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Heterogeneous structures, such as gradient, lamellar, and dual-phase configurations, have been prevalent in
nature for ages and have been harnessed in diverse applications to achieve exceptional properties in man-made
engineering materials. These heterogeneous structures not only enhance the mechanical properties of the
structured material but also exhibit immense potential in functional materials, enabling unprecedented func-
tionalities. High entropy alloys (HEAs), a cutting-edge alloy design concept centered on multi-principal elements,
offer a vast compositional landscape. The integration of HEA with heterogeneous structures further broadens the
prospects for discovering new materials with remarkable attributes. This review delves into several types of
heterogeneous structures within HEAs, highlighting their superior mechanical and functional properties,
including strength, ductility, dynamic shear toughness, fracture toughness, fatigue properties, and magnetic
capabilities. Additionally, it explores their deformation mechanisms and strain-hardening capabilities. This
article provides a comprehensive overview of heterogeneous structured HEA for achieving enhanced mechanical
and functional performance.

1. Introduction

Heterogeneous structures have existed ubiquitously in nature for a
long history and have also been used in many areas to achieve superior
properties by man-made engineering materials. While, the definition of
heterogeneous materials was not fully clear, and the mechanical/phys-
ical properties of heterogeneous materials were not systematically
studied by scientists until recently [1-4]. Heterogeneous materials were
considered as a new class of materials in the last decade and were
defined as materials with heterogeneous zones/domains with dramati-
cally different (>100 %) mechanical/physical properties [5-7]. The
integrated properties of heterogeneous materials are generally higher
than those predicted by the rule-of-mixture, due to the synergistic effects
generated by the interaction and coupling among these heterogeneous
zones/domains [8-15]. Thus, heterogeneous materials generally possess
unprecedented mechanical/physical properties that can’t be achieved
by their conventional homogeneous counterparts [16-18]. More

importantly, heterogeneous materials can be easily fabricated utilizing
common industrial facilities with very low costs such that their
commercialization could be much easier as compared to the other
advanced materials [16,19].

Heterogeneous materials have been quickly emerging as an impor-
tant scientific research field recently due to their unprecedented prop-
erties and great potential for applications [20,21]. For example,
heterogeneous structures have been implemented into medium/high
entropy alloys (MEAs/HEAs) for obtaining excellent synergy of strength
and ductility recently [22,23]. MEAs/HEAs have also emerged in the last
two decades as a new class of materials [24-29]. MEAs/HEAs, also
named multi-principle element alloys, typically containing three or
more elements with equal or near equal molar ratio, show excellent
mechanical properties due to the effects of high entropy, lattice distor-
tion, sluggish diffusion, and chemical short-range order [30-33].

Since the first results were published in 2004 [26,27], HEA have
evolved into a vast domain encompassing an extensive array of novel
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alloy systems. This class of materials encompasses various subclasses,
including Face-Centered Cubic (FCC) single-phase HEAs, dual-phase
HEAs, eutectic HEAs with an FCC matrix, and refractory HEAs charac-
terized by a Body-Centered Cubic (BCC) matrix, each exhibiting distinct
physical properties. Specifically, FCC HEAs are typically distinguished
by their high fracture toughness at cryogenic temperatures [24-29].
Conversely, refractory HEAs generally exhibit exceptional structural
stability, leading to superior performance at elevated temperatures
[24-29].

Combination of heterogeneous structures and MEAs/HEAs can give
us an opportunity to achieve even better properties [16,20]. Thus, the
objective of this review paper is to introduce the MEAs/HEAs with
heterogeneous structures to the materials research community, partic-
ularly the types of heterogeneous microstructures, the processing tech-
nologies, their mechanical/physical properties, and their potential
applications.

2. Types of heterogeneous structures

Based on the application purposes, heterogeneous materials can be
differentiated into two types of different categories: heterogeneous
structural materials and heterogeneous functional materials. Heteroge-
neous structural materials and heterogeneous functional materials are
defined by various domains with dramatic differences in mechanical
properties or physical properties, respectively [5,34]. Conventional
materials might also contain heterogeneous domains to some extent,
such as relatively inhomogeneous grain size distribution, and multiple
phases, while the typical indicator of heterogeneous materials is the
strong synergistic effects above the rule of mixture in mechanical
properties or physical properties due to the dramatic difference of mi-
crostructures in various domains [4,6,35]. Since most reports have been
focused on heterogeneous structural materials so far in the literature,
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thus the main part of this review will emphasize the heterogeneous
structural materials and heterogeneous functional materials will only be
discussed briefly in the later section.

The conventional methods for fabricating heterostructures can be
categorized into four distinct approaches: Surface Mechanical Attrition
Treatment (SMAT), Rolling and Annealing (RA), Accumulative Roll
Bonding (ARB), and Mechanical Milling of Powder Metallurgy (MMPM)
[1-5]. SMAT is predominantly utilized for the creation of gradient
structures [36-38],. The RA technique is employed to process hetero-
geneous grain structures [39-41] and heterogeneous lamella structures
[42,43]. The ARB method is specifically applied to fabricate laminate
structures [44-46], which consist of alternating layers of two or more
different materials [1]. Lastly, MMPM is employed to prepare harmonic
structure [47-49] and bimodal [50-52], which are characterized by the
harmonious integration of different material properties, or by the
presence of two distinct populations of grains or phases respectively.

The illustration of various types of heterogeneous structures is dis-
played in Fig. 1. These types of heterogeneous structures can also be
classified into three different categories: the first one is characterized by
a distribution of heterogeneous grains or multiple phases with a rela-
tively larger scale; the second one is defined by a distribution of het-
erogeneous sub-structures with a relatively smaller scale, such as
nanotwins, nanoprecipitates, and dislocation cells/walls; lastly, the
third one can be expressed as the dual-heterogeneous structures by the
combination of the first two categories [6].

2.1. Gradient structures

The gradient structures generally refer to the structures with
microstructural gradients along the depth, and the microstructural
gradients can be from grain size, fraction of constituent phases, twin
density, nanoprecipitate density, dislocation cell density or a

Fig. 1. The illustration of various types of heterogeneous structures. (a) Gradient structure. (b) Lamellar structure. (c) Sub-zone heterogeneous structures including
low-angle grain boundary (LAGB), nano-twin (NT), nanoprecipitate (NP), and chemical short-range order (CSRO). (d) Multiple heterogeneous structures. Reproduced

from Ref. [6].
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combination of these microstructural units. Gradient structures have
also been applied to MEAs/HEAs to achieve superior mechanical prop-
erties [53-55]. For example, gradient cell structures have been intro-
duced into a stable FCC phase Alp;CoCrFeNi HEA utilizing a
cyclic-torsion treatment, by which spatially gradient plastic strains from
the surface to the core can be imposed [55,56]. The detailed micro-
structure characterizations for this type of gradient cell structures are
shown in Fig. 2. The gradient cell structure displays a sample-level hi-
erarchical dislocation structure. The grain sizes defined by high-angle
grain boundaries still show a relatively homogeneous distribution
along the depth and random crystallographic orientations. However, a
gradient in dislocation density along the depth is observed for this
structure. The dislocation density is very low at the sample core
although a typical planar single-slip dislocation configuration is
observed, while extensive well-developed dislocation walls/cells with
low-angle boundaries can be found at the topmost layer. Each cell wall
with a thickness of about 40 nm is decorated with a high density of
dislocations (~2 x 10%° m’z). It is also found that the misorientations
for these cells have a range from 0.7 to 4.8, indicating low-angle
boundaries between these cells. Thus, the cell size, instead of grain
size, is observed to increase with increasing depth for this gradient cell
structure.

Structures with combined gradients (grain size and volume fraction
of nanoprecipitates) have been designed and introduced into the
Al 5Crg.oFeNis 5Vg 2 HEA [36,57]. The microstructure characterizations
for the dual-graded structures are displayed in Fig. 3. Both densities of
high-angle grain boundaries and low-angle grain boundaries show a
decreasing gradient from the surface to the core, indicating gradient
distributions for both grain sizes and dislocation cells. Moreover, the
volume fraction of B2 nanoprecipitates is found to show a decreasing
gradient from the surface to the core. It is also found that the relative
volume fraction of coherent L1, nanoprecipitates is much higher at the
topmost layer (64.2 %) than at the core layer (31.8 %), indicating a
decreasing gradient along the depth for the volume fraction of the L15
phase. Thus, the hardness gradient for this dual-graded structure can be

Sample level: 4.5 mm Grain size: 46 pm

Depth (mm)
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due to the combined gradients for densities of grain boundaries, and
volume fractions for both B2 and L1, nanoprecipitates along the depth.

2.2. Heterogeneous grain structures

One of the earliest reported heterogeneous structures is bi-modal or
multi-modal grain structures, in which the grain size distributions have
two or multiple peaks [58,59]. These bi-modal or multi-modal grain
structures generally have a wide range of grain size (from several tens of
nanometers to several hundreds of micrometers), and they are usually
produced by cold rolling followed by annealing at critical temperatures.
This strategy for heterogeneous grain structures was initially applied to
Al alloys [60,61], pure copper [58,62], pure nickel [59], and titanium
alloys [63,64]. More recently, heterogeneous grain structures have also
been applied to the M/HEAs [39,40]. For example, a three-level het-
erogeneous grain structure has been also deployed in CrCoNi MEA to
achieve gigapascal-level yield strength along with appreciable tensile
ductility. This heterogeneous grain structure is obtained by partial
recrystallization annealing following conventional cold rolling (as dis-
played in Fig. 4a). The partial recrystallization results in a heteroge-
neous grain structure that is characterized by three levels of grains with
obviously different grain sizes, i.e., the largest micro-grains with a mean
grain size of 2.3 pm, the intermediate ultrafine-grains with grain size
range from 250 nm to 1 pm, and the smallest nanograins with grain size
less than 250 nm [39]. It is interesting to note that almost all nanograins
are in the locations of grain boundaries and triple junctions of ultrafine
grains, such an arrangement should be expected due to the low stacking
fault energy for this MEA. As indicated by the TEM image (Fig. 4b), a
twinned nanograin is located in the vicinity of the high-angle grain
boundary of its parent grain, and such twinned grains should often be
called corner twins [65,66]. Actually, the formation of corner twins by
discontinuous nucleation for recrystallization is a well-known mecha-
nism for metals with low stacking fault energy. The three-level hetero-
geneous grain structure can impart an excellent synergy of yield strength
and tensile ductility in the MEAs/HEAs, as discussed in the later
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Fig. 2. Microstructure characterizations for the gradient cell structure in the Aly ;CoCrFeNi HEA. The numbers in the TEM image are the misorientation angle of each

cell wall. Reproduced from Ref. [55].



Y. Ma et al.

Materials Today Advances 25 (2025) 100553

Structures with combined gradients

Y

.

g
Nt TN
| v '\rr\‘ho
02 03 04
Depth, mm

Fig. 4. A three-level heterogeneous grain structure in the CrCoNi MEA. (a) EBSD grain boundary image showing three grades of grain size. (b) TEM image showing a
twinned nano grain at the lower part of an ultra-fined grain (UFG). Reproduced from Ref. [39].

sections.

A dual heterogeneous structure with both heterogeneous grain
structure and coherent nanoprecipitates has been deployed in the
(CrCoNi)Al3Tis MEA by carefully controlled alloy composition and
critical thermomechanical processing, obtaining both ultrahigh strength
and large uniform elongation [67]. This dual heterogeneous structure is
displayed in Fig. 5. Microstructure characterizations reveal a heteroge-
neous grain matrix with both coarse grains and ultrafine grains. The
high density of annealing twins and stacking faults can be found in the
matrix. Moreover, coherent L1, nanoprecipitates can be found in both
coarse grains and ultrafine grains. The size of coherent L1, nano-
precipitates is less than 5 nm, and the volume fraction of the coherent
L1, phase is very high. Many similar dual heterogeneous structures have
also been applied to the other MEAs/HEAs to achieve better mechanical
properties [68-70].

2.3. Dual-phase or multiple-phase structures

Structures consisting of two or more phases with different crystal
structure or chemical compositions can be called as dual-phase or
multiple-phase structures [50,71]. Conventional eutectic structures are
one of dual-phase structures with different crystal structures [72], while
spinodal decomposition structures are one of dual-phase structures with
the same crystal structures but different compositions [73]. Dual-phase
or multiple-phase structures can also be considered as a class of het-
erogeneous structures since the mechanical properties of different
phases are dramatically different in general. Significantly, stress/strain
partitioning plays an important role during tensile deformation for
achieving excellent tensile properties. Recently, the strategy of
dual-phase or multiple-phase structures has also been applied to the
MEAs/HEAs [74-76]. For example, a dual-phase structure has been
produced in the Fegg_xMnyCo10Cryg (x = 45 at%, 40 at%, 35 at% and 30
at%) HEAs by relaxing the strict restrictions on equal-molar or near
equal-molar compositions for HEAs [50], since HEAs were originally
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Fig. 5. A dual heterogeneous structures with both heterogeneous grain structure and coherent nanoprecipitates in the (CrCoNi)Al3Ti; MEA. Reproduced
from Ref. [67].

designed to generate single-phase solid-solution benefitted from phase HEA is displayed in Fig. 6. The reduced phase stability in this dual-phase
stabilization through entropy maximization [77,78]. The dual-phase HEA can result in two benefits: interface strengthening/hardening from
structure with both FCC and HCP phases in the Fegy_xMnsCo1¢Crig the dual-phase structure, and strong strain hardening from the
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Fig. 6. A dual-phase structure in the Fegg_yMnyCo,¢Cryo (x = 45 at%, 40 at%, 35 at% and 30 at%) HEAs. Reproduced from Ref. [50].
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transformation-induced-plasticity (TRIP) effect. The HCP phase in this
dual-phase structure is formed due to the partial martensitic trans-
formation from the FCC crystal structure to the HCP crystal structure
upon cooling from the high-temperature single-phase region by
decreasing the Mn content in the Fegy_xMn,Co;0Cri9 HEAs [50].

Conventional eutectic structures have also been designed and
deployed into the Al;gFeygCoz0Nis; HEA to obtain much larger tensile
ductility through hierarchical crack buffering [51]. The eutectic struc-
tures with both the harder B2 phase and softer L1, phase in the
AljgFe0Cog0Nis; HEA are shown in Fig. 7. Two totally different mi-
crostructures are obtained by two different methods, conventional
casting and directional solidification [51]. The former method generates
a typical lamellar eutectic microstructure with various growth directions
in varying equiaxed grains, as indicated in Fig. 7a-c. While, a hierar-
chical eutectic structure is produced by the second method, directional
solidification, as shown in Fig. 7d-f. There are two different scale levels
of hierarchy existing in this structure. First, two different kinds of
columnar grains are aligned along the directional solidification direc-
tion, softer aligned (grain center) and harder branched (rims of the
grains) eutectic colonies at the large scale. Second, each colony contains
soft L1, and hard B2 lamellae at the small scale. This bone-like hierar-
chical eutectic structure has significant advantages to buffer cracks for
achieving high uniform elongation [51].

2.4. Chemical short/medium-range order

The aforementioned heterogeneous structures generally contain
microstructures with varying length scales from several nanometers to
several hundreds of micrometers. While, a new type of microstructure at
even smaller length scale has been revealed recently for MEAs/HEAs, i.
e., chemical short-range order (CSRO) or chemical medium-range order
(CMRO) [79-83]. In general, MEAs/HEAs with high configurational
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entropy are assumed as an ideal solution, while the enthalpic in-
teractions among composed elements are also expected to result in
various degrees of local chemical ordering [84,85]. These local chemical
ordering is generally accompanied with the element re-distributions at
the atomic scale [86]. The CSRO in VCoNi MEA is given in Fig. 8 [79]. In
earlier TEM work, no CSRO can be detected from these observations
under the [110] zone axis, and the selected area nanobeam electron
diffraction pattern (EDP) shows no additional diffraction information
besides the normal FCC Bragg spots [86,87]. While a different situation
is observed from the [112] zone axis (Fig. 8). Besides the expected FCC
spots, highly diffuse extra disks, which are in the 3{311} positions (as
indicated by the arrows in Fig. 8a), can also be observed. Much better
contrast and clearer observation for these diffuse extra disks can be
illustrated in the nanobeam EDP (Fig. 8b). These diffuse extra disks in
reciprocal space with size several times that of the normal Bragg spot,
definitely indicate the existence of additional ordering with a very small
spatial extent in real space. Indeed, the size of most these CSRO regions
is less than 1 nm and the area fraction of them is about 25 %, as revealed
by the dark-field TEM image utilizing the extra reflections (Fig. 8c), and
the average size is about 0.6 nm (Fig. 8d). Diffuse extra reflections can be
observed again using the high-angular dark-field lattice image and the
corresponding pattern of fast Fourier transformation (FFT) along the
[112] zone axis (Fig. 8e). Superimposing the inverse FFT images for the
CSRO regions (Fig. 8f) and normal FCC lattice (Fig. 8g) can result in an
overlapped image (Fig. 8h), in which the CSRO regions can be more
clearly observed. As indicated in the inset of Fig. 8h, the periodic lattice
planes for planes in the FCC matrix, which is consistent with the results
of the diffuse extra disks appearing at the locations of 1{311} positions.
These observed CSROs with size below 1 nm are expected to have great
influences on the mechanical properties of MEAs/HEAs, especially on
strengthening and strain hardening by interactions with moving
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Fig. 8. The chemical short-range order in the VCoNi HEA. (a) Selected-area electron diffraction pattern (EDP). (b) Nano-beam EDP. (c) Energy-filtered dark-field
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Fig. 9. The heterogeneous lamellar structures in (a) Ti alloy, (b-e) FeNiCoAlTaB HEA, and (f) FeCoNi. Reproduced from Refs. [43,89,90].



Y. Ma et al.

dislocations [79].

2.5. Heterogeneous lamella structures

Recently, the heterogeneous lamella (HL) structures have been re-
ported to be a near-ideal heterostructured [43,88]. HL structure was
originally obtained in commercial pure Ti processed by asymmetric
rolling and subsequent partial recrystallization annealing [43]. In the HL
structure, the recrystallized soft lamellae are embedded in the nano-
recrystallized but recovered nanostructured matrix (Fig. 9a), which can
produce hetero-deformation-induced (HDI) strengthening and HDI
strain hardening effectively [43]. This design concept was also extended
into MEAs/HEAs [89,90]. For example, Zhang et al. [88] designed a
metastable FeNiCoAlTaB HEA with HL structure, showing the
fine-grained bands combined with coarse-grained lamella over a large
length scale. As shown in Fig. 9b and c, the ultrafine grains have an
average size of 5 pm, and the coarse grains have an average size of 25
pm. The divergence of the grain size in this HL structure is caused by the
different grain growth rates in the shear bands with high-angle bound-
aries and deformation bands and a few micro bands with low-angle
boundaries, formed in the cold rolling process [89]. Upon annealing
and aging, the nano-scale coherent y’ precipitates were formed in the fcc
matrix, restricting the further grain growth of the initial recrystallized
grinas by the Zener pining effect [88,91]. The initial deformation bands
and heterogeneous precipitation result in the formation of the HL
structure. By the same strategy, Ding et al. also designed the HL struc-
tures in an equiatomic ternary CoNiFe MEA, as shown in Fig. 9f [90].

3. Deformation and hardening of heterostructured materials

In the following part, we review the plastic deformation of diverse
heterostructures in the tensile test. The corresponding microstructural
mechanism of the plastic deformation and the HDI stress and strain
hardening are discussed deliberately.

3.1. Gradient structure

The trade-off relationship between the strength and ductility in HEA
also exists since there is no difference in plastic deformation features
compared to conventional metals. However, Pan et al. [55]. reported
that Alp1CoCrFeNi HEA with gradient structure exhibited exceptional
strength and ductility. As shown in Fig. 10a, the single phase fcc
Alp1CoCrFeNi HEA with gradient dislocation cell structure (GDS)
showed an excellent combination of yield strength and ductility in
ambitious temperature and liquid-nitrogen temperature [55,56]. The
tensile yield stress of the GDS samples is up to 362-539 MPa, which is
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about 2~3 times as strong as the fine-grained (FG) and coarse-grained
(CG) counterparts (~185 MPa). At the same time, the uniform elonga-
tion of the GDS samples was measured up to 43-48 %, which is slightly
reduced relative to that of CG and FG counterparts. This means that the
gradient cell-structured HEA seems to have the ability to overcome the
long-standing strength-ductility trade-off. From a microscopic view-
point, the trade-off relationship between strength and ductility is related
to the strain-hardening capacity of the structures, since the strength and
ductility are both governed by the motion of crystal defects [92,93]. As
shown in Fig. 10b, the GDS samples showed a steady strain hardening
with a lower reduction rate, from 1.28 GPa at 3%-strain to 0.99 GPa at
the necking strain. From the TEM observations of the GDS sample at
40%-strain (Fig. 11), the GDS sample-level structural gradient induced
the progressive formation of a high density of tiny stacking faults (SFs)
and twins from core to surface, nucleating from those abundant
low-angle dislocation cells compared to that from grain boundaries
(GBs) in the uniform structure [94]. On the other hand, the gradient
plastic deformation in the sample-level heterostructure motivated a
complex stress-strain state with stress partition and back stress. Conse-
quently, the SF-induced plasticity and resultant refined structures,
coupled with back stress hardening and gradient plastic deformation,
contribute to enhanced ductility, increased strength, and elevated strain
hardening [95,96].

The nanostructured topmost layer always starts necking prematurely
after yielding due to the intrinsic low strain hardening capability, so
suppressing the early failure of the nanostructured layer is crucial for
achieving better ductility in the gradient structure [97]. Qin et al. [36]
designed a duplex gradient structure in the AlgsCrgoFeNissVp 2 HEA,
combining the grain-size gradient with the gradient distributed L1,
precipitate along the depth of the sample (Fig. 3). The yield strength and
ductility of the duplex gradient structure (blue line in Fig. 12a) were
improved simultaneously compared to the single gradient structure
(black line in Fig. 12a). The duplex gradient structure showed a signif-
icantly higher strain hardening rate, as shown in Fig. 12b. The higher
HDI stress and larger HDI strain hardening were obtained in the duplex
gradient structure (Fig. 12¢ and d). According to microstructure obser-
vation, the higher density of GNDs was produced in the duplex gradient
structure accompanied by the stronger precipitation hardening by the
L1, and B2 precipitates [36].

3.2. Heterogeneous grain structures

Developing advanced HEA with high yield strength is a long-
standing pursuit for the application of structural materials, especially
for more than 1 GPa yield strength. Heterogeneous grain-structured
HEAs showed a promising combination of higher yield strength and
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sufficient ductility [22,39,67,98]. As shown in Fig. 13a, the yield
strength of the heterogeneous structured CoCrNiAlsTiz MEA achieved
up to 2.0 GPa, and the ultimate yield strength was up to 2.2 GPa with a
uniform elongation of up to 13 % at ambient temperature [67]. The
heterogeneous coherent L12 nanoprecipitates with a total of 24.2 % in
volume fraction took more than half of the yield strength (~1115 MPa).
At the same, the coherent precipitates minimize the elastic misfit strain
of interfaces resulting in alleviating the stress concentration and

enhancing ductility [99,100]. The single-phase CoCrNi MEA with a
three-level heterogeneous grain structure (HGS) exhibited a yield
strength of 1.2 GPa and a uniform elongation of 22 % at room temper-
ature (red line in Fig. 13b), and simultaneously increase to 1.5 GPa and
36 % respectively, at 77 K (blue line in Fig. 13b). As the result showed,
the HGS imparts load partitioning to promote back stress hardening
(later called HDI hardening), which is further aided by dynamically
generated twinned nano grains at the grain corners and grain boundaries
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Fig. 13. Tensile stress-strain curves of (a) HGS CoCrNiAl3Tiz MEA and (b) HGS CoCrNi MEA. (c-d) Load-unload-reload tensile curves and back stress of HGS CoCrNi
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Fig. 15. Tensile stress-strain curves (a) and strain hardening rates (b) of the TRIP-DP-HEAs compared to various sing-phase HEAs. Reproduced from Ref. [50].
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(Fig. 14). This dynamic grain refinement during tensile strain resulted in
a record-wide hysteresis loop in the load-unload-reload curve and high
back stress hardening, in the absence of any second phase (Fig. 13c and
d). This report shows a processing route for the single-phase alloys with
low stacking fault energy (SFE) to achieve a larger ductility at the high
yield strength.

3.3. Dual-phase or multiple-phase structures

As discussed earlier, the stacking faults and deformation twinning
companying with the dislocation interaction are prevalent in the
deformation of single-phase HEAs [29,94]. While in dual-phase or
multiple-phase HEA, the deformation-driven transformation was real-
ized well through metastable engineering for providing additional strain
hardening [50]. As shown in Fig. 15a, the metastable dual-phase
FesoMngoCo10Cri9p HEA exhibited lower yield strength of about
200-300 MPa, but vastly higher tensile ultimate strength and ductility,
those are 700~850 MPa and 45 %-60 %, respectively, as well as the
enhanced strain hardening rates [50]. As revealed by EBSD phase maps
(Fig. 16), the fcc phase transforming to the hcp phase was the primary
deformation mechanism. Furthermore, the volume fraction of the phase
transformation for grain-refined HEA is the same as that of
coarse-grained HEA, while the ductility was extended (inset of Fig. 15b).
These results revealed phase transformation plays an important role in
plastic accommodation and hardening, and optimizing the phase sta-
bility could also increase ductility to some extent [50].

Except for the TRIP HEA, another type of dual-phase HEA is the
eutectic HEA. Shi et al. [72] architected a dual-phase AlCoCrFeNiy
HEA with a heterogeneous lamella structure. As shown in Fig. 17a, the
dual-phase heterogeneous lamella (DPHL) HEA exhibited a simulta-
neous strength-ductility enhancement compared to the ultrafine-grained
counterpart and the as-cast sample. The three-condition DPHL HEA (the
numbers are annealing temperatures in Fig. 17b) both have a yield
strength of more than 1.1 GPa along with ductility of larger than 14 %,
which is not accessible to the previously reported methodologies [72].
Even the phase transformation did not work in this dual-phase HEA, the
self-generated microcracks were conducted along the phase boundaries,
as shown in Fig. 17c and d. These microcracks could buffer the local
strain concentration and delay the catastrophic failure [51,72].

3.4. Heterostructure lamella structures

The heterostructure lamella structured (HL) FeNiCoAlTaB (referred
to here as NCATB, black line in Fig. 18a) HEA achieved a better com-
bination of strength and ductility compared to the fine-grained sample
(purple line in Fig. 18a), resulting from the higher strain hardening
capability (shown in Fig. 18b) [89]. The HL NCATB HEA combining the
Yy’ precipitates showed an exceptional combination of strength and
ductility [88]. As shown in Fig. 18c, the NCATB-0, NCATB-2, and
NCATB-5 represented the HL HEA aging for O h, 2 h, and 5 h [88]. The

loc I I
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HL HEA after aging exhibited a significant enhancement in yield
strength and ductility, showing yield strength of 1.1 GPa and 1.4 GPa,
and ultimate tensile strength of 1.4 GPa and 1.7 GPa with total elon-
gation of 30 % and 10 %, for NCATB-2 and NCATB-5, respectively. As
compared to the heterostructure metals, some TRIP/dual phase/mar-
aging steels, and homogeneous HEAs, the HL. HEA with precipitation
hardening showed much better tensile properties, although these groups
all suffer from the classic strength-ductility trade-off [88].

4. Fracture and fatigue behavior of heterostructured materials

Fracture behaviors of materials are fundamental issues and provide a
great challenge in the applications of both engineering structural and
non-structural components. Historically, significant losses and costs has
been incurred due to unforeseen fracture events [101]. Therefore, the
development of both strong and tough (damage-tolerant) materials is
imperative for diverse applications in industries [102,103].

The fracture behaviors of materials are highly dependent on micro-
structure, stress state, temperature, and loading rate. These fracture
behaviors can be broadly classified into brittle or ductile modes [104].
Prior to their engineering applications, extensive investigations of
fracture resistance for all materials are generally required. The term
“fracture toughness” is commonly employed to refer to the material
resistance against crack initiation and extension, typically determined at
the critical point where unstable cracking initiates [105-108]. Three
fundamental fracture modes and their combinations can be identified in
engineering applications, while the mode I fracture is the most frequent
failure mode in practical applications [109]. Under small-scale yielding
conditions in plane strain, the critical value of the linear elastic stress
intensity factor (Kj¢) can be determined by measuring the onset of crack
initiation [101,108]. Moreover, the critical value of the J-integral (Jic)
can effectively characterize the fracture toughness in the elastic-plastic
material [110-112]. Two parameters are interrelated under the condi-
tion of small-scale yielding: Jic = %, E’ = E in plane stress or E’ =
E/(1-0%) in plane strain, where E is the elastic modulus and v is Poisson
ratio.

The strength and fracture behavior can be analyzed in terms of
intrinsic (plasticity) and extrinsic (shielding) toughening mechanisms
associated with the crack extension [103,113], as shown in Fig. 19. The
illustration depicts the competition between intrinsic toughening
mechanisms, which operate ahead of the crack tip to enhance fracture
resistance, and extrinsic toughening mechanisms, which are active at or
behind the crack tip. Intrinsic toughening is primarily driven by plastic
deformation. However, extrinsic toughening can decrease the local
stress and strain fields near the crack tip through processes such as crack
deflection and crack bridging.

In recent years, numerous studies have been undertaken to charac-
terize the fracture resistance of diverse MEA/HEA systems, significantly
advancing our comprehensive understanding of their mechanical
properties and the underlying mechanisms that lead to failure
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Fig. 16. EBSD phase map revealing the martensitic transformation of TRIP-DP-HEA. Reproduced from Ref. [50].
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[114-119]. The MEA/HEAs composed primarily of a single FCC phase
generally exhibit high fracture toughness, whereas BCC MEA/HEAs
demonstrate significantly low values. On the other hand, those with a
dual-phase structure tend to show intermediate fracture toughness
values. In this section, the recent advancements in characterizing the
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fracture behaviors of MEA/HEAs with heterogeneous structures are

succinctly outlined, aiming to
future research endeavors.

offer valuable insights and guidance for
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Reproduced from Ref. [103].
4.1. Heterogeneous grain/lamella structures

Gludovatz and Liu et al. [94,116,120] have conducted extensive
research on the damage tolerance of CrCoNi and CrMnFeCoNi MEA/-
HEAs, which feature a single-phase FCC solid solution and heteroge-
neous grain structures. These alloys exhibit remarkable strengths and
damage tolerances, achieving tensile strength exceeding 1 GPa and
fracture toughness value surpassing 200 MPam'/2. Furthermore, their
mechanical properties actually become better as the temperature de-
creases, especially in the case of ultra-low temperature (~20 K). The plot
in Fig. 20 illustrates the fracture toughness values of CrCoNi and
CrMnFeCoNi MEA/HEA with heterogeneous structures as a function of
varying temperatures.

The planar-slip dislocation activity is the primary deformation mode
at room temperature, especially for the CrMnFeCoNi HEA. The SEM
images for fracture surfaces indicate the ductile fracture mode of the
CrMnFeCoNi by the coalescence of microvoids, with a more distorted
crack path at the lower temperature. However, as the temperature de-
creases, nano-twinning emerges as a crucial additional source of strain
hardening, indicating that the earlier initiation of deformation nano-
twinning holds the key to achieving exceptional damage tolerance.
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Furthermore, the concurrent activation of multiple strain-hardening
mechanisms, including stacking faults, fine nanotwins, and trans-
formed e-martensite, at approximately 20 K, as depicted in Fig. 21, can
effectively facilitate the arrest and the transmission of dislocations, thus
further enhancing the strength and ductility.

While FCC-structured MEA/HEAs with coarse grains can exhibit
excellent mechanical properties, a typical increase in yield strength
achieved through grain refinement often comes with a compromise in
toughness, creating a balance between strength and toughness, partic-
ularly at gigapascal levels. Liu et al. [121] reported that an N-doped
CrCoNi MEA exhibited exceptional fracture toughness and a yield
strength exceeding 1 GPa, attributed to its heterogeneous structural
characteristics. In the heterogeneous lamella structure, the fracture
toughness reaches 91 MPa-m'/? at a yield strength of 1.3 GPa, while in
the heterogeneous grain structure, it attains 168 MPa-m'/? at a yield
strength of 1.0 GPa. The superior fracture toughness can be attributed to
the forest hardening and an extra HDI hardening. The pile-ups of GNDs
are observed to be formed at the domain boundaries to accommodate
strain gradient at the plastic zone of the crack tip. Additionally, the
presence of CSRO regions has been observed to enhance strain hard-
ening near the crack tip through its interaction with dislocations.
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Fig. 20. Fracture toughness of heterogeneous CrMnFeCoNi (a, ¢) and CrCoNi (b, d). Reproduced from Ref. [120].
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4.2. Dual-phase structures

The development of dual-phase eutectic HEAs (EHEAs) [122-125]
presents an alternative methodology for significantly enhancing their
mechanical properties, encompassing hardness, strength, plasticity, and
toughness. A series of heterostructured EHEAs, such as CoCrFeNiNbg 5
(FCC + Laves), Al(lg,zx)CO'g,oCr(l1+X)FE(11+X)Ni30 (FCC + Sigma) and
CoCrNiMoy (FCC + BCC), have been designed to study the synergy of
fracture toughness and strength/hardness by adjusting the fraction of
constituent phases [126-128]. As the FCC content decreases, the frac-
ture toughness diminishes while the strength escalates. Fig. 22 show-
cases an Ashby plot that depicts the correlation between fracture
toughness and yield strength across various single-phase and dual-phase
MEA/HEAs.

The investigation of metastable dual-phase (DP) HEAs has also been
conducted. The yield strength and fracture toughness of the FegoMng.
Co10Cryo (DP-HEA), consisting of FCC and HCP phases, are determined
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to be approximately 266 MPa and 205 MPa-m'/2, respectively, which
are comparable to that of CrMnFeCoNi [129]. The addition of C as an
alloying element into DP-HEA (Fe49 sMn39Co1¢Cr10Co 5, C-DP-HEA) re-
sults in a 47 % increase in fracture toughness (Kjc = 301 MPa-m'/?)
compared to the DP-HEA without the addition of C [130]. The addition
of C into DP-HEA leads to an elevation of the stacking fault energy,
thereby enhancing the stability of the FCC phase [131]. Thus, in
C-DP-HEA, the primary deformation mechanism is strain-induced
martensitic transformation, with nano-twinning also playing a signifi-
cant role in the deformation process. The enhanced strain hardening
observed in C-DP-HEA can be attributed to the presence of additional
obstacles, arising from the increased density of twin boundaries and
phase boundaries. The strain hardening enhances fracture toughness by
facilitating plastic deformation ahead of the crack tip, thereby retarding
the crack initiation and propagation. The SixV(9.x)CrioMnsFe46Co030
FCC-based metastable HEAs were also developed by precisely manipu-
lating the relative phase stabilities based on equilibrium phase diagrams
and Gibbs free energies [132,133]. The stability of FCC decreased with
increasing Si content, leading to a transformation from FCC to HCP.
Meanwhile, the cryogenic fracture toughness often diminishes due to a
diminished damage tolerance capacity, resulting from the occurrence of
a ductile-brittle transition phenomenon when a significant amount of
BCC martensite undergoes transformed [134,135]. An exceptional
combination of strength and ductility achieved, particularly at 77K, can
be attributed to the remarkable strain-hardening effect resulting from
the FCC-HCP-BCC deformation-induced martensitic transformation, as
illustrated in Fig. 23. The SigVoFe45Cr;oMnsCosg exhibits a significantly
high fracture toughness (Kic = 292 MPa-m'/?) and a ductile-dimpled
fracture mode at room temperature. At 77K, however, the fracture
toughness was significantly reduced, and the brittle fracture of lamellar
cleavage facets was characterized by the ladder-shaped arrangement of
plate-type BCC martensite, which exhibited a lower number of phase
boundaries and GNDs.

The nano-bridged honeycomb structured HEA consisting of FCC
matrix and an interwoven hexagonal net of B2 phase exhibits an
excellent combination of strength (~1 GPa) and toughness (~300
MPa-m" 2) at both room and cryogenic temperatures [136]. The alloy is
strengthened by impeding the mobility of dislocations at the early stage
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Fig. 24. Deformation mechanism in nano-bridged honeycomb structure HEA (Alp sCrCoFeNi) at 298 K and 77 K. (a—c) EBSD map showing the misorientation
spreading away from the crack. TEM image near the crack-tip region of the specimen tested at 298 K (d) and 77 K (e-f). Reproduced from Ref. [136].

of plastic deformation. However, the dislocation movement is facilitated
by the breaking down of the dislocation nano-bridge connecting the B2
phase near the crack tip, thereby improving the fracture resistance
through blunting and shielding of the crack tip, as shown in Fig. 24.

In engineering applications, materials and structural components are
frequently subjected to cyclic loading, a process that often leads to
substantial damage and, ultimately, catastrophic failure [137-140].
Fatigue damage frequently lead to significant accidents due to its lack of
visible deformation, and fatigue failure remains a primary cause of
mechanical part failures, accounting for over 80 % of such incidents
[141,142]. To mitigate this risk, it is advisable to employ materials with
superior fatigue strength for the fabrication of structural components,
subjected to cyclic loads, such as gears, blades, shafts, bearings, and
springs [143,144]. Given the immense potential of MEA/HEAs as
structural materials, the exploration of their long-life fatigue behaviors
and failure mechanisms remains a promising area for further
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investigation [145]. This section offers a comprehensive overview of
recent research endeavors delving into the fatigue behavior of MEA/-
HEAs with heterogeneous structures.

The introduction of intermetallic precipitates is a commonly
employed approach to enhance fatigue endurance, as it effectively im-
proves fatigue strength [146]. Feng et al. [147] reported an Aly sCoCr-
FeNi HEA with improved fatigue life through the incorporation of
ductile-transformable multicomponent B2 precipitates. The presence
of multiple cyclic deformation mechanisms, such as dislocation slips,
precipitation strengthening, deformation twinning, and reversible
martensitic phase transformation, has been observed. The enhanced
fatigue performance at low strain amplitudes, namely the high resis-
tance to fatigue crack initiation, can be attributed to the exceptional
elasticity, plastic deformability, and martensitic transformation of the
B2-strengthening phase. Meanwhile, maintaining comparable fatigue
life at high strain amplitudes, as shown in Fig. 25. The presence of the
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fine ductile-transformable B2 phase effectively impedes the initiation of
microcracks by harnessing stress relaxation and strain partitioning
mechanisms during plastic deformation and martensitic transformation.
This alleviates the cyclic accumulation of damage stemming from the
deformation incompatibility between the B2 and FCC phases [148]. The
ductile-transformable nature of the multicomponent B2 phase arises
from its lower antiphase boundary energy and pronounced local lattice
distortions, facilitating easy transformation to an orthorhombic struc-
ture. However, the likelihood of microcrack initiation increases when
the size of the B2 phase, particularly in band-like formations, surpasses a
specific threshold due to the presence of elongated incoherent in-
terfaces. The multicomponent B2 phase could not only strengthen the
soft FCC matrix but also coordinate the overall plastic deformation
during monotonic and cyclic loadings. Furthermore, the occurrence of
deformation twinning can also be induced during cyclic loading in a
precipitation-strengthened HEA, which is typically challenging to
observe under monotonic deformation at room temperature. This phe-
nomenon provides an additional strengthening mechanism for
enhancing fatigue life. Fig. 25¢ and d illustrates the schematics of the
cyclic deformation mechanisms and the behavior of microcracks initi-
ation observed in the dual-phase HEA.

4.3. Harmonic structures

The low cycle fatigue behavior and fatigue crack growth behavior of
harmonic structured CoCrFeMnNi HEAs have been investigated in
various research studies [149-151]. The fatigue behaviors are signifi-
cantly governed by microstructure [152], thus prompting an investiga-
tion into the effect of shell fraction on low cycle fatigue and fatigue crack
growth behaviors. Due to the enhanced strain hardening, the harmonic
structured HEAs with a shell fraction ranging from 20 % to 40 % exhibit
an exceptional combination of high strength, superior ductility, and
excellent resistance to low cycle fatigue and fatigue crack growth.
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During the low-cycle fatigue process, the predominant occurrence of
local plastic deformation is observed in the relatively softer core regions,
which facilitates dislocation generation and rearrangement. This leads
to an initial phase of cyclic hardening, followed by subsequent cyclic
softening. The fatigue cracks propagate through both the core region
(CG structure) and shell region (UFG structure) in harmonic structured
samples. The propagation of cracks is hindered by the core region,
resulting in the deflection of the cracks at the interface between the core
and shell, as shown in Fig. 26. This phenomenon enhances the roughness
of the fracture surface. The topology of the network core-shell grain
structure is advantageous in augmenting the crack closure effect
induced by surface roughness.

5. Dynamic behavior of heterostructured materials

The high strain rate response of materials plays a crucial role in
engineering applications, such as vehicle crashworthiness, spacecraft
protection and armor protection [153,154]. The deformation and frac-
ture behaviors of metallic materials under impact conditions exhibit
distinct performances compared to those observed under quasi-static
conditions, owing to thermal softening effect, strain rate effect and
inertia effect [155,156]. The thermal softening induced by adiabatic
heating can facilitate strain localization, such as the formation of adia-
batic shear band (ASB) [157,158]. The mechanisms underlying the
mechanical properties have been extensively investigated for a century,
leading to the development of a well-established plasticity theory based
on three primary mechanisms: dislocation, TWIP, and TRIP. In rare cases
of extreme deformation, an additional fourth mechanism involving the
crystalline-to-amorphous transformation can also occur [159,160]. The
present section succinctly summarizes the recent advancements in
comprehending the dynamic response of MEA/HEAs with heteroge-
neous structures, aiming to offer valuable guidance for future research
endeavors.
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Fig. 26. Crack-path and fractography of sintered CoCrFeMnNi HEAs. (a,b) Shell area fraction is 0 %. (c,d) Shell area fraction is 23.6 %. (e,f) Shell area fraction is

42.6 %. Reproduced from Ref. [149].

5.1. Gradient structures

Qin et al. [161] designed a single gradient and dual gradient NiFe-
Cro.9Alp5Vo.2 MEA for the dynamic shear tests using hat-shaped speci-
mens in previous work. Here single gradient MEA represents only grain
gradient distributed from the surface to the center by (surface me-
chanical attrition treatment) SMAT process on the CG samples. While
dual gradient represents a combined grain gradient and a decreasing
volume fraction of nanoprecipitates from the surface to the center by
aging after the SMAT process (Fig. 3). The dual gradient MEA (solid pink
line in Fig. 27) exhibited a synergetic strengthening and toughening
effect as compared to the sole effect of the single gradient (dashed pink
line in Fig. 27). The microstructure results showed that the higher
magnitude of strain gradient and higher density of GNDs can be induced
by the dual gradient structure, resulting in extra strain hardening
[ZX-1]. Particularly, the ASB was delayed in initiating and propagating
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with about one magnitude lower velocity than in the homogeneous
structured materials (Fig. 28) [161-163].

5.2. Heterogeneous grain structures

To improve the dynamic properties, we also introduced the hetero-
geneous grain structure in CoCrNi MEA through a combination of cold
rolling and subsequent annealing at proper temperatures [40]. The HGS
MEA exhibited outstanding dynamic shear properties, especially at
cryogenic temperature (Fig. 29). The better performance of HGS MEA at
cryogenic temperature was due to the more efficient grain refinement
than at room temperature, resulting in stronger strain hardening ca-
pacity (Fig. 30). The deformation twins, stacking faults, Lomer-Cottrell
locks, and phase transformation together are responsible for these
outstanding dynamic shear properties [40,164].

HEAs with heterogeneous grain structures have demonstrated
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Fig. 27. Dynamic shear stress-displacement and strain curves of gradient NiFeCrg 9Alps5Vo 2 MEA. Reproduced from Ref. [161].
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Fig. 28. BSE images showing the evolution of ASB in gradient NiFeCrg 9Alg 5Vo.2 MEA. Reproduced from Ref. [161].
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Fig. 29. Dynamic shear properties of heterogeneous grain structured MEA. Reproduced from Ref. [40].
enhanced thermal sensitivity and strain hardening rates, as evidenced by [167,168]. This enhanced performance is attributed to the

dynamic compression and tensile testing [165,166]. The experimental
findings indicate a significant increase in dislocation density within the
fine-grained domains, which is more pronounced compared to the
coarse-grained regions. This disparity in dislocation density generates a
substantial deformation gradient across the coarse- and fine-grained
domains. Consequently, this deformation gradient is instrumental in
the pronounced strengthening and strain hardening observed in
heterogeneous-structured HEAs under dynamic compression conditions.

5.3. Dual-phase structures
Dual-phase HEAs with heterogeneous grain structures exhibit supe-

rior spall strength under high strain rates, such as those encountered in
shock compression and spallation tests, ranging from 10° to 10° s7!
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shock-induced deformation twinning and phase transitions, which are
identified as the predominant deformation mechanisms under shock
loading conditions. Furthermore, the coherent phase boundaries, which
are generated both during twinning and phase transition processes,
enhance the stability of other phases, thereby contributing to the

elevated spall strength observed in these heterogeneous-structured
HEAs.

6. Functional behavior of heterostructured materials

Heterogeneous structures have gained widespread attention in
structural materials due to their exceptional mechanical properties. Akin
to the strength-ductility relationship in metals, the trade-off among
essential functional properties are also prevalent, such as magnetization-
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Fig. 30. The grain refinement of hetergeneous grain structured MEA during dynamic shear deformation at (a) room temperature, and (b) cryogenic temeprature.

Reproduced from Ref. [40].
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Fig. 31. Typical hysteresis loops for a permanent-magnet material. Reproduced
from Ref. [169].

coercivity, electrical conductivity-Seebeck coefficient, and thermal
conductivity-electrical conductivity [34]. Notably, the concept of het-
erostructures also holds immense potential in functional materials,
enabling unprecedented functional properties such as in hetero-
structured magnetic materials (Fig. 31) [169], nanostructured bulk
thermoelectric materials [170], and heterogeneous structures in piezo-
electric materials [171]. In this context, we primarily delve into the
trade-off relationship between magnetization (M) and coercivity (H.) in
magnetic materials.

The coercivity of a magnetic material is strongly related to the grain
size, coercivity increases with decreasing grain size. Obtaining a large
energy density for a permanent magnet requires both high M; and high
H,, which is the area of its hysteresis loop in Fig. 32. Unfortunately,
gaining a high M; often results in the degradation of H, similar to the
strength-ductility trade-off in metals, which limits the maximum energy
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density. A pioneering work to produce a superior synergy of
magnetization-coercivity by combining hard-magnetic grains and soft
magnetic grains in the bulk magnetic material was reported [172]. The
hard magnetic grains have a higher H,, and the soft-magnetic grains
have higheor M. So the heterostructured magnetic materials perform a
high energy density of the magnetism.

6.1. Gradient nanostructured magnet

Lou et al. [173] devised a gradient-ordered nanostructure with
varying grain size to achieve directed magnetization reversal, thereby
enabling NbyFe;4B/a-Fe nanocomposite magnets to attain an unusual
combination of high magnetization and high coercivity. In contrast,
conventional NbyFe;4B/a-Fe nanocomposite magnets with randomly
distributed grain size tend to initiate magnetization reversal from de-
fects and large o-Fe grains, exhibiting a random and inhomogeneous
magnetic reversal process that involves the cooperative reversal of grain
clusters. This magnetization reversal behavior notably decreases the H,
and compromises the squareness of the demagnetization curve, ulti-
mately leading to a low magnetic energy product (see Fig. 33).

6.2. Bimorphological oriented nanostructured magnet

High-performance permanent magnets commonly consis of rare-
earth compounds such as NbFeB and SmCo. Nevertheless, the soaring
cost of rare earth elements restricts their widespread applications.
Consequently, the development of novel permanent magnetic materials
with reduced rare-earth content and nanostructuring of magnets is of
utmost to meet the ever-growing demand. Li et al. introduced an inno-
vative bimorphological anisotropic SmCo bulk nanocomposite material,
comprising rod-shaped hard-magnetic SmCo grains and equiaxed soft-
magnetic Fe(Co) grins, as depicted in Fig. 34a [169]. Both the SmCo
grains and Fe(Co) grains possess a diameter of 10 nm. This bimorpho-
logical nanostructured magnet exhibits an unprecedented high energy
product (28 MGOe), achieved with fewer rare-earth elements,
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Fig. 32. Typical hysteresis loops for a permanent-magnet material. (a) The response of a magnet to an applied field (H) is shown in terms of its magetization M (a)

and maganetic induction or flux density B (b). Reproduced from Ref. [34].
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Fig. 33. Gradient nanostructures and magnetic properties of NbyFe;4B/a-Fe. (a) Cross-sectional SEM and TEM images. (b) Energy products. (¢) Remanence and

coercivity. Reproduced from Ref. [173].

surpassing the energy product of pure rare-earth magnets, as illustrated
in Fig. 34b.

6.3. Lamella structured magnets

Multicomponent nanostructures, which integrate multiple functional
components within a single system, have the potential to generate
synergistic properties through the intricate interplay between different
functional components. However, these constitutent components often
exhibit conflicting properties, and achieving precise control over each
individual component remains a significant challenge in bulk materials.
To address this, Huang et al. [174] designed a multilayer magnet
composed of (SmCo + FeCo)/NbFeB through a combination of powder
milling and severe plastic deformation at high pressure and high
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temperature, as shown in Fig. 35.

In this multicomponent layer, SmCo, a rare-earth hard magnetic
compound, possesses a high magneto crystalline anisotropy and a high
Curie temperature. Meanwhile, FeCo, a soft magnetic material, con-
tributes a large saturation magnetization. NdFeB, another rare-earth
hard magnetic compound, effectively combines the strengths of the
SmCo’s high anisotropy field and FeCo’s large M;. Remarkably, this
multicomponent nanostructure achieved an exceptional energy density
of 31 MGOe, as depected in Fig. 36. These groundbreaking results could
pave the way for the application of this strategy to other materials sys-
tems, such as thermoelectric, multiferroic, and engineering materials, to
enhance their nanostructuring capabilities.
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Fig. 35. Design progress (a) and structural characterization (b) of lamella structured magnet. Reproduced from Ref. [174].

6.4. Core-shell nanostructured magnets

Core-shell structure, also referred to as harmonic structure as defined
by Ameyama [175], features coarse-grained cores embedded within a
matrix of ultrafine grains (UFG) or nanograins. Inspired by this idea, Li
et al. [176] designed a three-dimensional (3D) self-assembly of
core-shell nanocomposite magnets, employing a sequential growth
technique for the core and shell nanocrystals. This design comprises a
hard-magnetic NdoFe14B core, with a grain size of 45 nm, encased in a
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soft magnetic a-Fe shell, having a grain size of 13 nm, as depicted in
Fig. 37. This novel core-shell nanostructured magnet boasts a
record-breaking energy product, attaining the theoretical limit of
isotropic NdyFe;4B/s-Fe nanocomposite magnets, which stands at 25
MGQOe. This precise manipulation of the nanostructured magnet un-
derscores the fact that the core-shell architecture enables a robust ex-
change coupling between the hard and soft phases, even at a high
soft-phase fraction of 28 %.
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Fig. 37. Microstructures and properties of the core-shell nanostructured magnets. (a) TEM image. (b) High-resolution TEM image. (c) Schematics image. (d)

Coercivity and remanence. Reproduced from Ref. [176].

7. Conclusion and perspectives

Heterogeneous structured materials exhibit a unique plastic self-
coordination mechanical response, which manifests as the formation
of strain gradients and subsequent generation of GNDs. The interaction
of GNDs and forest dislocations, particularly their accumulation at the
interfaces in heterostructured materials, indeed leads to unique
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additional strain hardening effects. This phenomenon not only sup-
presses strain localization in high-strength heterogeneous structures but
also restores and enhances the plasticity and hardening of two resourced
dislocations, resulting in more uniform plastic deformation across the
material. This is the inherent reason for the improvement of ductility
and fracture toughness in heterogeneous structured materials.

One of the pivotal challenges encountered in the realm of
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heterogeneous structured materials pertains to the development of
innovative design strategies for intricate heterostructures that exhibit
enhanced mechanical properties and distinctive functional attributes.
Currently, the fabrication of heterogeneous structured metals often re-
lies on traditional techniques such as severe plastic deformation coupled
with annealing, surface mechanical attrition treatment, and electrolytic
deposition techniques. However, for the realization of highly specialized
functional structures, additive manufacturing and 3D-printing technol-
ogies emerge as viable alternatives, providing unprecedented capabil-
ities for crafting intricate heterogeneous architectures. Second, it is
imperative to conduct rigorous experimental investigations alongside
theoretical computational and simulation studies to gain a comprehen-
sive understanding of the microstructural design principles underlying
high-density heterogeneous interfaces and heterogeneity. The design
principles and modeling of heterostructured materials are pivotal in
predicting and optimizing the heterogeneity characteristics to maximize
the HDI effect, which is crucial for achieving superior mechanical and
functional properties that meet the demands of the industrial applica-
tions. The HDI effect is a novel scientific principle that enables hetero-
structured materials to exhibit unprecedented strength and ductility,
surpassing the limitations predicted by traditional materials science.
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