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Heterostructured materials (HSMs) represent a groundbreaking advancement in materials science, 
achieving unprecedented combinations of strength and ductility that challenge traditional paradigms. 
This review explores the state of the art, focusing on foundational concepts such as the Hall–Petch 
relationship and dislocation dynamics, and correlates these principles with the unique properties 
of HSMs. The mechanisms behind hetero-deformation-induced strengthening and work hardening 
are examined in depth, highlighting various types of HSMs and their superior performance. This 
review critically discusses paradoxes in the field, including the strength–ductility trade-off, the bulk 
improvement of properties through heterogeneity, challenges in scalability, enhanced performance 
at cryogenic temperatures, and a high cost-benefit relationship. Future perspectives on HSMs are 
also outlined, emphasizing emerging trends and potential industrial applications. By integrating 
foundational concepts with cutting-edge research, this paper provides a comprehensive overview and 
outlook on the field of HSMs.

Introduction
The Hall–Petch relationship is a cornerstone of materials sci-
ence, describing how grain size influences the strength of poly-
crystalline materials as per Eq. (1) [1, 2]

where σY is the yield strength, σ0 is lattice friction stress (mate-
rial-dependent constant needed to start the dislocation move-
ment), k is the Hall–Petch slope, and d is the average grain size. 
According to this principle, reducing grain size increases the 
material’s yield strength by enhancing grain boundary strength-
ening. Dislocation mechanics, which focuses on the movement 
and interaction of dislocations in the crystal lattice, further elu-
cidates how materials deform under stress [3, 4]. Dislocation 
hardening (σ) arises from the mechanism described by Taylor’s 
Eq. (2) [5–7]

where α is a proportionality constant, M is the Taylor factor, 
which accounts for the crystallographic orientation, G is the 
shear modulus, b is the Burgers vector, ρS is the density of 

statistically stored dislocations, and ρG is the density of geo-
metrically necessary dislocations.

These concepts are crucial for understanding a wide range 
of polycrystalline materials. However, different microstructural 
and testing conditions may trigger numerous Hall–Petch vari-
ations. Examples of the above are (i) inverse Hall–Petch rela-
tionship in nanocrystalline (typically below 12–30 nm [8, 9]) 
and quasicrystalline materials [10], due to the lack of sufficient 
dislocation activity within such fine grains, as well as dominant 
grain boundary sliding or grain boundary-mediated plasticity, 
reducing the efficacy of grain boundaries as barriers to disloca-
tion motion, (ii) high-temperature conditions that induce creep 
[11], (iii) the effectiveness of grain boundaries in impeding dis-
location motion, where high-angle grain boundaries typically 
provide stronger barriers than low-angle grain boundaries and 
coherent twin boundaries which leads to dynamic Hall–Petch 
relationship [12], (iv) high strain rate that may cause adiabatic 
heating and dynamic recrystallization, differing from the quasi-
static loading conditions used to derive the original Hall–Petch 
relationship [13, 14], (v) mechanics controlled by triple grain 
boundary junctions [15, 16], (vi) complex or anisotropic crys-
tal structures, such as hexagonal close-packed (HCP) metals, 

(1)σY = σ0 + k
1
√
d
,

(2)σY = αMGb
√
ρS + ρG ,
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certain ceramics, composites and multiphasic materials, where 
the relationship can be less predictable or the interactions 
between different phases or defects can dominate mechani-
cal behavior [17], and (vii) dominance of other strengthen-
ing mechanisms, such as in heterostructured materials given 
by grain size heterogeneities [18, 19]. This last situation is the 
focus of this review, i.e., the mechanical behavior of hetero-
structured materials, a new class of materials that exhibit supe-
rior properties by combining zones with different mechanical 
characteristics.

Heterostructured materials may also challenge the applica-
bility of Taylor’s equation due to microstructural features that are 
within its limitations. For example, (i) geometrically necessary 
dislocations, which are abundant in heterostructured materials, 
contribute differently to strengthening than statistically stored 
dislocations, (ii) the ignorance of hetero-deformation induced 
stress, which is significant in heterostructured materials, and 
(iii) distribution of geometrically necessary dislocation pile-ups 
concentrated mainly within the softer zones of heterostructured 
materials, near the interfaces with a high mechanical mismatch.

Despite being a fast-emerging field, heterostructured mate-
rials with large mechanical disparities across coexisting zones 
are commonly found in nature [Fig. 1(a, b)] and engineered 

materials [Fig. 1(c, d)]. The microhardness profile across differ-
ent layers of a Charonia lampas lampas shell highlights three dis-
tinct regions: the outer, intermediate, and inner layers, each with 
varying hardness values [Fig. 1(a)]. The accompanying image 
shows the microstructural contrast among these layers. Fig-
ure 1(b) shows the microhardness distribution in human bone 
tissue, where osteons (lower hardness) and interstitial lamellae 
(higher hardness) form a composite structure with mechanical 
inhomogeneity. Figure 1(c) displays a layered material fabricated 
using 300 maraging steel and AISI 420 stainless steel, with a 
microhardness mapping clearly demonstrating the sharp tran-
sition in hardness across the interface. Lastly, Fig. 1(d) depicts 
the microhardness evolution over time in duplex stainless steel 
subjected to aging. The data reveal distinct hardness trends in 
ferrite and austenite phases, emphasizing their mechanical dis-
parity. These examples illustrate how both nature and engineer-
ing exploit mechanical disparities to achieve overall superior 
properties, making them prime candidates for studying hetero-
structured materials.

The origin of mechanical disparities in heterostructured 
materials can be from heterogeneous grain size, crystallographic 
texture, defects density, or chemical composition [19]. In addi-
tion to mechanical mismatch, heterostructured materials must 

Figure 1:  Examples of (a, b) natural and (c, d) man-made materials with high mechanical disparity between coexisting zones. (a) Microhardness 
depth in different layers of a Charonia lampas lampas shell [20], (b) microhardness at different points of human bone tissue where the lower values 
correspond to osteons and higher values to interstitial lamellae [21], (c) microhardness mapping across a layered material build by 300 maraging steel 
and AISI 420 stainless steel [22], and (d) microhardness evolution with aging time in a duplex stainless steels composed of mainly austenite and ferrite 
phases [23].
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satisfy specific conditions to enhance the strength–ductility 
trade-off that limits conventional materials. The fundamentals 
of heterostructured materials will be briefly covered in “Fun-
damentals of heterostructured materials” section of this review 
considering that they have already been deeply described in 
the literature [18, 19, 24–26]. The central focus of this review 
is on the paradoxes, i.e., qualities that seem contradictory to 
the classical knowledge, which have been challenged by the 
development of heterostructured materials. Four of those para-
doxical phenomena, which are based on recent research find-
ings, are described here: (i) Rethinking how we can leverage 
the very material heterogeneities we usually strive to eliminate, 
(ii) improvement of the classically accepted strength–ductility 
trade-off, (iii) taking advantage of smart-selected heterogenei-
ties to develop advanced bulk performance, and (iv) improv-
ing toughness under low atomic mobility conditions, such as 
cryogenic temperatures. Therefore, this paper intends to provide 
a deep understanding of the physical fundamentals of hetero-
structured materials and their differences from conventional 
materials, which can be exploited in vast applications such as 
biomedical, aircraft, building, optoelectronics, clean energy, and 
nuclear. Lastly, this review critically discusses the perspectives 
of this promising field.

Fundamentals of heterostructured materials
Heterostructured materials (HSMs) exhibit remarkable mechan-
ical properties arising from the interaction between their soft 
and hard zones (Fig. 2). These zones differ significantly in flow 
stress, leading to a heterogeneous response to applied strain 
[19]. Soft zones (indicated in green color in Fig. 2), typically 
coarse-grained (micrometric sized), undergo larger deforma-
tions, while hard zones (indicated in blue color in Fig. 2), often 
nano- or ultrafine-grained, act as barriers to dislocation move-
ment, enhancing material strength [26]. Interfaces between 
these zones, also known as zone boundaries, are crucial to 

accommodate strain mismatches by generating geometrically 
necessary dislocations (GNDs) [27].

The GNDs pile up and create long-range back stress in soft 
zones and forward stress in hard zones, providing simultane-
ous extra strengthening and strain hardening, respectively [24]. 
Together, back and forward stresses generate hetero-deforma-
tion-induced (HDI) stress [28]. Therefore, GND pile-ups are a 
key factor for generating HDI stress and they can be encouraged 
by activating planar slip and avoiding cross slip. Planar slip can 
be promoted by low stacking fault energy (SFE), short-range 
order, high shear modulus, and large atomic size mismatch [26]. 
Mutual constraining and strain gradient near the zone bound-
ary, i.e., the hard/soft interface, will be accommodated by GND 
pile-up formation [19, 27]. The strain gradient is triggered by 
a mechanical property mismatch of at least 100% between soft 
and hard zones.

The deformation process of HSMs can be divided into three 
stages, as shown in Fig. 2. Stage I involves the elastic deforma-
tion of both soft and hard zones. In Stage II, dislocation slip 
occurs in the soft zones, while the hard zones remain elastic. 
This stage is characterized by the accommodation of the strain 
gradient in the soft regions through GNDs piling up against 
the zone boundaries, creating back stress. Simultaneously, the 
hard zones constrain the soft zones, generating forward stress, 
and leading to strain partitioning. Stage III involves the plastic 
deformation of both zones, where the interaction between the 
soft and hard zones continues, enhancing overall strain harden-
ing and strengthening.

HDI stress results in superior strengthening and strain 
hardening, surpassing that of homogeneous materials [26]. As 
a result, the yield strength of HSMs often exceeds predictions 
from the rule of mixtures (ROM). This is due to the significant 
contributions of HDI strengthening and strain hardening to the 
material’s properties. The interaction between back stress and 
forward stress does not cancel out overall. Although they neu-
tralize each other at the boundary, they exhibit different profiles 

Figure 2:  Representation of the three deformation stages (I, II, and III) of heterostructured materials together with the dislocation behavior and stress 
distribution (black line) from the zone boundary (red line). τa is the applied shear stress and n is the number of geometrically necessary dislocations in 
the pile-up. Red dots represent the dislocation sources.
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as they move away from it (black line in Fig. 2), which leads to 
significant HDI strengthening and strain hardening [25].

Although HDI strengthening and strain hardening are major 
mechanisms in HSMs, their superior properties also result from 
the cumulative effect of various other strengthening mechanisms 
[27]. Microstructural defects, such as zone boundaries (interface 
between soft/hard zones) from multiphase frontiers, multi-order 
grain sizes, twins, stacking faults, solid solution atoms, and dis-
location accumulation, promote diverse strengthening mecha-
nisms. The combined effect of these mechanisms surpasses the 
expectations from traditional models. Unlike in homogeneous 
materials, HDI strengthening is crucial for HSMs and must 
be included in classical models like ROM. The contribution of 
HDI and synergistic strengthening is nonlinear and necessitates 
a modification of the ROM to estimate the yield strength as per 
Eq. (3) [29]

where σY is the yield strength of the entire material, �σ repre-
sents the synergistic strengthening contribution, and fi and σi 
are the volume fraction and yield strength of each layer/zone. 
This can also be expressed as

where t  is the total thickness/volume of the sample and σ(x) is 
the yield strength of each layer/zone. The origin of �σ is also 
related to the mismatch of Poisson’s ratio between coarse and 
fine regions. Finite element method simulations show a biaxial 
stress state induced by this mismatch, enhancing dislocation 
accumulation, activating more slip systems, and resulting in 
increased strength and ductility [30].

Besides their superior mechanical performance, HSMs hold 
immense potential across various industrial and technological 
applications due to their potential combination of mechanical, 
biological, and chemical properties [19]. These materials can 
significantly enhance performance in sectors such as aerospace, 
automotive, biomedical engineering, and nuclear applications. 
In aerospace, the high strength-to-weight ratio and improved 
ductility of HSMs can lead to the development of lighter and 
more durable components [31–33]. The automotive industry can 
benefit from these properties by producing more efficient and 
safer vehicles [32, 33]. In the biomedical field, the enhanced bio-
compatibility and adequate corrosion resistance of heterostruc-
tured stainless steels make them ideal for implants and medical 
instruments [19, 34–37]. The high density of interfaces (sub-
grains and nano-inclusions) may serve as sinks for He atoms, 
improving radiation-induced swelling resistance for nuclear 
applications [38, 39]. Additionally, HSMs may provide superior 

(3)σY = �σ +
n∑

i=1

fiσi ,

(4)σY = �σ +
1

t

t
∫
0

σ(x)dx,

fatigue, wear resistance, hydrogen embrittlement resistance, 
and cryogenic mechanical performance, which can extend the 
lifespan of components in demanding environments, such as in 
the oil and gas industry, hydrogen economy, or marine applica-
tions [40–42]. The versatility and cost-effectiveness of producing 
HSMs using conventional industrial processes further under-
score their potential for widespread adoption in various fields.

Paradoxes of heterostructured materials
Overcoming the strength–ductility trade‑off

One of the most striking paradoxes of HSMs is their capacity 
to achieve both high strength and high ductility [27]. Conven-
tionally, materials that exhibit high strength tend to suffer from 
reduced ductility, and vice versa. HSMs overcome this trade-off 
by harnessing HDI strengthening and HDI strain hardening, 
complementing traditional strengthening mechanisms. Homo-
geneous alloys also produce HDI stress but its contribution is 
usually very small due to the lack of high mechanical mismatch 
interfaces where GND pile-ups accommodate the strain in 
HSMs. As a result, several HSMs had shown enhanced strength 
than that predicted by the ROM [43]. Moreover, the combina-
tion of multi-order grain sizes results in a deviation from the 
Hall–Petch relationship [18, 19].

As an example of the above, titanium heterogeneous lamella 
(HL) structures have shown a remarkable combination of 
strength and ductility, surpassing their ultrafine-grained (UFG) 
and coarse-grained (CG) counterparts [44]. The HL structures 
of Ti were produced by asymmetric rolling and partial recrys-
tallization. They are constituted of soft, micro-grained lamel-
lae embedded within a matrix of hard, UFG lamellae. Extra 
strengthening in HL structures stems from back stress harden-
ing created at the softer lamellae, which has a mutual constrain-
ing with the surrounding hard UFG layers. The high mechanical 
mismatch between them, together with the mutual geometrical 
constraints of the crystal lattice, triggers the formation of GNDs 
to accommodate the strain gradients [45]. If the applied shear 
stress (τa in Fig. 2) exceeds the critical shear stress to activate the 
Frank-Read dislocation source, then GNDs will be emitted and 
accumulate at the zone boundary. Considering that the softer 
zones start deforming before the hard ones, significant GND 
pile-ups can be expected at the softer lamellae. As these GNDs 
share the same Burgers vector, they collectively generate a long-
range internal stress opposing further dislocation emission from 
the Frank-Read source [25]. This internal stress counters the 
applied shear stress, reducing the local stress experienced by the 
Frank-Read source to below the critical shear stress needed for 
further dislocation release. Therefore, emitting additional dislo-
cations from the Frank-Read source requires applied stress high 
enough to overcome both the back stress and the critical shear 
stress. As a result, long-range back stress acts to resist plastic 
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deformation in the soft zone. At the front of the dislocation 
pile-up, a stress concentration is developed with a magnitude 
proportional to the number of dislocations in the pile-up (nτa in 
Fig. 2) [46]. This concentration applies stress on the zone bound-
ary from the soft zone side, which is balanced by forward stress 
in the hard zone side, effectively aiding the hard zone’s deforma-
tion. Forward stress functions similarly to the applied stress by 
driving dislocation slip. At the boundary, the back stress and 
forward stress are equal in magnitude but opposite in direction. 
The combined effects of HDI strengthening and HDI harden-
ing result from the interaction between back stress and forward 
stress providing the HL Ti with a better combination of strength 
and ductility. The total ductility in the HL structures of Ti was 
explained in terms of HDI hardening acting synergistically with 
dislocation hardening [44]. It should be noted that this report 
from 2015 described only the effect of back stress. However, the 
same authors redefined in 2019 the additional strengthening 
and strain hardening observed in HSMs as HDI stress due to the 
collective action of back and forward stress [28].

A n o t h e r  e x a mp l e  i s  t h e  h e t e r o s t r u c t u r e d 
Ti–5Al–5Mo–5 V–3Cr–1Zr (Ti-55531) alloy created by micro-
scale concentration modulations in the β-phase matrix [47]. The 
HS Ti-55531 alloy was designed to show multiple and simul-
taneous precipitation mechanisms, i.e., congruent structural 
transformation, decomposition, and nucleation-and-growth 
[Fig. 3(a)], that led to coexisting ultrafine and coarse α pre-
cipitates as shown in Fig. 3b. As a result, the heterostructured 
Ti-55531 alloy demonstrated 130% and 6% increments of ductil-
ity and ultimate tensile strength compared to its homogeneous 
counterpart [Fig. 3(c)] [47]. The mechanical properties were 
improved by reducing strain localization while encouraging dis-
location accumulation, twinning, and HDI stress. The significant 
HDI stress was triggered by the HS Ti-55531 alloy’s ability to 

partition strain between coarse and ultrafine precipitate regions 
ensuring that the material maintains strength while delaying 
failure through higher strain hardening.

The HDI stress can be estimated through its close relation 
to the Bauschinger effect, as both phenomena originate from 
GND pile-up [48]. The Bauschinger effect, which is the disparity 
between applied and reversed flow stress, results in a lower com-
pressive yield strength compared to the tensile yield strength, and 
vice versa [49]. This effect arises because the directional long-
range back stress impedes dislocation slip in the tensile direction 
while facilitating it in the reverse direction [50]. Back stress can 
account for up to 88% of the flow stress difference attributed to 
the Bauschinger effect [51]. Consequently, higher HDI stress cor-
relates with a more pronounced Bauschinger effect.

In HSMs, the strain hardening has a major contribution 
from HDI, unlike homogeneous materials where it is con-
trolled by forest dislocation hardening—mutual trapping and 
accumulation of statistically stored dislocations (SSDs). Thus, 
HDI’s contribution to overall hardening in HSMs can surpass 
that of traditional dislocation hardening mechanisms [52]. This 
has been demonstrated by the higher HDI stress observed due to 
GND pile-up in heterostructured copper [50] compared to pure 
copper [53], where the Bauschinger effect is minimal.

An experimental method to estimate HDI stress1 ( σHDI ) 
during unloading–reloading loops in tensile tests has been pro-
posed as shown in Eq. (5) [54]:

(5)σHDI =
σr + σu

2
,

Figure 3:  Design, microstructure, and mechanical behavior of the heterostructured Ti-55531 alloy. (a) Schematic diagram of free energy variation in 
the present phases (α and β) as a function of the β-stabilizer concentration where the red concentration region indicates a congruent β → α phase 
transformation followed by solute partitioning; the green concentration region indicates pseudo-spinodal decomposition mechanism; and the 
blue concentration region indicates nucleation-and-growth phase transformation mechanism. As a result, (b) composition modulation led to a 
heterogeneous distribution of precipitates, with ultrafine α phase predominantly covering the grain boundaries and coarse α phase present within the 
grains. (c) Improved mechanical properties between heterostructure (HET) and homogeneous (HOM) Ti-55531 alloy [47].

1 HDI stress, i.e., back and forward stress combined, is a term 
adopted in 2019 [28]. Previous publications including the one 
reporting Eq. (5) described it as back stress.
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where σu and σr represent the unloading and reloading yield 
stress, respectively. By this method, one can foresee that the 
reloading stress will always surpass the unloading stress due 
to the effect of HDI stress. Equation (5) assumes reversibility 
of the GND pile-up during the unloading–reloading process, 
maintaining approximately constant HDI stress. However, this 
assumption might not hold for materials with high HDI stress, 
where σr could be lower than σu. To address this issue, it is rec-
ommended to not unload completely to zero stress and rather 
commence reloading above a specific stress level that aligns with 
the assumptions of Eq. (5) [27].

As an example of the above, homogeneous oxygen-free 
copper [Fig. 4(a)] was subjected to surface mechanical attri-
tion treatment to produce a gradient structure [GS, Fig. 4(b)] 
heterostructured material [50]. The monotonous tensile load-
ing is shown by the black curve in Fig. 4(c) and (d), while the 
tensile-compressive tests (with different loading pre-strains) are 
shown by long-dashed lines in Fig. 4(c) and (d). The flow stress 
is indicated by circles and the reverse yield strength by squares 
in the tensile-compressive curves of Fig. 4(c) and (d). In the CG 

copper, both the forward and reverse yield stresses increased 
with applied strain, indicating typical forest dislocation harden-
ing due to an increase in dislocation density with plastic strain. 
This non-directional hardening influences both forward and 
reverse yield stresses, resulting in minimal Bauschinger effect. 
In contrast, the GS copper showed an unusual increment of for-
ward flow yield strength, while reverse yield strength decreased 
due to its pronounced directional back stress that induced a sig-
nificant Bauschinger effect. The heterogeneous interfaces—given 
by different grain size orders—generate high strain gradients to 
be accommodated by GNDs, which produce directional HDI 
stress. The HDI stress in GS Cu restricts dislocation motion in 
tension while facilitating it in compression.

Bulk properties through heterogeneity

Another paradox lies in achieving bulk mechanical properties 
through heterogeneous microstructures. Controlled heterogene-
ity in HSMs leads to superior performance because the different 
zones work synergistically to enhance overall properties. For 

Figure 4:  EBSD maps of (a) coarse-grained (CG) Cu and (b) gradient structure (GS) Cu, as well as tensile-compressive stress–strain curves for (c) CG Cu 
and (d) GS Cu [50].
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instance, the presence of soft and hard zones within a material 
can help to balance strength and ductility.

The nonlinear contribution of �σ indicates an optimal vol-
ume fraction or thickness of fine zones that maximizes mechani-
cal properties [30]. Therefore, an optimal fraction of soft and 
hard zones may maximize the synergy between GND pile-up 
and dislocation accumulation. Experimental approaches have 
optimized the volume fraction of fine zones in harmonic struc-
tured 304L stainless steel and copper to around 40% [55, 56]. 
Dual-phase stainless steel and manganese steel, examples of 
multiphase materials, achieved superior properties at ~ 30 vol.% 
of martensite (α′) [57, 58]. For 316L stainless steel, a combi-
nation of 30 vol.% nano-grained and 10 vol.% nano-twinned 
zones achieved the best optimized strength–ductility combina-
tion [43]. Similarly, prolonged transformation-induced plastic-
ity (TRIP), HDI strengthening, and HDI strain hardening were 
optimized in a gradient 304 stainless steel with ~ 30 vol.% α′ [59]. 
In gradient interstitial-free steel, HDI strengthening was opti-
mized at a fine zone volume fraction of ~ 50% [30]. For a shell 
fraction of 41% in harmonic structured 304L, the ultimate ten-
sile strength peaks at 744 MPa, with a slight decrease observed 
at higher shell fractions [55].

Besides the volume fraction of soft zones, their distribution 
is also important for designing HSMs. The separation between 
zone boundaries, i.e., hetero-interface spacing, is one of the 

key parameters to be controlled. Layered structure Cu-bronze 
materials were designed to evaluate the effect of hetero-interface 
spacing on its mechanical behavior [Fig. 5(a)] [60]. Compara-
ble chemical, hardness, grain size, and crystallographic hetero-
geneities across the interfaces of the different samples allowed 
separating the contribution from variable hetero-interface 
spacing. The existence of a GND density gradient varying with 
the distance from the hetero-interface was shown. As shown 
in Fig. 5(a), the interface-affected zone, given by the highest 
GND density, extends a few micrometers. The extension of the 
interface-affected zone was similar within different samples 
regardless of the differences in interface spacing (given by the 
layer thickness). Thus, there is a distance-dependent strain gra-
dient. Conversely, the hardening capacity within the interior of 
the layers remained consistent across the samples. Therefore, 
the density of hetero-interfaces is a key factor in increasing 
the GND pile-up density and, consequently, HDI strengthen-
ing and HDI strain hardening. It is hypothesized that interface 
spacing should be of at least the interface-affected extension to 
provide sufficient space for GND accumulation. This hypoth-
esis was validated by a layered Cu-bronze structure, compar-
ing interface spacings from 3.7 to 125 μm as shown in Fig. 5(b) 
[61]. The optimal balance of yield strength and ductility was 
achieved at a spacing of about twice the interface-affected zone 
(~ 15 μm), preventing overlap between the extension from each 

Figure 5:  Extension of the interface-affected zone given by the higher GND density and its effect on the strength–ductility trade-off of a layer-
structured Cu-bronze heterostructured material. (a) Averaged GND density in the Cu layer as a function of the distance from the interfaces at different 
strain levels, which indicates the extension of the interface-affected zone by a few micrometers [60]. (b) Strength–ductility relationship as a function of 
the interface spacing, where an interface spacing of about 15 μm seems to provide the best combination of mechanical properties [61].
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hetero-interface edge. When zones overlap, HDI stress genera-
tion may be limited; if the spacing is too large, insufficient HDI 
stress develops to enhance mechanical properties. If the spacing 
is smaller than twice the interface-affected zone, GND pile-up 
may be restricted, reducing HDI stress. Therefore, the ideal spac-
ing maximizes HDI strain hardening and strengthening, opti-
mizing mechanical performance. Future studies should model 
the required fraction and spacing between zones to maximize 
HDI stress in different HSMs.

Scaling up with enhanced performance

Scaling up the production of HSMs while maintaining their 
unique properties poses a significant challenge. Taking advan-
tage of conventional low-cost and accessible manufacturing 
technologies, such as rolling and heat treatments, is a feasi-
ble way to produce cost-efficient HSMs [19, 37]. Moreover, 
advancements in manufacturing technologies, such as additive 
manufacturing, are paving the way for large-scale production 
of interdisciplinary HSMs [62]. Additive manufacturing allows 
for precise control over microstructural features, ensuring that 
the exceptional properties of HSMs are retained even at larger 
scales.

Selecting low-cost and scalable thermo-mechanical pro-
cesses to produce HSMs is recommended to exploit current 
infrastructure, boosting a smooth transition for their industrial 
applications. This feasibility arises from the ability to design new 
combinations of HSM using conventional thermo-mechanical 
bulk or surface processing methods as indicated in Fig. 6. Exam-
ples include surface nanostructuring [63–66], heat treatments 
[67], severe cold rolling and heat treatments [37, 43, 44, 68–71], 
severe plastic deformation (SPD) [72–74] or SPD combined with 
heat treatments [26, 75–77], additive manufacturing [78, 79], 
powder metallurgy [33], or hybrid techniques [80]. Comparative 
details on the microstructure and properties of HSMs obtained 
by different fabrication routes can be found in the literature [19, 
27].

Enhanced performance at cryogenic temperatures

Recent studies have demonstrated that HSMs exhibit both 
increased strength and ductility at cryogenic temperatures, 
outperforming their properties at room temperature. The key 
mechanisms driving this improvement include HDI strengthen-
ing and twinning, both of which are particularly effective at low 
temperatures [81–87]. The strain mismatch generated at soft/

Figure 6:  Classification of heterostructured materials (HSMs) and main fabrication methods.
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hard interfaces promotes HDI stress, which further promotes 
the formation of GNDs and twins [83, 85]. HDI stress is ampli-
fied at cryogenic temperatures, enhancing the HDI effect and 
leading to superior mechanical properties [84, 85].

Cryogenic temperatures favor the accumulation of GNDs 
at the zone boundaries between soft and hard zones [84, 85]. 
These dislocations generate long-range back stress in the soft 
zones and forward stress in the hard zones, i.e., HDI stress. HDI 
enhances the overall yield strength and strain hardening of the 
material. Moreover, at cryogenic temperature, the activation 
energy for twinning decreases, making it a major deformation 
mechanism [88]. The high stresses near zone boundaries pro-
mote the formation of twins [83]. These twins act as barriers to 
dislocation motion, enhancing strain hardening and delaying 
necking, thereby improving ductility. Furthermore, the differ-
ence in Poisson’s ratio between the coarse and fine zones induces 
a biaxial stress state during deformation [83]. This biaxial stress 
enhances dislocation interaction and accumulation, activating 
more slip systems and increasing the strength of the plastically 
deformed layers.

As an example, a heterostructured CrCoNi medium 
entropy alloy comprising deformed substructures (hard zones) 
and recrystallized grains (soft zones) significantly improved 
at cryogenic temperatures [83]. At 77 K, the alloy exhibited a 
yield strength of 1480 MPa and a uniform elongation of 28%. 
In comparison, the heterostructured CrCoNi at room tempera-
ture resulted in a yield strength of 1080 MPa and 17% uniform 
elongation. Heterostructured CrCoNi showed a remarkable 
improvement of mechanical properties from room to cryogenic 
temperatures compared to the ultrafine homogeneous CrCoNi 
with only 2% of uniform elongation and yield strength of about 
1000 MPa [83, 89].

The temperature effects the SFE tremendously, i.e., lower-
ing of temperature reduces the SFE, thus activating additional 
deformation mechanisms, e.g., formation of stacking faults and 
deformation twinning in the above CrCoNi case. It can also trig-
ger martensitic phase transformation due to the more efficient 
formation of nucleation sites like twins, stacking faults, and met-
astable intermediate phases [90]. As shown in Fig. 7(a), massive 
strain-induced γ → ε → α′ phase transformation has been dem-
onstrated in heterostructured stainless steel under cryogenic 
conditions while being absent at room temperature [Fig. 7(b)] 
[89]. Phase transformation, together with strain partitioning, 
was responsible for the 35% higher yield strength and fourfold 
higher ductility at 77 K compared to 293 K [89]. Figures 7(c) and 
(d) evidence the superior strength–ductility trade-off achieved 
by the heterostructured stainless steel under deformation at 
77 K compared to 293 K and homogeneous stainless steels over 
a broader temperature range.

A recent in situ study with neutron diffraction on the het-
erostructured CrCoNi at 77 K has shown evidence of martensitic 

phase transformation from FCC to HCP phase during deforma-
tion (Fig. 8) [42]. Although the HCP phase is present in a small 
amount, the in-situ neutron diffraction was able to capture it 
which was not observed in the post-mortem study [83]. The 
alloy showed a uniform elongation of ~ 34% along with a yield 
strength of ~ 1250 MPa [Fig. 8(a)] [42]. The improved mechani-
cal behavior under cryogenic conditions was a result of synergis-
tic strengthening and strain hardening mechanisms, including 
martensitic phase transformation promoting significant TRIP, 
increased stacking fault probability indicating the formation of 
high density of planar faults, HDI stress triggered by the high 
density of GND pile-ups, and traditional accumulation of SSDs. 
As a result, the heterostructured CrCoNi alloy demonstrated an 
improved strength–ductility trade-off compared to homogene-
ous CrCoNi alloys at room or cryogenic temperatures from the 
literature [Fig. 8(b)].

The sequential activation of the abovementioned strength-
ening and strain hardening mechanisms in the heterostructured 
CrCoNi alloy at 77 K is shown in Fig. 8(c) [42]. During stage 
I, the deformation initiated in the softer regions ahead of the 
harder ones, causing GND accumulation in the softer micro-
metric (recrystallized and ultrafine-grained) areas. Meanwhile, 
planar faults (PF) and total dislocation density (ρ) increased, 
with the latter attributed to the concurrent rise in GNDs and 
SSDs. During stage II, the density of these defects continued to 
increase, resulting in the first stable region of the strain harden-
ing rate (SHR). Stage III is marked by a reduction in the planar 
fault formation, as evidenced by a decrease in the stacking fault 
probability (SFP) slope from 17 to 15%. During stage IV, a sig-
nificant density of planar faults has accumulated and overlapped, 
providing nucleation sites for the FCC → HCP phase transfor-
mation. The combined effect of TRIP and a more rapid increase 
in dislocation density, reflected by an increase in slope from 
approximately 28 to 48 ×  1015 m⁻2, led to the second stable region 
of the strain hardening rate. Finally, defect saturation occurred 
in stage V, culminating in the onset of necking. These recent 
examples of CrCoNi and stainless steel demonstrate that HSMs 
overcome the strength–ductility trade-off not only at room tem-
perature but also under cryogenic conditions [42, 83, 89].

The improvement of both strength and ductility at cryo-
genic temperature is not limited to just FCC structured materi-
als. Recently, a similar behavior has been reported for the com-
mercially pure heterostructured Ti at 77 K which has an HCP 
structure [84]. The heterostructured Ti showed the higher yield 
strength (~ 1200 MPa) and the uniform elongation (~ 20%) at 
77 K, surpassing both traits than the homogeneous fine-grained 
and the ultrafine-grained Ti at 77 K [84].

Despite the above impressive behaviors, most of the 
mechanical performance studies of HSMs at cryogenic tem-
peratures have been carried out in FCC matrix materials, 
making it unclear if the better mechanical performance is 
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due to the nature of the FCC structure, the heterostructures 
or the synergy of both features. Homogeneous FCC materi-
als, such as Al alloys, stainless steels, and high-entropy alloys, 
have shown improved strength–ductility trade-off due to the 
activation of multiple deformation mechanisms and decrease 
of SFE at low temperatures [91–96].

The improved mechanical properties under cryogenic 
conditions make HSMs attractive for applications in extreme 
environments, such as aerospace, hydrogen economy, cryo-
genic storage, and natural resources extraction. The further 
mechanical improvement of HSMs at cryogenic temperatures 
has been demonstrated in materials as accessible and widely 
applied such as stainless steel [89] to emerging materials like 
multi-principal element alloys [42]. Hence, this field has 
the potential to be explored for materials with a variety of 
crystal structures, as well as for atomistically understanding 
the effect of cryogenic deformation on the heterostructure 
configuration.

Balancing low cost and high efficiency

The typically accepted assumption is that the cost is a credible 
suggestion for efficiency [97]. However, HSMs can be produced 
at a low cost and provide a broad platform of benefits beyond 
mechanical resistance. Their low fabrication cost is based on 
exploiting conventional thermo-mechanical technologies 
(Fig. 6) that avoid extra costs for purchasing and installing new 
fabrication infrastructure [25]. Moreover, utilizing the current 
infrastructure also encourages a smooth and faster transition 
of HSMs from laboratory to large-scale industrial production. 
For example, several heterogeneous lamella structures have 
been produced by conventional cold rolling and short-time heat 
treatments. This strategy has improved up to 4 times the yield 
strength (140 up to 580 MPa) while keeping 7–13% uniform 
elongation for conventional Cu-30Zn brass through accessible 
rolling and 10–30 min annealing [98]. Low-cost production 
together with high mechanical efficiency provides an alterna-
tive to decrease the current environmental impact of different 
metals and alloys. This also highlights that the HSM strategy 

Figure 7:  Phase evolution and mechanical behavior of heterostructured stainless steel during in situ neutron diffraction tensile testing at 77 K and 
room temperature (RT, 293 K). Diffraction patterns along the loading direction highlighting the γ → ε → α′ phase transformation during deformation 
at (a) 77 K and (b) the absence of phase transformation during deformation at RT. The superior mechanical behavior of the heterostructured stainless 
steel at cryogenic temperature is highlighted by (c) tensile stress–strain curves and (d) comparison with conventional (homogeneous) stainless steels 
with deformation temperature [89].
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exploits microstructural control to produce stronger and durable 
materials without the need of substituting accessible elements 
with more expensive, conflict-sourced, or heavier elements.

The superior strength of HSMs is expected to increase the 
lifespan of current industrial components made of homogene-
ous materials. Extending the lifetime, i.e., the average duration 
of their use, prolongs the conservation of metals and alloys in 
the economy, increases the generated value to users, and reduces 
their potential environmental impact [99]. This approach could 
also contribute to lowering greenhouse gas emissions from the 
metal production industry, which accounts for ~ 10% of global 
emissions [100]. The exploitation of current technologies for 
HSMs production represents an advantage for faster positive 
environmental effects compared to new technologies that must 
undergo development and commercialization [100].

Regarding efficiency, HSMs can be combined with interdis-
ciplinary properties for wide applications, including biomedical 
[78, 101], structural [102], green-energy [103, 104], automo-
bile [105–107], cryogenic [84, 108], and optoelectronic materi-
als [109, 110]. This facilitates a broad impact and acceptance 
in the global market. For example, stainless steel biomedical 
components, such as molar bands in orthodontic treatments 
and hypodermic needles, report potential health risks that can 
be addressed by the HSMs approach. It has been reported that 
orthodontic molar bands cause temporal or permanent teeth 
damage [111, 112], which can be addressed by antimicrobial 
metallic particles-bearing stainless steel. On the other hand, 
hypodermic needles used for anesthesia, blood administration, 
transfusions, and vaccinations may break during clinical pro-
cedures because of sudden movement of the patients, medical 

Figure 8:  Improved mechanical behavior of the heterostructured CrCoNi at cryogenic temperature (77 K) compared to room temperature (293 K) 
demonstrated by (a) higher strength and ductility, (b) improved strength–ductility trade-off compared to other CrCoNi alloys from the literature with 
different ranges of grain size  (RGS), where cryogenic and room-temperature data points are indicated in white and blue filled symbols, respectively. 
(c) Sequential activation of deformation mechanisms at 77 K, including the trends for strain hardening rate (SHR), stacking fault probability (SFP), and 
total dislocation density (ρ) as a function of true strain [42].
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mistakes, or poor mechanical behavior [113–116]. This risk may 
be addressed by a heterostructured design that adjusts the soft 
and hard zone fractions, as well as their mutual constraining, for 
an optimized contribution from HDI stress and other synergistic 
strengthening and strain hardening mechanisms. Targeting this 
societal need, different stainless steels have combined bulk anti-
microbial properties with improved mechanical behavior given 
by heterogeneous microstructures [37, 69, 117, 118].

An example of the above is shown in Fig. 9 where hetero-
structured and antimicrobial stainless steel was fabricated by 
four different routes (R1 to R4 in Fig. 9), i.e., combinations of 
cold rolling and heat treatments [37]. Heterogeneous lamella 
structures consisting of softer lamellar coarse grains (LGC) 
surrounded by harder UFG zones were obtained as depicted 
by the representative Fig. 9a. Adding 3 wt.% of copper pro-
vided conventional 316L stainless steel [316L in Fig. 9(b)] with 
antimicrobial properties that kill from 55 to 72% of Escheri-
chia coli bacteria in 6 h either in the heterostructured (R1 to 

R4 in Fig. 9) or homogeneous [IC in Fig. 9(b)] conditions. 
However, heterostructured 316L + 3Cu showed better com-
binations of strength and ductility than the homogeneous 
316L + 3Cu with coarse or fine grain sizes [Fig. 9(c) and (d)]. 
As shown by representative stress–strain curves in Fig. 9(c), 
the heterostructured 316L + 3Cu has similar values of yield 
strength compared to the 80% cold rolled 316L + 3Cu (80CR, 
homogeneous fine-grained condition) but up to 90% higher 
uniform elongation. Figure 9(d) displays a comparison of sev-
eral heterostructured and homogeneous 316L + 3Cu condi-
tions highlighting the improved mechanical behavior of het-
erostructured materials compared to the typical banana curve 
followed by homogeneous materials. Future work should focus 
on HSMs life cycle assessments, as well as material flow, circu-
lar economy, and input–output analyses. The previous analy-
ses include the identification and reduction of metal losses 
along supply chains, environmental impact, potential recy-
cling pathways, etc.

Figure 9:  Comparison of antimicrobial and mechanical properties between heterostructured and homogeneous 316L stainless steel with addition 
of 3 wt.% Cu. (a) Representative microstructure of the heterostructured and antimicrobial stainless steel given by soft lamellar coarse-grained (LCG) 
regions surrounded by harder ultrafine-grained (UFG) regions [37], (b) Comparison of antimicrobial capacity given by the bacterial survival rate of 
the control 316L without copper, and homogeneous (Hom) and heterostructured (HS) 316L + 3Cu produced by different thermo-mechanical routes 
R1-R4 (adapted from [37]), (c) Representative tensile stress–strain curves of the antimicrobial homogeneous (produced by 80% cold rolling) compared 
to the heterostructured and antimicrobial stainless steels (adapted from [37]), and (d) overview of the improved strength–ductility trade-off of 
heterostructured 316L + 3Cu compared to the homogeneous 316L + 3Cu, which are subjected to the typical banana curve.
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Perspectives on heterostructured materials
The Hall–Petch relationship, the Bauschinger effect, and disloca-
tion mechanics provide a foundational understanding of how 
HSMs achieve superior mechanical properties. HSMs challenge 
traditional paradigms by simultaneously enhancing strength and 
ductility, achieving bulk and large-scalable properties through 
heterogeneous structures, and demonstrating exceptional per-
formance at cryogenic temperatures.

Future research in the fast-emerging field of HSMs, sum-
marized in Fig. 10, is likely to focus on a deeper understand-
ing of the mechanisms of HDI strengthening and HDI strain 
hardening. Advances in grain boundary engineering, disloca-
tion dynamics, and real-time (in situ) studies will be crucial 
in fostering the reproducibility and computational modeling as 
well as predictive machine learning of HSMs. More sophisti-
cated multi-scale models are essential to better understand the 
interplay between GNDs and different interfaces with diverse 
mechanical mismatches. Developing hybrid methods that inte-
grate finite element modeling, molecular dynamics, and crys-
tal plasticity simulations will enhance the predictive power for 
HSM behaviors, especially under complex loading conditions 
and temperature ranges. In particular, modifications to the 

Taylor hardening equation or Hall–Petch relationship to account 
for nonlinear strain gradient effects and HDI stress could be 
beneficial. For example, titanium HL structures—HL60 and 
HL80—showed high yield strength due to dislocation and HDI 
strengthening mechanisms, contrary to the decrease predicted 
by the Hall–Petch (Eq. (1)) and Taylor (Eq. (2)) equations [44]. 
Recrystallized zones with nearly zero dislocation density coex-
ist with significantly recovered non-recrystallized regions, yet 
UFG (cold rolled), HL60, and HL80 samples exhibit similar 
yield strengths.

Traditional constitutive models, which were developed pri-
marily for homogenous materials, require adaptation to accu-
rately represent HSMs. Data-driven techniques, such as machine 
learning and artificial intelligence, offer the potential for dis-
covering new relationships between microstructural attributes 
(e.g., grain size and phase distributions, fraction of hard and 
soft zones, etc.), chemical composition, and mechanical perfor-
mance. Implementing Bayesian optimization or reinforcement 
learning within HSM datasets could uncover unexpected syner-
gies between phases and assist in optimizing microstructure for 
specific applications. An example of the use of this approach is 
the work by Wahl et al. [119], which advances machine learn-
ing–driven design of heterostructures by integrating Bayesian 

Figure 10:  Recommended perspectives for heterostructured materials field.
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optimization with a feedback loop that refines experimental 
design based on synthesis and imaging of nanomaterials. This 
approach achieves efficient discovery of complex polyelemental 
nanoparticles that challenge traditional intuition. The Bayesian 
optimization framework dynamically learns optimal composi-
tions and structural motifs, leading to rapid, targeted synthe-
sis of previously unknown nanostructures. Another example 
of Bayesian optimization for predicting microstructure-based 
properties of dual phase steels includes the work of Jung et al. 
[120]. Similar methodologies may be foundational for materials 
research, including HSMs, providing scalable, interdisciplinary 
tools to navigate vast microstructural possibilities and optimize 
performance across applications [121].

Despite the above, data-driven learning prediction and con-
trol may be limited by the trade-off between time, expense, and 
accuracy, where the cost of large datasets might exceed the value 
of their provided insights [121]. For example, large data sets may 
be needed for deep learning techniques such as neural networks 
to elucidate complex fabrication-structure-property relationships. 
Therefore, providing open raw datasets and performing high-data 
volume characterization and experimentation (e.g., synchrotron 
or neutron scattering techniques) may support accelerated HSMs 
design and fabrication. In situ bulk characterization techniques 
can also provide information on the dynamic interactions of 
defects within heterogeneous zones to be accounted for during 
modeling and prediction. Producing libraries with large volumes 
of HSMs data would also foster their prediction.

Regarding the estimation of HDI stress, it assumes reversible 
GND structures during the unloading–reloading cycle, which 
might not satisfy materials with high HDI stress. Developing 
improved methods or systematic corrections for estimating HDI 
stress remains a promising area for future research, which will 
also enhance the understanding of the properties of HSMs.

Interface boundaries play a critical role in HSMs by pro-
viding pathways for dislocation blocking, transmission or 
modulation. Investigating how different interface boundary 
characteristics—such as misorientation angles, coherency, local 
chemical fluctuations that lead to possible local SFE fluctuations, 
etc.—contribute to the mutual constraining between soft-hard 
interfaces and interaction with high density of GNDs pile-ups in 
HSMs is key. Additionally, expanding research into the impact 
of nanoscale boundary segregation could be useful in HSMs 
for applications demanding high thermal stability. Control 
over interface boundary parameters could be achieved through 
targeted fabrication methods, heat treatments or deformation 
techniques, enabling tailored mechanical properties.

Additionally, the development of new or improved fabrica-
tion techniques will enable more complex and effective HSMs 
to meet interdisciplinary needs, e.g., biocompatibility, biosafety, 
energy-harvesting, self-sustained optoelectronic, and catalytic 
materials. Innovate fabrication can target a more precise control 

of microstructural gradients. Techniques like accumulative roll 
bonding, additive manufacturing, and surface mechanical attri-
tion treatment have demonstrated potential [22, 60, 65], but fur-
ther refinement is necessary. Specifically, more accurate control 
of grain size and hard-soft zone spacing can result in optimized 
properties of HSMs.

Fatigue performance is another relevant topic to compre-
hend for heterostructured materials. Several studies report that 
heterostructures improve fatigue life by promoting synergistic 
interactions between hard and soft regions, which enhances 
strength and ductility while suppressing crack growth through 
mechanisms like crack deflection, promoting secondary hard-
ening stages, and higher strain homogeneity [122–124]. For 
instance, gradient nanostructured 316L stainless steel and 
graded grain TWIP steel exhibited enhanced fatigue resistance 
by effectively distributing strain and delaying crack propagation 
[122, 123]. Conversely, other research shows that heterostruc-
tures may reduce fatigue life under specific conditions. Har-
monic structured Ti–6Al–4 V, for example, displayed higher 
crack growth rates and lower fatigue thresholds due to dimin-
ished roughness-induced crack closure by the presence of fine-
grained regions [125]. Similarly, single-phase heterostructured 
316L stainless steel experienced reduced low-cycle fatigue life 
due to strain partitioning, which concentrated plastic deforma-
tion in soft grains, accelerating crack initiation [126]. The con-
troversy arises from the complex interplay between microstruc-
tural factors such as grain size, volume fraction, distribution 
of soft and hard zones, and mechanical incompatibility of the 
hard and soft phases. While heterostructures generally enhance 
static properties, fatigue involves cyclic loading where localized 
strain accumulation can either impede or promote failure, mak-
ing fatigue behavior highly context-dependent. Thus, the effec-
tiveness of heterostructured materials in fatigue applications 
depends on balancing these microstructural factors and should 
be systematically studied for better fatigue life predictions.

The unique properties of HSMs make them ideal for a wide 
range of industrial applications. In the automotive, structural, 
and aerospace industries, HSMs can lead to lighter and stronger 
components, improving fuel efficiency, cost-effectivity, and 
reducing the quantity of material needed. Besides, increasing 
the mechanical properties can be translated into longer service 
life that decreases the metallic waste together with their reduced 
environmental impact. In the biomedical field, HSMs can be used 
to create more durable, biosafe, and biocompatible implants. Tai-
loring compositions and designing heterostructures that incor-
porate bioinert and bioactive phases can make HSMs suitable 
for medical devices. HSMs with built-in chemical or electronic 
functionalities could be designed for energy applications, includ-
ing thermal management, catalysis, and energy harvesting. The 
integration of HSMs in advanced manufacturing processes may 
revolutionize the production of high-performance materials.
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In response to growing environmental concerns, research 
on sustainable HSMs is becoming increasingly relevant. Future 
studies could explore how incorporating recycled materials 
into HSMs affects mechanical performance and how these 
materials perform under environmentally demanding condi-
tions. Additionally, developing biodegradable or recyclable 
HSMs could contribute to more sustainable material cycles, 
particularly for disposable or short-lifetime applications.

Lastly, the current drawbacks of HSMs should be considered 
either during service material selection or seeking improved 
materials designs. Despite their promising mechanical perfor-
mance and multifunctional potential, several key challenges limit 
their widespread adoption in industrial and multidisciplinary 
applications. The design and fabrication of HSMs require precise 
control over microstructural heterogeneities, including grain size 
fractions, zone distributions, and interfacial properties, making 
large-scale production complex. Furthermore, their thermal sta-
bility is often inadequate at high temperatures due to grain growth 
and recrystallization in the harder (commonly nano-grained) 
regions, which diminishes their mechanical advantages. Very high 
mechanical incompatibility between soft and hard zones can lead 
to issues such as stress concentration, interfacial delamination, 
and premature failure under cyclic loading or extreme conditions. 
Additionally, phenomena such as the Bauschinger effect, signifi-
cant springback during forming, and strain localization pose dif-
ficulties in processing and application.
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