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The trade-off of strength and ductility of metals has long plagued materials scientists. To resolve this
issue, great efforts have been devoted over the past decades to developing a variety of technological
pathways for effectively tailoring the microstructure of metallic materials. Here, we review the recent
advanced nanostructure design strategies for purposely fabricating heterogeneous nanostructures in
crystalline and non-crystalline metallic materials. Several representative structural approaches are
introduced, including (1) hierarchical nanotwinned (HNT) structures, extreme grain refinement and
dislocation architectures etc. for crystalline metals; (2) nanoglass structure for non-crystalline alloys,
i.e. metallic glasses (MGs); and (3) a series of supra-nano-dual-phase (SNDP) nanostructures for
composite alloys. The mechanical properties are further optimized by manipulating these nanostruc-
tures, especially coupling multiple advanced nanostructures into one material. Particularly, the newly
developed SNDP nanostructures greatly enrich the nanostructure design strategies by utilizing supra-
nano sized crystals and MGs, which exhibit unique size and synergistic effects. The origins of these
gratifying properties are discussed in this review. Furthermore, based on a comprehensive understand-
ing of microscopic mechanisms, a broad vision of strategies towards high strength and high ductility
are proposed to promote future innovations.
Introduction
Crystalline materials with nanotwinned (NT) structures have
been studied for several decades. It is well known that NT struc-
tures are beneficial for the improvement of strength and plastic-
ity of metallic materials [1,2] and strengthening superhard
materials such as boron nitride and diamond [3–5]. The mechan-
ical behaviors and properties of NTmaterials can be optimized by
tailoring NT structures and exhibit significant anisotropy [6–11].
In the past years, many researchers observed a kind of NT archi-
⇑ Corresponding author.

E-mail address: Lu, J. (jianlu@cityu.edu.hk)
† These authors contributed equally to this work.

This is an open access article under the CC BY-NC-ND license
114
tecture obtained by virtue of advanced processing techniques
such as equal channel angular pressing (ECAP) [12]. Such archi-
tecture is called hierarchical nanotwinned (HNT) structure. The
materials with HNT structures exhibit attractive mechanical
and physical properties [13,14]. Pioneering theoretical and
molecular dynamics (MD) studies have been conducted on
HNT structures [15–18]. Afterwards, the experimental efforts
identified that HNT structures have potential to break down
the strength-ductility trade-off of materials [19,20]. Hence, intro-
ducing HNT structures into materials is becoming a charming
topic. It is found that HNT structures are most commonly engi-
neered in the steels [21–24], medium or high entropy alloys
(MEAs or HEAs) [25–28]. Recently, a scale law for hierarchical
1369-7021/� 2020 The Author(s). Published by Elsevier Ltd.
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twinning is derived in stainless steels [29]. In addition, the high-
order HNT structures are produced in silver [30]. The twin spac-
ing dependent high-order hierarchical twinning mechanisms
are studied by MD simulations [31]. Mechanism-based plasticity
modeling verifies high strength and high ductility of HNT struc-
tures [32]. HNT structure is also drew attention in the recent
review articles as a kind of heterogeneous nanostructure [33,34].

By virtue of advanced surface processing techniques such as
surface mechanical grinding treatment (SMGT) [35], another
promising approach is reported to be associated with gradient
grain size for metals. It has been clarified that the gradation of
grain size induces stress/strain gradient, promoting strain hard-
ening and delaying strain localization during plastic deformation
[36–38] and thus, attaining extraordinary mechanical properties.
In addition, the gradient structure can also be combined with
other strengthening mechanisms such as transformation-
induced plasticity (TRIP) effect [22] and NT structures [19,20].

For the nanocrystalline materials, strengthening transfers to
softening with grain refinement due to the inverse Hall–Petch
effect, which is generally attributed to the unstable grain bound-
aries (GBs) of extremely fine grains. To stabilize GBs, many
microstructural processes are developed such as GB relaxation
[39], texturing [40,41] and solute segregation [42]. The low-
angle GBs are as effective in hindering dislocation motion as
high-angle GBs [41,43]. Segregation of impurities into GBs
reduces their interface energy [44]. The relaxation and impurity
segregation to the GBs can help to stabilize the GBs and break
down the limit of the critical grain size for inverse Hall–Petch
effect. By GB relaxation, a great increase of hardness is achieved
for extremely fine-grained nanostructure [45].

Dislocation is another kind of crystalline defect that scientists
can play with to design high-performance crystalline materials.
According to the well-known Taylor hardening law [46], the
strength increases with dislocation density. Pursuing high dislo-
cation density is still an effective way to improve the strength of
materials [47,48]. Besides, researchers are also dedicated to
improving the ductility of materials via the control of disloca-
tions. For instance, good ductility is accessible through dynamic
recovery of dislocations through heat treatment [49,50]. The
addition of hydrogen into metals influences the dislocation
activity and plastic behavior [51,52]. Solid solutes are able to dif-
fuse into dislocations [53,54] or act as the aggregation positions
for dislocations [55]. Furthermore, dislocations can form tangled
dislocation structures, exhibiting higher stability than random
dislocations [56]. These dislocation structures show various
heterogeneous configurations such as dislocation channels
[57,58], dislocation cells and walls [59–61] and lath structures
[62]. High density of dislocations renders the interfaces immo-
bile [63] while the interaction between dislocations and solid
solutes may accelerate the transformation process [64]. Strain
partitioning is also partly ascribed to the effect of dislocations
[65]. Recently, a new steel with high strength and high ductility
is produced [66]. The high dislocation density accounts for the
excellent mechanical properties by the synergy of dislocation
forest hardening, propagation of mobile dislocations and con-
trollable TRIP effect. Therefore, the mechanical properties of
materials can be optimized via the manipulation of dislocation
density and morphologies.
It has been widely recognized that the improvement of struc-
tural and/or functional properties of crystalline materials can be
realized via modifying their chemical structure (e.g. introducing
different phase or varying their composition, etc.) and/or struc-
tural defects (such as dislocations or GBs) [67]. Nevertheless, it
is not easy to be adapted for the metallic glasses (MGs) due to
their disordered atomic structure without a long-range transla-
tional symmetry. Since their discovery in the 1960s, MGs have
long been known as a promising advanced structural material
because of their excellent mechanical properties [68]. However,
in stark contrast to their crystalline counterparts, MGs suffer
from inhomogeneous plastic deformation mode associated with
highly localized plastic deformation into shear bands at room-
temperature and usually exhibit poor ductility in unconstrained
loading geometries [69]. Therefore, the practical structural appli-
cation of MGs is extremely impeded. To achieve the room-
temperature ductility, particularly in tension, large efforts have
been devoted to finding an effective way to initiate and multiply
shear bands for macroscopic plastic deformation [70]. Up to now,
apart from the introduction of nano- (or supra-nano-) secondary
crystalline phases into MGs, the formation of amorphous nanos-
tructure is considered as another effective way to develop
advanced metallic materials [67,71–76]. According to Gleiter
[73], the nanostructured MGs, with a characteristic of nano-
meter sized glassy regions interconnected by glass/glass inter-
faces, are supposed to be a new non-crystalline structure. The
purposely designing of nanostructure for MGs could allow for
the tailoring of their chemical and/or structural properties. Over
the past two decades, several different technical approaches have
been proposed for synthesizing nanostructured MGs, including
inert gas condensation, magnetron sputtering, pulsed electrode-
position, and severe plastic deformation etc. [74]. Compared to
their bulk glass counterparts, these nanoglass MGs (NGMGs)
exhibit unusual mechanical [77–80], magnetic [81] and biomed-
ical [82,83] properties.

Researchers hope to utilize the advantages of both crystalline
and amorphous materials simultaneously by fabricating a com-
posite system. Recently, a new class of nanostructured materials
has been successfully fabricated by a combination of both crys-
talline and amorphous phases. The most impressive achievement
is that, a magnesium alloy with the structure of supra-nano-dual-
phase glass-crystal (SNDP-GC) was invented by Ge Wu, Jian Lu,
et. al. [71], where ‘supra-nano’ is defined as the size with a range
of 1–10 nm. The structural units with the size in this range are
called supra-nanostructure. This term is used to divide a new
range of length scale which is different from ‘sub-nano’ and
‘nano’. Because many nanostructural metallic materials com-
posed of structural units within supra-nano dimension display
totally different mechanical properties and deformation mecha-
nisms compared with that comprised of nano-sized structural
units, ‘supra-nano’ is adopted to describe this family of new
metallic materials. As a representative, the SNDP-GC magnesium
alloy possesses an ultrahigh strength that lies in the near-ideal
regime E/20, where E is the Young’s modulus of a material. In
materials science, it is very difficult to fabricate the near-ideal
strength materials, which usually possess ‘perfect’ crystalline
structures. The conventional near-ideal strength materials are
usually single crystalline whiskers [84], crystalline nanowires
115
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[85] or nano-sized MGs [86], which contain very few defects. It is
obvious that the complicated fabrication condition and the
nano-sized feature of the ‘perfect’ structural materials limit their
applications. It is very challenging to fabricate near-ideal
strength materials with large size, against the ‘smaller is stronger’
rule in materials. With the increase of material size, the enrich-
ment of structural defects such as dislocation and free volume
contributes to the softening of crystalline and amorphous mate-
rials, respectively. How about scaling down structural units but
maintain the size of the whole materials? However, several kinds
of materials with single phase supra-nano units [87,88] become
softer instead (although other interesting properties occur, such
as large plasticity), as a result of soft nature of the interface
between the units. SNDP nanostructuring resolved the dilemma.
The two phases include supra-nano-sized crystalline phase and
amorphous phase. The unit size of each phase is extremely small,
which contains few defects. The SNDP-GC structure builds up a
large sized magnesium alloy with the dimension of
100 mm � 100 mm � 10 lm, which achieved a near-ideal
strength of 3.3 GPa. More recently, a detailed structural study
of Mg-based SNDP material is conducted which is synthesized
by annealing of Mg-based MGs [89].

In the following sections, a brief review will be given for the
progresses in research on crystalline, amorphous and SNDP
materials, particularly concentrating on the microstructure and
mechanical properties. Note that some of other popular strate-
gies for high-strength and high-ductility structural materials
design, such as nanoprecipitation [90,91] and phase transforma-
tion [25,66] can also be combined with the above mentioned
advanced structures. Some nanostructures for crystalline/non-cr
ystalline/composite metallic materials reviewed in this paper
are presented in Fig. 1. In addition, as a rapidly developing
advanced material and structure processing technology, additive
manufacturing (AM) is now widely used for the synthesis of
nanostructural metallic materials. The researchers are devoted
to tailoring the microstructures and mechanical properties,
which are dependent on process parameters, alloy composition,
layer thickness and part geometry etc. [92–95]. On the other
hand, machine learning has been gradually employed to predict
and design high-performance materials [96]. However, the devel-
opment of microstructure-based predictive modeling for
machine learning is still in its infancy and only GBs are paid
attention so far [97,98]. A brief introduction for these topics is
also given in this review.
Hierarchical nanotwinned structures
Nanotwinned (NT) structures can efficiently block the motion of
dislocations, promoting strain hardening for the enhancement
of materials. Indeed, the hierarchical nanotwinned (HNT) struc-
tures can also serve as dislocation barriers. The NT structures with
single orientation may only hinder dislocations in limited direc-
tions while the HNT structures construct a complicated three-
dimensional architecture, which could be more effective in
impeding dislocations. Hence, such hierarchical nanostructure
may have great significance for high-performance materials
design.
116
Spatial distribution of HNT structures
The spatial distribution of HNT structures depends on the loca-
tion of twin planes. In face-centered cubic (FCC) metals, the
dihedral angle between two orders of hierarchical twins is about
70� [30]. It means that the two-dimensional distribution of HNT
structures could be as Fig. 2a. In fact, such distribution is only a
special case that all the twin planes are perpendicular to a same
reference plane (Fig. 2b). From a three-dimensional perspective,
there exist more abundant HNT architectures. As shown in
Fig. 2c, the original tetrahedron (gray), which represents the
twinning system in FCC metals, can derive twin planes along
every other tetrahedrons (red). Similarly, the derived tetrahe-
drons (red) can form more twin planes through the combination
with more tetrahedrons (blue and green). The planes between
every two adjacent tetrahedrons represent the spatial orienta-
tions of twin planes. Note that all these twin planes intersect
with each other. From this point of view, the fabrication of
HNT structures can three-dimensionally impede the propagation
of dislocations for strengthening and act as dislocation nucle-
ation sites to improve ductility.

Metals with HNT structures
Many studies reported that steels with a combination of hetero-
geneous nanostructures can simultaneously achieve high
strength and high ductility, in which the HNT structures should
play an important role. The 304 stainless steels prepared by sur-
face mechanical attrition treatment (SMAT) can combine the
benefit of transformation-induced plasticity (TRIP) effect and
nanostructures (such as NT/HNT, gradient grain distribution
and high dislocation density), achieving high strength and high
ductility [22]. Note that HNT-based rhombic blocks can be fabri-
cated in SMATed steels (Fig. 3a). The twinning-induced plasticity
(TWIP) steels obtained from cold rolling and heat treatment also
exhibit excellent mechanical properties. The high yield strength
(YS) and ultimate tensile strength (UTS) with good ductility
(�1.45 GPa, �1.6 GPa and �25%, respectively) may originate
from the formation of HNT structures during tensile deformation
[21]. The TWIP steels with gradient HNT structures (Fig. 3b)
obtained from pre-torsion and subsequent tensile deformation,
exhibiting better performance of working-hardening and evad-
ing the strength-ductility trade-off dilemma [20,24]. The higher
order HNT structures are observed in SMATed TWIP steels during
tensile testing [19], exhibiting an ultrahigh YS of �2 GPa while
still retaining a considerable uniform elongation of �15%. Auste-
nitic 316L stainless steels additively manufactured via a laser
powder-bed-fusion technique exhibit a high YS and good tensile
ductility [23]. The well-aligned HNT structures are observed
inside a grain (Fig. 3c).

On the other hand, CrCoNi medium entropy alloys (MEAs)
show better mechanical properties than high-entropy CrMnFe-
CoNi, mainly owing to their low stacking fault energy (SFE) for
easier twinning [26]. The YS, UTS and ductility increase from
265 ± 10 MPa to 360 ± 10 MPa, 600 ± 40 MPa to �870 MPa and
�30% to �38% respectively. The study on Mo alloyed FeCoCrNi
high entropy alloys (HEAs) (with a low SFE of �19 mJ/m2)
demonstrated that solute strengthening and twin/microband
induced plasticity can improve the mechanical properties of
HEAs with superb ductility of �51%, YS of �328 MPa and UTS



FIGURE 1

A schematic illustration of some nanostructures tailored in crystalline/non-crystalline/composite metallic materials for high strength and high ductility.
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of �784 MPa [28]. HNT structures should be beneficial for the
blockage of dislocations multi-directionally (Fig. 3d). Note that
the SFE in steels, MEAs and HEAs is tunable and even reach the
negative SFE at cryogenic temperatures and thus, HNT structures
are gradually becoming achievable in materials with low SFE.

However, the question of how the HNT structures solely
strengthen metals is still ambiguous because all the metals men-
tioned above mix hierarchical nanostructures. In order to further
reveal the deformation mechanisms and strengthening effect of
HNT structures, it is essential to develop pure metals with HNT
structures. Recently, the high-order HNT structures have been
successfully fabricated in pure Ag (Fig. 3e) [30]. High-order
HNT structures can further improve the mechanical properties
of Ag via effective interplay between HNT structures and disloca-
tions (Fig. 3f). In particular, the YS and ductility of high-order
HNT Ag (�145 MPa and �35%) is better than low-order HNT
Ag (�125 MPa and �24%).

Besides, theoretical studies have predicted some interesting
phenomena. By virtue of a dislocation-based theoretical model,
Zhu et al. unveiled the effect of twin thicknesses of primary
and secondary twin lamellae on the YS of metals [15]. It is found
that there exists an optimal combination of twin thicknesses to
achieve maximum strength, which is verified by MD simulations
[17,18]. The different deformation mechanisms are observed
with the variation of primary and secondary twin thicknesses,
explaining the corresponding strengthening and softening
mechanisms. Furthermore, the theoretical models developed by
Zhu et al. predict the nucleation of subordinate twin lamellae
with respect to the twin thickness of low-order twin lamellae
[16], giving rise to a significant enhancement of strength. Here-
after, theoretical models are employed to quantitatively predict
the crack nucleation [99], crack blunting [100] and fatigue crack
growth behaviors [101] of HNT materials. In addition, the theo-
retical models for the quantitative prediction of size-dependent
mechanical properties of high-order HNT materials have also
been developed [16,32]. The theoretical studies unveiled that
HNT structures give an additional enhancement of mechanical
properties. These theoretical findings may provide insights to
reinforce the mechanical properties of metals.
Tailoring the limit of grain size for strengthening
With the decrease of grain size, the strength of nanocrystalline
metals always increases first (Hall–Petch relation) and decreases
due to excessive grain refinement (inverse Hall–Petch effect).
The critical grain size triggering this transition from strengthen-
ing to softening varies among different materials and most of
them appears in the range of 10�30 nm. The transition is due
to the change of deformation mechanisms: dislocation-
dominated strain hardening vs. grain rotation and growth soft-
ening. Hence, the hysteresis or impedance of grain rotation
and growth should be effective for the design of unprecedentedly
strong metallic materials, in which the stability of grain bound-
aries (GBs) should be a key issue.
Stabilizing GBs
Nano-laminated structure with a large fraction of low-angle GBs
shows great structural stability [41]. Because the low-angle GBs
possess low-energy states which are helpful to nanostructure sta-
bilization and structural refinement [102]. Note that the forma-
tion of low-angle GBs is tunable via altering strain rates and/or
temperatures. On the other hand, the relaxation/heat treatment
has been identified beneficial to stabilize GBs. For instance, the
hardness of solid solution Ni–W nanocrystalline alloys can be
117
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FIGURE 2

A diagram exhibiting the spatial distribution of twin planes. (a and b) The twin planes perpendicular to a same reference plane. (c and d) The three-
dimensional stacking of tetrahedrons showing a three-dimensional distribution of twin planes.
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improved with annealing, even for the finest grain size of �3 nm
[39]. Meanwhile, microalloying of Cu with Fe solute may induce
the reduction of the boundary mobility and stabilize dislocations
at GBs [103]. As shown in Fig. 4a, a glide dislocation is detected
in Cu-Fe alloy with an extremely fine grain size. The limit of
dislocation-based plasticity is extended to a smaller grain size
of �5 nm. Interestingly, the grain rotation induced softening
most easily occurs with a grain size of �70 nm in Ni [104] which
is attributed to the interaction between the GB-mediated and
grain interior-mediated dislocations. Generally speaking, small
grain interior is more likely dislocation/defect-free. Thus, the
metals with extremely fine grains may be dominated by the emis-
118
sion of dislocations from GBs during plastic deformation if grain
rotation and growth are not induced, which may also avoid the
grain rotation by the interaction between the dislocations inside
the grains and from GBs.

On the other hand, the addition of nonmetallic impurities
could be another choice for the stabilization of GBs. The recent
comprehensive study by first principle simulations has compared
the effect of H, B, C, N, O, Si, P and S elements on the energetics
and mechanical strength of Cu

P
5(310) GBs [105]. For example,

the B element can strengthen the connection of two grains while
O-doped GBs show a weak feature. Although scientists have
explored some alternative pathways for stabilizing GBs, a
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FIGURE 3

The examples of HNT structures in metals with good mechanical properties. (a) TRIP-gradient steels [22]. Copyright 2016, Elsevier. (b) TWIP steels [24].
Copyright 2018, Elsevier. (c) Additively manufactured austenitic 316L stainless steels [23]. Copyright 2017, Springer Nature. Sets 1 and 2 highlighted by white
lines are two orientations of nanotwins. (d) Mo alloyed FeCoCrNi HEAs [28]. Copyright 2017, Elsevier. (e and f) High-order HNT Ag with superior strength and
ductility [30]. Copyright 2018, Elsevier. Arrows in (e) highlight high-order nanotwins with different orientations.
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comprehensive framework for these optimization strategies is far
from achieved since the complexity of the interaction between
different elements.
Strengthening by extreme grain refinement
Producing nano-laminated structure is an effective way for
strengthening, where the lamellar thickness could be regarded as
grain size [41]. As shown in Fig. 4b and c, the interface between
two lamellae is a low-angle GB. The large fraction of low-angle
GBs with good stability help Ni to achieve an ultrahigh hardness
of �6.4 GPa. The deformation is governed by dislocation and
deformation twinning, which eventually leading to fragmenta-
tion of laminated structure into nano-sized grains [102]. Note that
the finest laminated structures, with structural size of several
nanometers, may also be stabilized by the low-energy boundaries
and continue to strengthen nanocrystalline materials [43].

The grain size of Al can be tailored from �130 to �2 nm by
controlling the addition of Fe solute [106]. The ultrastrong Al
alloy (5.9 at.% Fe) is produced with 9R phase, nanotwins and
extremely fine grain size of �4 nm. The highest strength exceeds
1.5 GPa. On the other hand, the strengthening effect with
extreme grain refinement can be maintained with the deforma-
tion under high pressure in nanocrystalline Ni [40]. Dislocation
activity still can be induced with the grain size of �3 nm and
the strengthening effect is still dominated by the dislocation-
GB interaction.

Recently, the simultaneous achievements of extremely fine
grains and stabilization of GBs are realized in a Ni-Mo alloy
[45]. The grain size is �3.4 nm (Fig. 4d) and the hardness contin-
uously rises when grain size below 10 nm (Fig. 4g). Instead of GB-
mediated processes such as grain rotation and migration, the
nucleation and propagation of extended partial dislocations
dominate the deformation mechanism after Mo segregation
and GB relaxation. Indeed, impurity segregation to the GBs can
help with stabilizing nanograins, and thus reduce the critical
grain size for inverse Hall–Petch effect. Another latest research
progress is about pure nickel [107]. Instead of inverse Hall–Petch
softening, the Hall–Petch strengthening effect extends down to a
grain size of �3 nm at high pressure (Fig. 4e). The YS for the
nickel sample with a grain size of �3 nm reaches �4.2 GPa
(Fig. 4h), which is ten times stronger than that of a commercial
nickel material. The high-pressure condition changes the defor-
mation mechanisms into both partial and full dislocation hard-
ening instead of GB sliding induced softening due to excessive
grain refinement. Note that such unusual compression strength-
ening behavior is also observed in gold and palladium, which
indicates that it could be a novel approach to design high-
performance nanostructural metallic materials. However, simul-
taneously manipulating the extreme grain refinement and GB
stabilization is still challenging. For example, NT diamond with
unprecedented hardness has been fabricated under high pressure
and high temperature (Fig. 4f) [4]. However, the grain size is lar-
ger than 10 nm. Although the nanocrystalline diamond with
grain size smaller than 10 nm can be synthesized, intergranular
fracturing along poorly sintered GBs dominates the reduction
of strength. Thus, the fabrication of extremely fine grains with
well stabilized feature may lead to a significant increase of the
hardness of diamond.

Previous theoretical models can describe grain refinement
induced strengthening and softening (Hall–Petch relation and
119
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FIGURE 4

The examples of (extremely) fine grained nanostructures. (a) The dislocation based plasticity in nanostructured Cu with a grain size of �5 nm [103]. Copyright
2014, American Physical Society. (b and c) The ultrastable nano-laminated structure with low-angle GBs in Ni [41]. Copyright 2013, AAAS. Labels I, II, III, and IV
in (b) mark four lamellae. (c) is a Fourier-filtered image of the region ‘B’ in (b), showing a misorientation angle of 3� between lamella II and III. (d and g) The
extremely fine grained Ni-Mo alloy (a grain size of �3.4 nm) exhibiting an ultrahigh hardness by tailoring the stability of GBs [45]. Copyright 2017, AAAS. The
dashed lines in (d) mark the extremely fine grains. (e and h) TEM observations of nickel samples quenched from 40 GPa with a grain size of �3 nm and the
extrapolated yield strength of nickel at ambient conditions without GB sliding versus grain size by elasto-viscoplastic self-consistent (EVPSC) simulations
[107]. Copyright 2020, Springer Nature. Stacking faults (SFs), TBs and a few full dislocations can be observed in (e). d in (h) represents the grain size and twin
thickness for nano-grained copper and nickel and NT copper respectively. (f) The NT diamond with the grain sizes technically limited over �10 nm [4].
Copyright 2014, Springer Nature. The inset is a photograph of the transparent diamond (�1 mm in diameter).
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inverse Hall–Petch effect) of nanocrystalline materials very well.
However, the experimental studies reviewed in this section sub-
vert the inverse Hall–Petch effect. Based on the newly discovered
knowledge of the structural characteristics of nanostructures, it is
120
essential to develop more reliable mechanism-based theoretical
models, especially expected to be capable of predicting continu-
ous strengthening or reverse softening for metallic materials with
extreme grain refinement. We note that a mechanism-based plas-
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ticity model is developed to describe GB sliding and diffusion
behaviors of metals at high pressure [107]. It establishes a quan-
titative relationship between applied stress and the critical stress
as well as grain size for the activation of GB induced plastic defor-
mation. In addition, a modified Hall–Petch relationship is pro-
posed, taking the effects of both full and partial dislocations
into account. This new model reflects the effects of both full
and partial dislocations, and can describe the size strengthening
of metals over a wide size range.
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Dislocation engineering
Dislocation, as a kind of defect, gives rise to a way for optimizing
the properties of materials. The Taylor hardening law only spec-
ifies the strengthening effect by high dislocation density with
the sacrifice of ductility. However, various dislocation morpholo-
gies have been observed with heterogeneous characteristics,
which may improve the comprehensive mechanical properties.
Hence, many researchers are motivated to engineer dislocation
distribution and structures. They are mainly engaged in two
aspects: (1) control dislocation morphologies and (2) unveil the
relationship between dislocation patterns and mechanical
performance.
Manipulation of dislocations
Solute segregation at dislocations is regarded as one of promising
dislocation engineering method. Raabe et al. extended the planar
complexion concept to linear complexion, emphasizing the
importance of chemical and structural states at dislocations for
nanostructural alloys [108]. For instance, the segregation of Nb
atoms into dislocations are directly observed in ferritic stainless
steels [53]. The segregation energy is almost the same as GB seg-
regation energy, which implies that such segregation can be use-
ful to retard the recovery of dislocations. The addition of Ca
atoms promotes the accumulation of dislocations, which eventu-
ally transform into low-angle GBs and in turn Ca atoms and its
precipitated substance segregate along low-angle GBs [55]. The
segregation of carbon and Mn atoms to dislocations and GBs is
clearly observed by atomic probe tomography (APT) (Fig. 5a),
which is the prerequisite giving rise to the nucleation and growth
of austenite [54]. On the other hand, the rate of austenite rever-
sion can be accelerated by deformation because the deformation
induced dislocations can accelerate the diffusion rate of solutes.
Eventually, the transformation makes strained austenite into
equiaxed grains [109]. In addition, hydrogen may not only
reduce the nucleation and propagation force of dislocations but
also activate additional slip planes [51]. Hydrogen can also accel-
erate Ni to form small dislocation cells and dense dislocation
walls [52].

The dislocations with heterogeneous characteristics play an
important role in the deformation behaviors of materials. The
dislocation channels induce reverse x-b transformation in
TiNb-based alloys [58]. The dislocation cells and walls are
observed in TWIP steels during tensile deformation (Fig. 5b)
[60]. Fig. 5c shows the break of elongated dislocation cell bound-
aries during tensile deformation in martensite [66]. On the other
hand, the heat treatment for medium-Mn TRIP maraging steel
leads to the formation of austenite–martensite nanolaminate
microstructure, with a high density of dislocations in a0 marten-
site matrix (Fig. 5d) [65]. Strain partitioning is governed by the
interplay of dislocation slip, TRIP and TWIP effects during defor-
mation. Moreover, carbon atoms and high dislocation density
are employed to partition metastable austenite grains embedded
in a highly dislocated martensite matrix (Fig. 5e) [66]. It is also
reported that the addition of oxygen into certain HEAs can form
ordered oxygen complexes [110]. They change the dislocation
shear mode from planar slip to wavy slip, promoting double
cross-slip and even dipolar dislocation walls are developed dur-
ing deformation (Fig. 5f). Hence, the control of dislocations facil-
itates constructing inhomogeneous dislocation-based
nanostructures. However, the nucleation dynamics of these
nanostructures is complicated and require universal criteria.

Mechanical properties affected by dislocations
The as-extruded low-alloyed and rare-earth-free Mg alloys
achieve ultra-high YS and UTS of �443 MPa and �460 MPa
[55]. The strength and ductility can be balanced by adjusting
the extrusion parameters, corresponding to the control of dislo-
cation density and structures. In addition, a strong but ductile
Mn-rich steel is produced with an increased warm ductility over
100% owing to a dislocation-accelerated austenite reversion dur-
ing warm deformation [111]. Moreover, the nanoindentation
hardness of austenitic stainless steel can be enhanced about
30% by the dissolved hydrogen [51]. Because the shear modulus
is reduced with hydrogen charging, increasing the slip planarity
for hardening by dislocations.

Ultralow-carbon martensitic steels show higher YS due to the
tangled dislocations and dislocation cell structures by cold work-
ing [56]. Additionally, elongated a-Ti phase with high density of
tangled dislocation cells is observed in Ti-6Al-4V alloy by asym-
metric cryorolling, exhibiting a high UTS of �1.1 GPa and an
acceptable ductility of �10.1% [111]. Dislocation walls strongly
enhance the strain hardening behavior because its excellent
capability of hindering dislocations [59]. Hence, the TWIP steels
with dislocation substructures reach a high UTS of �1.1 GPa and
a large plasticity of �50% [60]. Furthermore, a multistage harden-
ing behavior is reported with the refinement of dislocation sub-
structures, optimizing a steel with a superior UTS of �1.6 GPa
and a great ductility of �55% [61].

On the other hand, the dislocation channels enable the strain
localization at dislocation channels or the intersections with GBs
[57]. Such localization triggers the phase transformation and
forms partitioned structure [58]. The heat treatment leads to
martensite-to-austenite reversion, which is the origin of strain
partitioning during tensile deformation. It increases the uniform
elongation from �2.4% to �17.1% while with little sacrifice of
the YS and UTS from �800 MPa to �665 MPa and from
�925 MPa to �900 MPa, respectively [65]. Moreover, by recovery
annealing of austenitic stainless steel, the recovered mobile dislo-
cations have a great contribution to the ductility of �5.2% [49].
However, the YS of �1055 MPa is not further improved although
tangled dislocations and dislocation cells are observed, indicat-
ing such dislocation substructures formed during recovery
annealing do not play a role in strengthening. It is also reported
that an unprecedented combination of high YS and ductility of
�920 MPa and �10% can be achieved for the ultrafine grained
121
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FIGURE 5

Dislocation distribution and structures. (a) Mn isosurfaces revealing the dislocations with Mn segregation, the small carbides nucleating in the dislocations
and the carbide embryo being formed at the intersection of two dislocations in medium-Mn steel [54]. Copyright 2018, Elsevier. (b) Details of the dislocation
substructure consisting of dislocation cells and high-density dislocation walls at a tensile strain of 30% in TWIP steel [60]. Copyright 2011, Elsevier. (c) The
break of elongated dislocation cells after tensile straining in the tempered martensite matrix [66]. Copyright 2017, AAAS. (d) Duplex structure with nanoscale
austenite (c) finely distributed in the a0 martensite matrix in medium-Mn TRIP maraging steel. The inset shows nanoprecipitates and high-density dislocations
in a0 martensite [65]. Copyright 2015, Elsevier. (e) The lamella austenite (light blue) embedded in tempered martensite matrix (yellow) [66]. Copyright 2017,
AAAS. (f) STEM image of O-2 HEA at 8% tensile strain (the red arrows indicate the dipolar walls) [110]. Copyright 2018, Springer Nature.
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316L steel [50]. It is pointed out that improved ductility is attain-
able by reducing the dynamic dislocation recovery rate.

Recently, a new kind of deformed and partitioned steel is
developed with high dislocation density, exhibiting a high YS
of �2.21 GPa and a uniform elongation over �15% [66]. Besides
the contribution of high dislocation density, dislocation cell and
wall structures, high YS is also assisted by solid solution, precip-
itation, twinning, grain refinement and strain partitioning.
Intriguingly, the ductility also comes from the high dislocation
density. The good ductility is ascribed to the glide of intensive
mobile dislocations and the TRIP effect. A breakthrough outcome
for HEAs is reported with both great YS of �1.11 GPa and elonga-
tion of �27.66% [110]. The ordered oxygen complex, which
induces a large density of dipolar dislocation walls assists the
excellent mechanical properties. Hence, comprehensive explo-
ration of dislocation-based strengthening and ductilizing mech-
anisms provides the opportunity to breakdown the strength-
ductility trade-off of materials. In terms of theoretical modeling
of dislocation structures such as dislocation channels, cells and
walls, traditional dislocation theory cannot describe the addi-
tional enhancement of materials by the complicated dislocation
structures. Not only dislocation density but also dislocation
structures should be taken into consideration for the develop-
ment of dislocation-based theoretical models.
122
Gradient grain refinement
Gradient grained structure is generally produced by several gradi-
ent deformation pathways such as surface mechanical grinding
treatment (SMGT), surface mechanical attrition treatment
(SMAT) and surface rolling. It may also induce the gradient of
dislocations, twins and stacking faults (SFs) etc. The microscopic
structural divergence of materials alters the macroscopic
mechanical performance due to the non-uniform deformation
behavior. The synergy of great strength of nano-grained region
and the good ductility of coarse-grained region promotes high
strength and high ductility of metallic materials.
Mechanical performance
The gradient structure is first successfully fabricated in copper
[35]. The gradient nano-grained film exhibits a YS of
�660 MPa, 10 times higher than that of coarse-grained counter-
part but with a small uniform elongation of <2%. However, the
combination of gradient nano-grained surface layer and coarse-
grained substrate in copper samples can obtain a YS of
�129 MPa, twice higher than coarse-grained copper, and a large
uniform elongation of �31%. The design of gradient nano-
grained layers is also effective in steels [36]. Gradient nanostruc-
ture provides an effective approach to leap out of the traditional



FIGURE 6

(a) The strength and ductility of gradient grained steel compared with their homogeneous counterparts [36]. Copyright 2014, National Academy of Science.
(b) Schematic representation of a sample with a gradient grained structure and variation of the hardness as a function of the depth from the surface before
and after straining [43]. Copyright 2016, Springer Nature. The inset of (b) shows the schematic stress state change during uniaxial tension in a gradient
grained structure [36]. Copyright 2014, National Academy of Science.
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“banana curve” for the trade-off between strength and ductility
(Fig. 6a). The gradient architecture exhibits a large uniform elon-
gation while the YS is of �2.6 times higher. Gradient grained
structure is also synthesized in nickel by direct-current electrode-
position [112]. The YS, UTS and uniform elongation for such gra-
dient grained nickel are �687 MPa, �1094 MPa and �4.5%
respectively. The total elongation reaches � 11% and an excep-
tional crack-growth toughness of 200 MPa.m½ is achieved. The
gradient-grained nickel displays a much-improved combination
of high strength and toughness compared to uniform grain-
sized nano-grained or coarse-grained counterparts.

Furthermore, gradient architecture can be combined with
other advanced strategies. For instance, the mutual effect
between TRIP and gradient grain distribution in austenite stain-
less steels can further increase the plasticity and simultaneously
maintain high strength [22]. The YS of �1.5 GPa and the flow
stress of 2 GPa are achieved during tensile deformation and the
uniform elongation is over 20%. On the other hand, the gradient
structure with TWIP effect can further improve the strength and
ductility [19,20]. The SMATed steel maintains an ultrahigh YS of
�2 GPa and a uniform elongation of �15%. The YS of pre-
torsioned steel is doubled without the sacrifice of ductility,
which is attributed to the gradient HNT structure. Moreover,
an extra strengthening and work hardening effect is realized in
gradient NT copper, with an ultrahigh YS of�485 MPa and a uni-
form elongation of �7% [113]. The successful combination of
advanced gradient and NT structures boosts this impressive
achievement. Hence, efficiently adopting various strategies may
further subvert the traditional strength-ductility dilemma.

Strain delocalization and hardening
The poor ductility of nano-grained metals is mainly attributed to
the lack of work-hardening behavior and hence results in the
early strain localization and failure. Accordingly, gradient struc-
ture can suppress the early occurrence of strain localization.
Because the gradient structure alters the deformation mechanism
to mechanically driven growth of nano-sized grains [35]. Besides,
the gradient structure exhibits elastically homogeneous but plas-
tically heterogeneous characteristics, which leads to a macro-
scopic strain gradient. The strain gradient converts the uniaxial
stress to multi-axial stresses owing to the incompatible deforma-
tion (the inset of Fig. 6b), which enables strain delocalization and
work hardening from coarse-grained region. Therefore, the spe-
cial stress distribution may enhance the nucleation and propaga-
tion of dislocations and induce an extra strain hardening [36].
Specifically, three deformation stages during uniaxial tensile
deformation of gradient grained metals have been revealed
[114]. In Stage I, the gradient grained materials deform elasti-
cally. In Stage II, the coarse-grained central layer begins to
deform plastically while the nano-grained surface layers still
deform elastically. Such incompatibility converts the uniaxial
stress into bi-axial stresses. Furthermore, two elastic/plastic inter-
faces exist and move toward surface with the increase of applied
strain. And stress and strain gradient appear, contributing to a
synergetic strengthening and back stress to raise the yield
strength. In Stage III, both coarse- and nano-grained layers
deform plastically. Unstable necking first occurs in the nano-
grained layers. However, necking is constrained by the stable
coarse-grained layer. A steep strain gradient occurs near the inter-
faces of the necking layers and the central stable layer, promot-
ing strain hardening capability via the accumulation of
geometrically necessary dislocations and back stress. In addition,
the necking/stable interfaces migrate from surfaces toward the
central layer, accompanied by the accumulation of high density
of dislocations, enhancing strain hardening rate and thus,
improving the ductility of gradient grained materials.

The inconsistent deformation behaviors lead to the mechani-
cal incompatibility. The hardness can be redistributed after
straining (Fig. 6b) [43]. The dislocation induced hardening in
coarse-grained layer and GB migration induced softening in
nano-grained layer are activated concurrently in gradient struc-
ture. Moreover, the great strain hardening capability also comes
from the generation of abundant geometrically necessary dislo-
cations in gradient grained layers due to the non-uniform defor-
123
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mation [37]. The strain hardening rate of gradient structure could
be as high as coarse-grained counterpart. By virtue of the superior
strength of nanograins, good ductility of coarse grains and gradi-
ent distribution, strain delocalization and extra strain hardening
are achieved to develop strong and ductile materials. Moreover,
with the combination of gradient and NT structures, a large
structural gradient allows for superior work hardening and
strength because the dislocation density can be tuned toward
an ultrahigh level [113]. Thus, the synergy of various gradient
types such as grain size gradient, twin density gradient and dislo-
cation gradient provides a pathway for excellent strength-
ductility design.

To quantitatively describe the structure–property relation of
gradient metallic materials, a series of theoretical models have
been developed. A dislocation density-based theoretical model
is developed to quantitatively investigate the mechanical behav-
iors and properties such as the yield strength, ductility as well as
the strain hardening of gradient grained metals [37,115,116]. A
dislocation mechanism-based crystal plasticity model is devel-
oped to describe the size-dependent mechanical behavior of gra-
dient grained materials [117]. Besides, Zhao et al. develop a
multiple mechanism-based constitutive modeling of gradient
grained material to evaluate the contribution of various strength-
ening mechanisms to gradient grained materials [118]. Further-
more, Zhu et al. develop theoretical models to describe the
effect of gradient grain size, bimodal grain distribution and gradi-
ent nanotwinning simultaneously on mechanical behaviors of
gradient-nanostructured materials [119–122]. Based on the
understanding of the underlying mechanisms contributing to
the improved strength-ductility synergy, quantitative optimiza-
tion strategies for the mechanical properties of gradient grained
materials could be achievable.
Nanostructured metallic glasses
Metallic glasses (MGs) are a class of metallic materials with disor-
dered arrangement of atoms, which is totally different from crys-
talline materials that showing periodic lattice structure. The
excellent strength of MGs has long been reported. However,
the poor ductility of MGs limits their application. Many
researchers are engaged in improving the ductility of MGs, in
which tuning the nanostructures of MGs has been identified to
be an effective pathway.
Microstructure of nanostructured MGs
Through physical vapor deposition via magnetron sputtering,
nanostructured MGs have been synthesized as thin film materi-
als in a variety of binary or multi-component alloy systems such
as Au-La, Fe-Si, La-Si, Pd-Si, Ni-Ti, Ni-Zr, Sc-Fe, Ti-P Fe-Sc, Pd-Si,
Zr-Pd, Ti-Zr-Cu-Pd, Cu-Zr-Al, Co-Al-Y-Ti and Au-Ag-Pd-Cu-Si-Al
[74]. As demonstrated in Fig. 7a [74], a typical nanogranular
structure is clearly characterized by scanning electron micro-
scope (SEM) for an Au-based nanoglass MG (NGMG). Moreover,
the transmission electron microscopy (TEM) micrograph (Fig. 7b)
confirms the formation of nanostructure with an average
nanogranule size of about 30 nm, of which the amorphous nat-
ure is further verified by selected area electron diffraction (SAED)
(the inset of Fig. 7b).
124
To further examine the structural characteristic of the Au-
based NGMGs in more detail, Chen et al. [123] have carried
out high resolution TEM (HRTEM) experiments as well. Studies
on HRTEM images observed maze-like patterns, that is typical
for an amorphous structure and thus both the nanograins and
the grain interfaces are confirmed to be glassy (Fig. 7c). In addi-
tion, the nano-beam electron diffraction (NBED) patterns
(Fig. 7d and e) from the nanograins and interface structure illus-
trate only a diffuse halo, also evidencing the amorphous nature.
However, it is interesting that the diffuse halo from the interfa-
cial region is remarkably broadened compared with nanograins,
implying the relatively less atomic-scale short range orders or less
dense atomic packing in the interface structure (Fig. 7d and e). In
the previous investigations, more compelling evidence for the
local variation of atomic-scale structure in nanostructured MGs
has also been found by means of the wide angle X-ray diffraction
[124]. The nanoglass and melt-spun glass are with the same
chemical compositions. The coordination number in the glass-
glass interfaces (GGIs) is reduced by about 20% compared to
those of melt-spun glass and the glassy grains of the nanoglass
(Fig. 7f). As indicated by Moessbauer spectroscopy, a volume frac-
tion of 35% of GGIs exists in the granular structure of Sc75Fe25
nanoglass produced by consolidating Sc75Fe25 glassy clusters at
a pressure of about 4.5 GPa [81].

Mechanical properties of NGMGs
Based on the previous experimental and computer simulation
studies, it has been shown that NGMGs, a new type of amor-
phous materials with inhomogeneous microstructure, consist
of nanometer-sized glassy regions interconnected by GGIs
[73,74]. In particular, the atomic structure in these interfacial
regions with a reduced packing density differs from the ones in
the glassy regions, which usually results in a large structural
heterogeneity (or free volume) which is uncommon in conven-
tional MGs obtained by rapidly cooling of supercooled metallic
liquids. By comparison, the trigger of shear band associated with
rearrangements of group of atoms, i.e. shear transformation zone
(STZ) upon loading is easier in NGMGs because of the existence
of GGIs. On the other hand, the propagation of shear bands can
however be pinned or bifurcated by the surrounding harder
glassy granules, preventing the material from catastrophic failure
even in tension testing. As a result, multiple shear bands form in
the nanostructured MGs, leading to remarkable plastic strain
even under tensile condition. For example, by performing in-
situ TEM compressive and tensile tests on NGMGs and melt-
spun Sc75Fe25 MGs, Wang et al. [79] found that the nanostruc-
tured samples exhibit large plasticity, whereas the melt-spun
MGs with monolithic microstructure usually fail without a sig-
nificant plastic strain. As illustrated in Fig. 8a, a distinct plastic
yield can be observed following the initial linear elastic deforma-
tion for a 300 nm nanoglass. When the test stopped at a prese-
lected strain of 50%, the sample had undergone a strain of
�43% in the axial direction and �35% in the transverse direc-
tion (Fig. 8b). By comparison, the monolithic MG pillar exhib-
ited purely elastic behavior and a dramatic stress drop, followed
by another catastrophic stress drop (Fig. 8a and c).

Furthermore, the tensile plastic strain of the NGMG is remark-
ably enhanced to as high as 15% in contrast to the conventional



R
ES

EA
R
C
H
:
R
ev

ie
w

FIGURE 7

(a and b) The SEM and bright-field TEM images showing the surface morphology of an Au-based NGMG synthesized by inert gas condensation. The inset in
(b) is the corresponding SAED pattern [74]. Copyright 2017, Elsevier. (c) HRTEM image illustrating the interfaces between glassy particles [123]. Copyright
2013, IOP Publishing. (d and e) The typical nanobeam diffraction (NBD) patterns of the GGI and glassy nanograins, respectively [123]. Copyright 2013, IOP
Publishing. (f) Comparison of the radial distribution function (RDF) of the melt-spun MGs and NGMGs of Fe90Sc10 [124]. Copyright 2012, AIP Publishing.
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glassy alloys with same chemical composition, while the signifi-
cant necking phenomenon can be observed (Fig. 8d and 8e).
Additionally, the rotation and/or stretching of glassy grains dur-
ing deformation might also contribute to the tensile ductility for
this new amorphous metallic materials [74].

Size effects on mechanical properties of NGMGs
For polycrystalline alloys, granular size has been known to be
one of the essential factors controlling their mechanical behav-
iors. Typically, the strength of polycrystalline materials increases
with the decrease of grain size. In view of this, it is very interest-
ing to examine the interior length scale effects on the mechani-
cal properties of NGMGs since it possesses a unique
nanogranular structure. According to MD simulations [78], the
granular size does play an important role on strength of NGMGs.
The smaller the nanogranules, NGMGs become softer and then
ductile. That is, an inverse Hall–Petch effect emerges as the gran-
ular size falls into the range of a few to several tens of nanome-
ters. Moreover, below a critical grain size, NGMGs are found to
gradually undergo homogeneous deformation instead of inho-
mogeneous one.

Experimentally, by performing in-situ micropillar compres-
sion tests on a NGMG, it is reported by Wang et al. [125] that
the sample size can significantly affect their YS and deformation
mode (Fig. 9a and b). Owing to the intrinsic length scale related
to the plasticity initiation, one can observe the increase of YS
with the decrease of sample size from �300 nm to �100 nm
(Fig. 9a). When the sample size further reduces to 100 nm or
below, it becomes very difficult for shear band nuclei to grow
into shear bands on account of the limited free space in the
nanometer-scale samples. Consequently, the nanoglass exhibits
a uniform deformation associated with multiple shear bands dur-
ing the compression tests (Fig. 9a and b). The interfacial region
with reduced density (or excess free volume) serves as a preferen-
tial site for the initiation of embryonic shear band, which can
develop into mature shear band when a critical incubation size
125
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FIGURE 8

Mechanical tests of Fe-Sc nanoglass and the monolithic MG [79]. Copyright 2015, Elsevier. (a) The compressive stress–strain curves obtained from micro-
compression tests. The post-morten TEM images of (b) NGMG pillar and (c) monolithic MG pillar. The stress drops marked by A, B, C in (a) correspond to the
shear offset appearing on the free surface of pillar in (c). (d) The tensile stress–strain curves of the nanoglass and monolithic MGs. (e) The frames extracted
from the recoded movie for the Fe-Sc NGMG, showing the occurrence of plastic deformation during the in-situ tensile in TEM (the inset of (e) is the
corresponding SAED pattern).
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scale linc is reached (Fig. 9c and 9d). Hence, exploiting the nanos-
tructures of MGs shed a light on the improvement of compre-
hensive mechanical properties.

Nevertheless, it is worth noting here that the Fe-Sc nanoglass
samples studied respectively by Gleiter et al. [72] and by Wang
et al. [79] show a similar ductility but are seen to vary dramati-
cally in the shape and GGI thickness in the nanoglassy structure.
Therefore, it indicates that there should be another key factor,
e.g. nanoglassy grain size, controlling the plastic deformation
of Fe-Sc nanoglass. The size effect of crystalline metal is ascribed
to the interplay between the intrinsic size such as the grain size
or twin spacing and the extrinsic size such as the sample size
or deformation field [126]. Despite the lack of crystalline defects,
MGs also exhibit similar strength size effect, which has been
rationalized as size-dependent shear band nucleation that
involves a critical length scale triggering the autocatalytic growth
of nanosized shear band embryo [127,128].

In theory, one can envision that if the ductility of a MG is
associated with the shear banding-induced plastic deformation,
126
a larger critical length scale is anticipated for the initiation
and/or propagation of embryonic shear band, leading to a dis-
tributed shear banding rather than shear instability that causes
catastrophic failure [126,129]. The nano-scale glassy grain is ben-
eficial for the nucleation of homogeneous-like shear band when
its size is smaller than the critical length scale. Based on this
model, the size reduction induced ductility observed by Greer
et al. [130] can also be reasonably interpreted. For example, when
the sample size is small enough, a sample surface effect would
come about once the local plastic zone, e.g. STZ or shear band
nuclei grows to a sample surface before reaching the critical
length scale for macroscopic shear instability.

Since shear banding behavior is one of the most important
deformation characteristics for MGs, many efforts about theoret-
ical modeling have been made to quantitatively describe shear
banding and thus, figure out the structure–property relation of
MGs. For example, a coupled thermo-mechanical model is pro-
posed with the consideration of the momentum balance, the
energy balance and the dynamics of free volume [131]. In addi-
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FIGURE 9

Mechanical tests and Schematic representation of shear band nucleation for NGMG [125]. Copyright 2016, Elsevier. (a) The compressive stress–strain curves
for Sc75Fe25 NGMG pillar. (b) The frames are extracted from recorded movies for (I) 2 lm; (II) 300 nm; (III) 160 nm; (IV) 95 nm NGMG pillars, respectively. (c)
Schematic illustration of shear band nucleation and formation in NGMG: as the requirements for quantity and orientations have been reached, a series of flow
defects will develop into a mature shear band in NGMG sample. linc represents a critical incubation size scale for mature shear band. (d) The existence of a
large number of GGIs benefits for shear band nucleation and the subsequent multiple shear banding in the NGMG.
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tion, a non-local and finite-deformation-based constitutive
model is developed to study the size effect of shear localization
process observed in experiments [132]. In recent years, the
non-local constitutive model is further developed to analyze
the ductility enhancement mechanism of NGMGs [78] and the
tensile deformation of NGMG-MG laminate composites [133].
The progress for theoretical modeling of NGMGs is still very lim-
ited, which may be attributed to the complexity of amorphous
structure. Using experimental characterization and MD simula-
tion approaches to deepen the understanding of key microstruc-
ture information may promote the development of constitutive
models for NGMGs in future.
Supra-nano-dual-phase nanostructuring
The material strengthening methods are usually known as ‘grain/
interphase boundary strengthening’, ‘twin boundary strengthen-
ing’, ‘solid solution strengthening’ and ‘precipitate or dispersed
reinforcement particle strengthening’, of which the ‘grain/inter-
phase boundary strengthening’ is most widely used. In this sec-
tion, a series of special dual-phase nanostructured materials
with the structural unit sizes below sub-10 nm are introduced.
The intrinsic size effect greatly changes the mechanical behav-
iors of materials.

Supra-nano-dual-phase glass-crystal (SNDP-GC) metallic
materials are composed of nanocrystalline and glassy phases.
The length scale effects of crystals and MGs influence the
mechanical behaviors and properties of SNDP-GC materials.
The in-depth studies unveil that compared to the nano-sized
structural units (<100 nm), the mechanical behaviors and prop-
erties of materials with the structural units between 1 nm and
10 nm are totally different. Superior mechanical properties of
many new nanostructural metallic materials benefit from the
structural units within the size range of 1�10 nm. Thus, we pro-
pose a new term of ‘supra-nano’ to describe this family of new
nanostructural metallic materials, referring to the materials hav-
ing structural units within 1�10 nm.

Supra-nano classifies a generic size zone of microstructures to
achieve excellent mechanical property. Multiple phases of supra-
nano sized MGs and crystals could be tuned to design high-
performance materials. To date, five representative types of SNDP
nanostructures have been observed. As summarized by a series of
brief schematic diagrams shown in Fig. 10, Type 1 is composed of
supra-nanocrystal & supra-nano glass; Type 2 is composed of
supra-nano glass & glass-glass interface, with different atomic
packing structure and/or composition; Type 3 is composed of
supra-nano glass & supra-nano glass, with different atomic pack-
ing structure and/or composition; Type 4 is composed of supra-
nanocrystal & secondary element/structure enriched GB; Type 5
is composed of supra-nanocrystal & supra-nanocrystal, with dif-
ferent crystalline structure and/or composition. Note that the
attainable SNDP nanostructures may not just be limited to these
types. Hereafter, five representative examples are briefly intro-
duced corresponding to five types of SNDP nanostructures.

A Mg-based SNDP-GC [71] reported in the year 2017 is type 1.
This magnesium-based alloy exhibits an ultrahigh strength of
3.3 GPa, reaching the near-ideal strength of E/20, where E is
the Young’s Modulus of the material. As shown in Fig. 11a,
researchers used a secondary supra-nano amorphous phase to
replace the ordinary GB structure, which shows 6-nm MgCu2

nanograins dispersed uniformly in the Mg69Cu11Y20 amorphous
matrix, with a nanocrystal volume fraction of �56%, revealing
the MG/nanocrystalline dual-phase structure. In this way, the
GB sliding/rotation mechanism of the supra-nanocrystals is
impeded. Instead, the deformation mechanism of this Mg-
based SNDP-GC is the multiple embryonic shear banding associ-
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FIGURE 11

(a) HRTEM image of the Mg-Cu-Y SNDP-GC [71]. Copyright 2017, Springer Nature. The inset is an FFT image of the MgCu2 nanocrystal marked by the dashed
line, oriented to the [114] zone axis. (b) HRTEM image of the Sc-Fe nanoglass [79]. Copyright 2015, Elsevier. The inset is the SAED pattern recorded from the
region shown in (b). (c) APT image of the Cu-Zr nanoglass showing segregation of Zr in the range of 5–6 nm [135]. Copyright 2017, Elsevier. (d) APT image
of the Ni-14.2 at.% Mo alloy showing distributions of Ni and Mo in the sample annealed at 500 �C [45]. Copyright 2017, AAAS. (e) Microstructure of the Al-5.9
at.% Fe alloy showing high-density 9R, coherent twin boundaries (CTBs) and SFs [106]. Copyright 2018, John Wiley and Sons.

FIGURE 10

The schematic diagrams of supra-nano (all phases with the intrinsic length scale smaller than 10 nm), and five representative types of SNDP nanostructures
synthesized in experiments. “SNC” is the abbreviation of “supra-nanocrystal”. Black and red circles represent different elements.
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FIGURE 12

Development of high strength structural alloys in the 21st century. The
strengths (r) of the materials are compared with their near-ideal value E/20
(E is the Young’s modulus of a material).
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ated with division and rotation of the nanocrystals. Note that
some of the crystal-crystal interfaces of SNDP-GC alloy seem
not to be amorphous (Fig. 11a). This is mainly caused by TEM
sample thickness effect that some of the crystal-crystal interfaces
are not in edge-on condition. Therefore, a large volume fraction
of crystals induces crystal overlap. In fact, the amorphous phase
keeps a maze-like pattern.

In the year 2015, from a view of length scale, a Sc-Fe NGMG
reviewed above is composed of �10 nm sized glassy grains and
�1 nm thick GGI (Fig. 11b) [79], which can be seen as SNDP type
2. The 400 nm Sc-Fe nanoglass exhibits a plastic strain of �15%
under uniaxial tension, which is unprecedented among MGs of
similar sample size. The outstanding plasticity of the nanoglass
is originated from sub-embryonic shear bands generated from
the GGIs. The detailed deformation mechanisms have been
introduced in the previous content. The homogeneous flow of
MG usually appears only below the size of 100 nm [134]. By
supra-nanostructure design, the critical size for homogeneous
plastic deformation surprisingly increased to 400 nm.

In the year 2017, a Cu-Zr nanoglass composed of Zr-enriched
and Cu-enriched regions with the size of �6 nm was fabricated
by magnetron sputtering assisted inert gas condensation method
(Fig. 11c) [135], which can be regarded as SNDP type 3. Homoge-
neous deformation was observed in nanoglasses during indenta-
tion whereas the melt-spun ribbons deformed by shear bands.
The homogeneous deformation is attributed to high free volume
in supra-nano GGIs. It has been reported that under indentation,
mature shear banding behavior prevails plastic deformation for
MG, which results in either localized 10�20 nm-thick shear
bands or crystallized nanocrystals near the shear bands. GGIs
turn mature shear banding behavior into homogeneous plastic
deformation for MG. The homogeneous deformation of Cu-Zr
nanoglass will provide profound implications in high impact
and wear circumstances.

In the same year, the aforementioned extremely fine grained
Ni-Mo alloy which is composed of supra-nanocrystals and Mo
segregated GBs was fabricated by direct current electrodeposition
and heat treatment (Fig. 11d) [45], which can be regarded as
SNDP type 4. The stabilized GBs prevent the softening effect of
supra-nanocrystals and promote the alloy to achieve an ultra-
high hardness of 11.35 GPa. Such SNDP nanostructure subverts
the reverse Hall–Petch effect. The GB softening effect is elimi-
nated successfully. In Ni-Mo alloy, Mo segregated in the GBs after
annealing, which changes the lattice parameters and thus, over-
comes the GB sliding/grain rotation related softening owing to
GB stabilization. Therefore, by tailoring GBs at supra-nano scale,
the Hall–Petch relation is also effective even below the grain size
of 10 nm.

In the year 2018, a NT Al-Fe alloy with 9R phase composed of
�4 nm sized columns was fabricated by magnetron sputtering
(Fig. 11e) [106], which can be regarded as SNDP type 5. The dis-
torted 9R phase facilitates strain hardening and compensates
the grain coarsening induced softening upon loading, which
results in a plateau ultrahigh true stress of more than 1.5 GPa
during compression.

Fig. 12 shows the development milestones of the structural
alloys in the 21st century. It shows that researchers have paid
efforts to increase the strength of alloys. The advanced strategies
include nano-gradient structure design [136], nanotwinning
[2,106] or hierarchically nanotwinning [19], nanoparticle
[137,138] or nanoprecipitation reinforcement [90], dislocation
engineering [66], GB engineering [45] and SNDP nanostructuring
[71]. Some strategies are employed to fabricate materials with
high strength as well as good ductility, and others effectively
improve the strength to an ultrahigh value. The development
of new materials become very fast (especially from 2014 as
shown in Fig. 12). We do believe that more supra-nano materials
will be developed in the near future via the smart combination of
supra-nano crystalline and/or glassy phases.

SNDP nanostructures could be regarded as a series of compos-
ite structures. In fact, many theoretical models have been devel-
oped to describe the mechanical behaviors and properties of
composite metallic materials, in which MG matrix composites
are paid much attention because the inclusion of toughening
crystalline phases into MG matrix can improve the plasticity of
MGs (crystalline/amorphous dual-phase). For example, based
on the extended free volume model and unified visco-plastic
model for MGs and crystals respectively, a meso-mechanical con-
stitutive model is proposed to predict the tensile and compres-
sive deformation behaviors of MG matrix composites with
toughening phases [139]. A modified thermo-mechanical cou-
pled constitutive model is developed to predict the effects such
as the volume fraction and mechanical properties of particles
and strain rate on the mechanical behaviors and properties of
MG matrix composites [140]. Utilizing free volume model and
Ludwik flow equation for MGs and crystals respectively, a
micromechanical multi-phase model is developed to address
the mechanical behaviors of MG matrix composites, with the
consideration of TRIP effect [141]. On the other hand, based
on strain gradient theory, a micromechanical model is proposed
to simulate the stress–strain relationship, strain hardening rate
and creep strain rate of dual-phase equiaxial nanocrystalline
Ag-Cu alloy (crystalline/crystalline dual-phase) [142]. Although
the theoretical models have been verified to be effective for the
description of the composite structures that similar to SNDP
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nanostructures, the special supra-nano length scale significantly
changes the mechanical behaviors of SNDP materials compared
with the conventional composite ones. Thus, these theoretical
models may need further development to accurately describe
the mechanical behaviors for each phase alone as well as the
interaction between phases at supra-nano scale.
Other strategies for high-performance structural
materials development
Nanoprecipitation
The formation of nanosized precipitates is one of the favorable
approaches to improve the mechanical performance of materials.
Because the nanoparticles can impede and accumulate disloca-
tions or other defects, enabling work hardening. Such strategy
has been employed to produce high-performance steels. For
example, the nanoprecipitate-hardened high-strength steels
achieve a UTS of 1.3�1.5 GPa and an unexpected good total
elongation of 10�21% [143]. In particular, the increased elonga-
tion is attributed to the nanoprecipitates which trigger the Oro-
wan hardening mechanism. Recently, a kind of steel with high-
density nanoprecipitates exhibits an ultrahigh strength of
�2.2 GPa and good ductility of �8.2% [90]. The lattice misfit
between the nanoprecipitates and the surrounding matrix is
minimized, decreasing the nucleation barrier for nanoprecipita-
tion. Besides, the high cut stress of dislocations through coherent
nanoprecipitates, which comes from the chemical ordering
effect, accounts for the strengthening behavior. It is also reported
that the carbide precipitation hardening in steels can adjust the
recrystallization kinetics, realizing YS of �1.25 GPa and UTS of
�1.39 GPa with a uniform elongation of �32% and a total elon-
gation of 43% [144]. On the other hand, co-precipitation behav-
ior in steels has been paid much attention. For example, a steel
with nanoscale NiAl and Cu precipitates shows UTS of
�1.9 GPa with a total elongation of �10% [145]. Co-
precipitation could be a new pathway to design advanced steels
[146].

As new promising materials, MEAs and HEAs possess a lot of
surprising mechanical and physical properties. However, most
HEAs with single-phase FCC structure is not strong enough for
practical applications. Thus, nanoprecipitation in HEAs is gradu-
ally exploited to obtain desirable mechanical properties. A
FeCoNiCr-based HEA is successfully strengthened by coherent
nanoscale precipitates, showing a high UTS of �1.3 GPa and a
good total elongation of 17% [147]. Also, the heterogeneous pre-
cipitation behavior in MEA is reported [91]. Precipitation harden-
ing aids the strengthening of MEAs with YS of �750 MPa and
UTS of �1.3 GPa, meanwhile a large plasticity of �45% is
maintained.

Recently, a new kind of FeCoNi-based alloy achieves high YS
of �1.0 GPa, UTS of �1.5 GPa and a good ductility of �50%
[148]. Highly alloying with Ti and Al additions leads to the for-
mation of high-density ductile multicomponent intermetallic
nanoparticles. Such complex alloy system exhibits an unusual
multistage work-hardening behavior, resulting from pronounced
dislocation activities (especially high-density dislocation walls)
and deformation-induced microbands. With the aid of these
microstructures, no strength-ductility trade-off and plastic insta-
130
bility occurs until the tensile strain reaches over 50%. The con-
trollable introduction of multicomponent intermetallic
nanoparticles into alloys promotes a new way for advanced struc-
tural materials design via nanoprecipitation. Note that the
microstructure is similar with “type 5” SNDP structure as shown
in Fig. 10, except the intrinsic size is larger than 10 nm. Hence,
high-density supra-nano precipitation may further improve this
kind of advanced materials.

It has long been known that nanoprecipitates in a material are
thought to serve as obstacles to dislocation glide and cause hard-
ening of materials. However, this strengthening mechanism is
hard to explain the large ductility of high-density nanoprecipita-
tion strengthened materials. The latest achievement by Peng
et al. discover that nanoprecipitates can act as a unique type of
sustainable dislocation source at sufficiently high stress [149].
Both strength and ductility are enhanced because a dense disper-
sion of nanoprecipitates simultaneously serve as dislocation
sources and obstacles, leading to a sustainable and self-
hardening deformation mechanism.

Phase transformation
Phase transformation induced plasticity has been widely utilized
in various materials. Some of the high-performance materials
mentioned above also thank to the phase transformation mech-
anism (TRIP effect), which is beneficial for the plasticity and
strain hardening. For instance, the plasticity of conventional
steels can be increased by TRIP effect, due to the deformation
induced austenite to martensite transformation [66,150] and
such mechanism also works in HEAs [25]. Besides, the phase
boundaries create new obstacles for dislocation movement,
which provides strain hardening. Both heat treatment and
mechanical processing techniques can tailor these microstruc-
tures to optimize the strength-ductility synergy.

Titanium alloy is a representative engineering material which
has different allotropic modifications. Alloying, as well as various
thermal andmechanical treatments of titanium alloys give rise to
the optimization of nanostructures and properties via phase
transformation. A kind of low-cost nanostructured b-type tita-
nium alloy with higher strength than all the known commercial
counterparts has been successfully manufactured [151]. The
phase transformation leads to the formation of hierarchical
nanostructures, which could be strength encouraging. Thus,
the detailed understanding and control of phase transformation
mechanism are important and recently some impressive out-
comes can be found [152]. Additionally, the reversible phase
transformation behavior is also very important for the practical
application of materials [153], one of which is the reversible
phase transformation between austenite and martensite [154].
It is essential for the design of shape memory alloys [155,156].
Of course, phase transformation behavior extensively exists in
various material systems. The design of high strength and high
ductility materials via phase transformation is also one of the
state-of-the-art strategies.

Additive manufacturing
Different from the conventional processing pathways based on
materials removal methods, additive manufacturing (AM) is
based on a discipline of material incremental manufacturing.
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With the advancement of AM technology in recent years, the
density and quality of AM-produced parts are improved. The
density of additively manufactured metals is now comparable
to the ones synthesized by conventional process and become
applicable in industry. Moreover, the microstructures of materi-
als produced by AM are tunable. Thus, AM gradually becomes a
powerful technique to fabricate nanostructural metallic
materials.

One of the most popular additively manufactured metallic
materials is titanium alloy. A kind of high strength titanium alloy
produced by laser metal deposition achieves a fine grain size
[157]. Microstructures can be tailored by synergistically engineer-
ing the solidification and subsequent eutectoid decomposition
behaviors. Manufactured by selective laser melting, b-type tita-
nium alloys exhibit high strength and good ductility because
of TRIP and TWIP effects [158,159] and twinning also benefits
the fatigue property of titanium alloy [160]. 316L stainless steel
can also be produced by AM, showing interesting microstruc-
tures and superior mechanical properties. Dislocation networks
are observed in the 316L stainless steels fabricated by selective
laser melting [161]. The dislocation network can slow down
the dislocation motion and promote strong twinning behavior
during plastic deformation. During laser powder-bed-fusion
manufacturing of 316L stainless steels, the solidification-
enabled cellular structures, low-angle GBs and dislocations form,
greatly contributing to the enhancement of dislocation pinning
and twinning behaviors [23]. Both crystallographic texture and
grain size can be tuned in 316L steels produced by selective laser
melting [162]. Optimizing crystallographic texture can promote
deformation twinning. Recently, high-performance CoCrFeNi
high-entropy alloy with nanotwins and precipitates is achieved
by 3D ink-extrusion printing [163].

On the other hand, a lot of research work focuses on the
exploration of MGs synthesis by AM. For instance, Wu et al. cus-
tomize an ultrasonic bonding method to manufacture bulk MGs
additively from Ni-based MGs strips [164]. The thermal proper-
ties almost do not change while the hardness and elastic modu-
lus of such Ni-based MGs are improved compared with the
original MGs strips. An Fe-based bulk MG larger than the critical
casting thickness is successfully fabricated by selective laser melt-
ing, with mechanical properties rivaling that of their cast coun-
terparts [165]. Intriguingly, nano-grain clusters are observed
sparsely distributed in the amorphous matrix. It provides a prob-
ability to fabricate crystalline/amorphous dual-phase metallic
composites. A Zr-based bulk MG produced through laser
powder-bed-fusion displays decreased strength while maintain-
ing good wear property compared with casting ones [166].
Besides, another kind of Zr-based MG is built on Ti-6Al-4V sub-
strate by laser foil printing [167]. Its glass transition temperature,
crystallization temperature, micro-hardness, and tensile strength
are very similar to the conventionally processed counterpart. The
printed MG strongly binds with and the Ti substrate. As men-
tioned above that AM techniques such as magnetic sputtering
and pulsed electrodeposition can be employed to synthesize
nanostructured MGs. Nevertheless, the available AM techniques
for the synthesis of nanostructured MGs are still very limited.

In a word, researchers are capable of tailoring various
microstructures in metallic materials by AM. However, precise
nanostructure design via AM still has a long way to go. Quantita-
tively optimizing nanostructures in crystalline materials, intro-
ducing nanostructures into MGs and constructing crystalline/
amorphous combined materials are all attractive topics for AM
of advanced nanostructural metallic materials.
Machine learning
We also would like to appeal the application of machine learning
for the design of high-performance nanostructured materials. To
date, most scientists are focusing on finding new advanced mate-
rials [96,168–170] and predict their diverse properties [171]. By
virtue of large materials database, machine learning can envision
the key factors for various materials such as the melting temper-
atures, the formation enthalpy, chemical compositions and band
gap energies. Recently, machine learning is being employed to
study GBs [97,98]. Since a large amount of data is available owing
to the long-time systematic studies on the nanostructures in crys-
talline materials, machine learning should be very suitable for
the advanced materials design via the consideration of the char-
acteristics of nanostructures such as nanotwins, SFs, dislocations
and GBs.

Extracting knowledge from huge data by human beings could
be incomplete and time-consuming, which can be reconciled by
computers. Databases serve as resources for predictive modeling
and design. This relies on the development of machine learning
methods which enables the establishment of accurate models
quickly and automatically. Although great success has been
achieved by machine learning, especially for manufacturing
new alloys by tuning chemical compositions. Machine learning
based development of superb structural metallic materials via
nanostructure design is still in its infancy. In particular, a set of
attributes that describe the nanostructures in materials for data
training and a machine learning algorithm to map structural
attributes to properties need to be developed to accelerate the
reliable design of high-performance materials.
Conclusions and perspectives
From the perspective of the relationship between specific
strength and ductility (Fig. 13), it can be found that most of
the high-performance steels contain HNT structures. Notably,
the specific strength of high-order HNT pure silver even exceeds
that of gradient copper. It should be emphasized that other
advanced nanostructures such as gradient structure and disloca-
tion architectures are also utilized with HNT in a material. For
the MEAs and HEAs, not only the types and quantities of ele-
ments dominate the mechanical properties, appropriate micro-
alloying and nanostructure design also play a non-negligible
role. Introducing high-density multicomponent intermetallic
nanoparticles and ordered oxygen complexes into MEAs and
HEAs greatly enhance the mechanical properties. On the other
hand, the manipulation of amorphous heterogeneity is a major
nanostructuring pathway while far from explored and under-
stood. Nanoglass shows the possibility of fabricating multiphase
MGs. Fig. 14 summarizes some superior nanostructures to
achieve mechanically high-performance materials with the cor-
responding processing techniques and strengthening
mechanisms.
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FIGURE 13

A map showing the specific strength and ductility of the advanced
nanostructured materials reviewed in this paper (Hollow, solid, half right
solid and ‘�’ center scatters represent steels, medium and high entropy
alloys, Sc75Fe25 nanoglass and pure metals, respectively. “DE” represents
“dislocation engineering”.).
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Appropriate nanostructure design has been demonstrated
beneficial to reverse the strength-ductility trade-off. For crys-
talline materials, the construction of complex NT architecture
FIGURE 14

An overall flowchart of some representative nanostructures achieving superio
strengthening mechanisms.
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is a direction worth exploring. More efficient work-hardening
capacity could be accessible with the optimization of the intrin-
sic structural parameters such as the spatial distribution, the twin
orders and the combination of HNT thicknesses. Certainly, some
other strategies such as (1) tailoring the stability of boundaries or
interfaces, (2) optimizing dislocation-based architectures, (3) fab-
ricating gradient nano-grained structure, (4) adjusting the vol-
ume fraction, the composition/structure and the diversity of
nanoprecipitates, and (5) designing phase transformation based
allotropes also need further studies. On the other hand, the struc-
tural heterogeneity of MGs gives rise to the strain/stress delocal-
ization, leading to the plasticity of MGs. However, in order to
answer the question of how to control the microstructure/
heterogeneity (such as the fraction, characteristic size and distri-
bution of free volume) in MGs, the fundamental knowledge of
the atomic relaxation behaviors need to be further clarified.

In this review, several types of supra-nano materials are intro-
duced. Each kind of structure contributes to extraordinary
mechanical properties, of which, the SNDP-GC with the ‘perfect’
crystalline and amorphous phases contributes to the near-ideal
strength. The good mechanical properties of materials are the
basis of device design. For example, the flexible electronic devices
or micro-electromechanical systems (MEMS) require materials
possessing high strength and deformation capacity. The SNDP-
GC film with near-ideal strength and large deformation capacity
will be a promising material applied in these areas. Besides, high-
r mechanical properties with the corresponding processing pathways and



FIGURE 15

A schematic diagram showing some representatives of chemical, physical
and topological heterogeneity in metallic materials.
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performance magnetic and catalytic materials usually have
crystalline-amorphous composite structure [172–176]. Further-
more, superconducting materials are usually made up with ‘per-
fect’ crystalline structure [177,178]. Supra-nanostructuring may
provide a way to develop new materials with extraordinary
mechanical, magnetic, electronic, superconductive or catalytic
properties.

The thermal and mechanical instability of GBs in polycrys-
talline metals induces grain growth, rotation or migration that
undermine the mechanical properties. These phenomena may
be eliminated in the SNDP-GC structure. Because the heteroge-
neous interface between supra-nano crystals and MGs may form
particular short-range order structures that different from the
interior region of MGs [179]. Such unique topological structure
at interface subsequently improves the thermal and mechanical
stability of SNDP-GC structure, such as impeding grain growth/
rotation and crystallization of MGs [180]. Thus, the advanced
SNDP-GC nanostructure design may break through the applica-
tion bottleneck of conventional nanostructured metal materials.
Nevertheless, what needs to be pointed out is that the studies on
this new class of structural nanomaterials is still staying at a very
preliminary stage and some important issues can be proposed,
such as designing stable heterogeneous interfaces and under-
standing the deformation mechanisms of different supra-nano
materials, coupled with intrinsic size effects and plasticity of
amorphous phase.

All the progresses made in the research area of structural
metallic materials, as reviewed in this paper, can be classified as
chemical, physical and topological heterogeneity (Fig. 15).
Heterogeneity engineering can effectively improve mechanical
properties of metals by enhancing the behavior of strain delocal-
ization [181]. Recently, the universal chemical heterogeneity of
the HEAs is unraveled [182]. The researchers reveal a pronounced
chemical heterogeneity, leading to an increase of SFE and thus,
significantly enhances the dislocation induced physical hetero-
geneity and obtain outstanding mechanical properties. On the
other hand, manipulating the short and medium range order
of atoms in MGs varies their deformation behavior and improves
ductility. Beyond topological heterogeneity, chemical hetero-
geneity increases the difficulty for cavitation initiation, leading
to a high toughness [183]. Besides, through room temperature
cyclic deformation, physical heterogeneity can be introduced
into aluminum alloys by injecting vacancies [184], consequently
mediating solute precipitation and enhance strength and elonga-
tion. Glass-crystal dual-phase composite materials usually have
chemical heterogeneity [42]. In addition, topological hetero-
geneity also exists, especially at the interfaces between two
phases. By tuning the heterogeneities at nanoscale, unprece-
dently strong magnesium alloy [71] and advanced aluminum
alloy with high strength and high ductility are successfully devel-
oped [185]. The nanocrystal-glass interface in this advanced alu-
minum alloy facilitates ultrahigh strength by impeding
dislocation propagation among nanograins and the flow behav-
ior of the nano-sized MG phase results in increased plasticity.

The understanding of the relationship of structure–property-
mechanism for materials has been further deepened. Still some
key points of particular interest for future research are outlined:
1. Beyond exploring the relationship of structure–property-mec
hanism, systematically constructing the relation between
structural characteristics and fabrication conditions is essen-
tial to realize controllable adjustment of mechanical proper-
ties via the precise regulation of nanostructures.

2. The formation mechanisms of various nanostructures either
by top-down or bottom-up approaches, should be firmly clar-
ified to establish general nanostructure preparation theories.
A series of key parameters are expected to be found and used
to determine/tailor the formation ability of nanostructures,
accelerating the development of high-performance nanos-
tructural metallic materials.

3. Experimental characterization, computer simulations and
theoretical modeling of the strength and ductility enhance-
ment mechanisms still need further exploration, especially
for the newly developed nanostructures such as HNTs, nanos-
tructured MGs, supra-nanostructures.

4. Many advanced processing techniques can introduce various
nanostructures into one material. The comprehensive under-
standing of the interplay of these nanostructures may aid
the development of multi-structure optimization strategies,
further optimizing the mechanical properties of materials.

5. With the knowledge of the relationship of fabrication-struc
ture–property-mechanism, it is essential to advance the exist-
ing techniques and develop new manufacturing technology
particularly aiming to meet the needs of industrial
manufacturing.

In a word, the synthesis of advanced structures is an effective
way to produce high-strength and high-ductility materials. In
particular, developing modern techniques to introduce multiple
advanced nanostructures into one material could further
improve the overall mechanical properties. Furthermore, it is just
the beginning of the era of supra-nano materials [186]. We firmly
believe that the supra-nano dual-phase or even multi-phase sys-
tems can further enrich the nanostructure design approaches,
such as simultaneously taking advantage of the intelligent design
of crystalline/glassy phases and utilizing the potential synergies
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between them, especially through a rational coupling of chemi-
cal distribution, physical structures and topological configura-
tions. Many other materials in this new material family will be
developed in the near future.
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