data points are from an as-prepared tensile sample; red data points
are from a sample subjected to 3% tensile strain; blue data points are froma
sample subjected to 18% tensile strain; error bars mark data scatter ranges from
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multiple measurements for each data point; the green dashed lineis a data fitting
curve used for estimating the HBAR® width. b, Local strain distribution near
theinterfaces (denoted by the grey arrows) measured using DIC (top) and the
HBAR defined from the strain peak at aninterface in a copper-bronze layered
heterostructure*. £,,, strain in the lateral direction; H, peak height; w, peak

width at half-height. Panels adapted with permission from: a, ref. 24, Elsevier;

b, ref. 41, Elsevier.

For most heterostructured materials, the optimum volume frac-
tion in the soft zone is 20-30%, to achieve the best combination of
strength and ductility*". It follows that the optimum fﬁBAR is equal
to the volume fraction of soft zones (that is, the soft zones are fully
occupied by back-stress-producing GND pile-ups), as experimentally
verified inlayer-structured copper-bronze laminates* (Fig. 4). When
the thickness of the soft layer exceeds its optimum value (Fig. 4b),
reducing the thickness simultaneously increases both the strength and
ductility, until it reaches the optimum thickness (Fig. 4c) at which the
best combination of strength and ductility is achieved. Below this
optimumyvalue (Fig.4d), further decreasing the layer thickness reduces
the ductility, although the yield strength continues to increase.

The optimum thickness is when the HBARs from the opposite hetero-
boundaries start to overlap in the soft zones (Fig. 4c); this occurs at
~15 um for the copper-bronze layered structure.

The HBAR widthis animportant heterostructure parameter that
is critical for the design of heterostructured materials. However, it
remains unclear what factors affect the HBAR width*. It is observed that
the HBAR width does not vary with the applied strain and, therefore, is
probably not affected by the applied stress. Itis believed that intrinsic
material properties such as the stacking fault energy, shear modulus,
strength difference between the soft and hard zones and the crystal
structure may affect the HBAR width. A lower stacking fault energy
is expected to produce a wider HBAR as it promotes GND pile-ups by
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Fig. 4| The optimum thickness of the soft zone. a, Variation of the strength

and ductility combination as a function of the layer thicknessin a copper-
bronze layered structure®. Error bars mark data scatter ranges from multiple
experiments for each data point. b-d, Schematics showing the ratio of the soft-
zone thickness to the HBAR® width, where the ratio is larger than two (b), equal to

HBAR,

two (c) and smaller than two (d). The optimum soft-zone thickness is two times
the HBAR® width, asin c. HBAR, represents the first HBAR (on the left); HBAR,
represents the second HBAR (on the right). Panel aadapted with permission from
ref. 41, Elsevier.

deterring cross-slip. However, this trend may not continue once the
GND pile-up activates plastic deformation in the hard zone. Inaddition,
small precipitates and short-range ordering, if cuttable by gliding dis-
locations, will promote planar slip**** and hence affect the HBAR width.
The optimum soft-zone volume fractionis low (20-30%) because
the soft zones need to be fully constrained by hard zones to improve
theyieldstrength, thatis, soft-zone lamellae must be embeddedin the
hard-zone matrix. In addition, the HBAR width in the hard zone (HBAR")
may plastically deform before global yielding because the forward
stress effectively softens the HBAR". Therefore, it can be reasoned that
the hard-zone thickness (7,;) must be larger than twice the width of the
HBAR" to prevent percolation of plastic deformation in the hard zone
(Fig. 5). In other words, the hard zones must be thick enough so that
plastic deformation does not macroscopically transmit plastic strain
(forexample, as measured using a strain gauge). This can make the yield
strength of the heterostructured material as high as that of the hard
zones (as demonstrated in heterostructured lamella Ti**).
Itisgenerally observed that certain heterogeneities fail to enhance
the mechanical properties. A superior mechanical performance arises
when the HDI stress becomes substantial. Several common reasons
for the ineffectiveness of certain heterogeneities are outlined below.
First, very large soft zones (for example, soft-zone lamellae that
are thicker than 20 um) are ineffective, because the soft-zone HBAR®
width is typically below 10 um and the back stress only develops in
thesoft-zone HBARS. The soft-zone HBARS width is determined by the
piling up of GNDs against soft-zone boundaries.
Second, very small soft zones (for example, where the soft-zone
thickness is smaller than 100 nm) are also not effective, because such
small thicknesses do not provide sufficient space for GNDs to pile up.

Very small soft zones produce a very high yield strength but a limited
HDI strain-hardening capability and very low ductility. It should be
noted that for a relatively brittle material, even a very thin soft phase
may significantly enhance the toughness, but a thicker soft phase
would be even better®.

Third, the soft-zone morphology is alsoimportant for producing
large heterostructure effects. As discussed above, the back stressis pro-
ducedinthe HBAR®. Asthe HBAR® has a certain width, the HBAR® volume
fraction is proportional to the zone boundary area per unit soft-zone
volume. Therefore, the soft-zone morphology should be designed to
maximize the zone boundary area per unit volume. Spherical soft zones
have the lowest surface area per volume and therefore are less effective
than those with high-aspect-ratio morphologies.

Back stress, HDI stress and their measurement

The concept of back stress was initially introduced to describe the strain
hardening of particle-reinforced metal matrix composites®***. Also
known as kinematic hardening, back-stress hardeningis directly linked
to the Bauschinger effect*. In the early literature®**~*, the back stress
was similarly used to describe strain hardening. It was later realized
that the back-stress concept does not fully capture the physical nature
of the heterostructure effect if both the hard and soft zones deform
plastically*®. When GNDs pile up in asoft zone, they not only producea
back stress that strengthens the soft zones but also produce aforward
stress that weakens the hard zones. The additional strain hardening
observed in the loading-unloading-reloading (LUR) test* reflects a
global hardening mediated by both the back stress and forward stress.
Therefore, the extra stress measured using the LUR test cannot be
attributed solely to the back stress*°.
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Fig. 5| Schematic of soft zones embedded in the hard-zone matrix and the HBAR"
inthe hard zone.

HDI stress was proposed to more accurately describe the extra
strain hardening in heterostructured materials*’, as this hardening
originates from heterogeneous deformation—thatis, strain partition-
ing between zones. During the deformation, the soft zones sustain
higher plastic strains than the hard zones, and deformation is hetero-
geneous. GNDs generated near zone boundaries accommodate the
strain partitioning (gradient) and consequently produce back stresses
in the soft zones and forward stresses in the hard zones. An LUR test
measures the collective effect of back and forward stresses*. It should
be noted that the HDI stress measured via LUR testing is not purely
backstress, eventhoughitis sometimes referred to as such. Forward
stress and back stress are co-existing and inseparable; therefore,
mechanical testing cannot measure themindividually in heterostruc-
tured materials.

When hard zones do not undergo plastic deformation, as in the
cases of ceramic-particle-reinforced metal matrix composites where
the hard particles remain elastic throughout deformation, the forward
stress has little influence on the mechanical behaviour of the hetero-
structured material. In this case, the extra stress measured in the LUR
test can be largely attributed to back stress. In other words, the HDI
work hardening observed in hard-particle-reinforced metal matrix
composites can be considered as back-stress work hardening. For the
same reason, the HDI stress at the yield point canbe regarded primarily
as back-stress strengthening.

The measurement of HDI stress using the LUR method hasbecome
astandard for studying the mechanical behaviour of heterostructured
materials. To derive the equation for the HDI stress, it is assumed that
formation of the dislocation structure is reversible during the LUR
test*. This may not be true if the back stress is very large (which may
irreversibly drive dislocations backwards during unloading). This dif*-
ficulty may be resolved by doing only partial unloading—start reloading
before the unloading stress reaches zero.

Since LUR strains are very small, it may be difficult to determine
thelinear segments onthe LUR curve (this makes measurement of the
HDIstress somewhat subjective). Therefore, the measured HDI stress
should be considered only semiquantitative. However, a set of HDI
stress data measured on different samples may be directly compared
ifthe dataare measured by the same researcher in a consistent manner.
(Note that the LUR method*’ yields more consistent HDI stresses than
earlier methods that use only unloading curves™.) Readers are referred
to the textbook’* on how to minimize the measurement errors. A new
procedure for measuring the HDI stress has recently been proposed®,
which can provide anaccurate calculation of the HDI stress. However,
the physical validity of this new method still needs to be probed.

Guidelinesfor designing heterostructured materials
The fundamental principle for designing heterostructures with opti-
mal mechanical properties is to promote sustained GND pile-ups at
heteroboundaries over a wide strain range, thereby achieving a high
yield strength and sustained HDI strain hardening. On the basis of
this principle, we propose the following considerations for hetero-
structure design.

Design of the zone boundary

Theboundaries between soft and hard zones canbe classified into two
categories: sharp and diffuse (gradient) boundaries. Sharp boundaries
can be easily obtained using several processing routes such as partial
recrystallization of deformed metals*, second phase formation** and
accumulative roll bonding ofimmiscible metals**. Diffuse boundaries
can be easily obtained by surface mechanical attrition" or by diffusion
between two adjacent zones with different compositions.

GND pile-ups against a sharp boundary gradually saturate after
some plastic straining, during which the HDI strain hardening will
decrease*. This limits the HDI strain-hardening capability to improve
the ductility. By contrast, diffuse boundaries migrate with applied
strain (where the GNDs pile up)™'®, leaving behind a trail of GNDs and
statistically stored dislocations. This makes HDI strain hardening more
effective and last longer to improve ductility. In other words, diffuse
boundaries are considered better than sharp boundariesin producing
HDIstrain hardening and dislocation hardening. The heteroboundary
must maintain cohesion and avoid failure (decohesion) during tensile
deformation.

Soft-zone morphology

The best heterostructure should maximize the heteroboundary den-
sity to provide abundant sites for GNDs to pile up. To maximize the
boundary area, soft zones should adopt alamellar or spindle geometry.
However, continuous lamellae (layers) or spindles (fibres) are notideal,
as they limit the development of strain gradients along the loading
direction during tensile testing, indicating the need for an optimal
aspectratio.

Size of individual soft zones

The soft zone should be predominantly occupied by HBAR®. For
example, in heterogeneous lamellar structures (Fig. 4), the optimal
soft-zone thickness is approximately twice the HBARS thickness.
Studies have shown that the HBAR width remains constant during
tensile deformation* and is believed to be governed by the intrinsic
properties of the material such as the shear modulus, lattice param-
eters and stacking fault energy. Although exact calculation of the
HBAR width remains unknown, it is generally reported to be several
micrometres***>**, As a rule of thumb, the thickness of soft lamellae
should beinthe 1-20 pm range.

Volume fraction of soft zones

The soft-zone volume fraction should be typically below 30%, to ensure
effective constraint by the hard matrix and to prevent HBARs from link-
ing up within the matrix. A higher strength difference between soft and
hard zones may allow a higher soft-zone volume fraction.

Appropriate rates of HDI strain hardening

Isitacase of the higher the HDIstrain-hardeningrate the better? Con-
trary tointuitive expectations, increasing rate of HDI strain hardening
does not always enhance the ductility. According to the Considére cri-
terion, strain hardening only needs to merely exceed the instantaneous
flow stress to suppress necking; excessively high hardening rates may,
paradoxically, diminish the ductility. On the engineering stress-strain
curves, the strain-hardening capacity® can be approximated as the dif-
ference between the ultimate tensile strength and the yield strength.
As the ultimate strength typically shows limited variation for a given
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metal, an elevated yield strength generally corresponds to a reduced
strain-hardening capacity. An excessively high strain-hardening rate
can rapidly consume this capacity, leading to early onset of necking.
Therefore, itisthe persistence of strain hardening, rather thanits mag-
nitude, that governs ductility. Prolonging HDI strain hardening canbe
achieved through microstructural strategies such as the introduction of
diffuseinterfaces and the activation of multiple-stage strain-hardening
mechanisms”’.

The effect of nanoscale heterogeneities

This depends on the type of heterogeneity. If the soft zones are of a
nanoscale size, they are ineffective in producing back stress because
there is not enough space for GNDs to pile up inside them. If the
nanoscale heterogeneities are particles distributed in soft matrices,
they will promote the heterostructure effect. Non-deformable nano-
sized particles can block GNDs to produce back stress around them,
whereas cuttable nanoparticles can promote planar slip, which also
enhances GND pile-up™’.

Future directions

The study of heterostructured materials faces several challenges, which
also highlight key directions for future research. So far, most studies
have focused on strength and ductility. Other important mechanical
properties—such as fracture toughness, fatigue life, corrosion resist-
ance, thermal stability and anisotropy—remain largely underexplored.
Ithas beenreported that gradient-structured materials show a superior
fracture toughness*®. Given the diversity of heterostructured materials
and their mechanical behaviours, greater emphasis could be placedin
the future on these additional properties, which are critical for engi-
neering applications.

Second, heterostructured materials typically deform through
dispersive local shear bands, a unique deformation signature that
is believed to prevent large-scale strain localization and premature
failure during tensile loading. However, the mechanisms that govern
the nucleation and propagation of these shear bands remain unclear.
In situ experiments using high-resolution DIC, EBSD and electron
channelling contrast imaging (or ECCI) are essential for investigating
this phenomenon.

Third, mechanical testing alone cannot distinguish back stress and
forward stress during deformation. In situ synchrotron and neutron dif-
fractionexperiments arerequired to capture their evolution. However,
extracting quantitative values of back and forward stresses fromsuch
data remains challenging, for which further theoretical analysis and
software development are required.

Fourth, the width of the HBAR is a critical parameter for hetero-
structure design. Future researchisneeded to develop a predictive and
reliable method for estimating the HBAR width based on the intrinsic
properties of the soft and hard zones, including the stacking fault
energy, shear modulus, crystal structure and lattice parameters.

In conclusion, the superior properties of heterostructured mate-
rials originate from the HBAR, in which interactive coupling between
heterogeneous zones occurs. To obtain asignificant heterostructural
effectin heterostructured materials, itis essential to sustain appropri-
ate HDIstrain hardening over along strain range so that ductility canbe
improved. An appropriate zone boundary density is desired to maxi-
mize the HBAR volume fraction while allowing enoughinter-boundary
distance for the GNDs to pile up. To produce a high yield strength, soft
zones should be embedded in, and effectively constrained by, the
hard-zone matrix.
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