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Mechanical properties and
deformation mechanisms of gradient
nanostructured metals and alloys

Xiaoyan Li®', Lei Lu®?, Jianguo Li

Many biological materials exhibit spatial gradients in the
local chemical composition or constituents and/or struc-
tural characteristics'. Such spatial gradients improve
the mechanical properties of biomaterials and endow
functionality’. To optimize the mechanical properties and
performance, chemical and/or structural gradients have
been introduced into engineering materials®* (FIC. 1).
A spatial gradient in the microstructure and/or compo-
sition along a certain direction results in changes in the
local or overall material properties. Notably, the intro-
duction of a structural gradient can overcome traditional
property trade-offs in conventional material systems,
alleviate stress concentrations and give rise to specific
functionalities. A gradient in the chemical composition
leads to a gradient in properties associated with chemical
bonding' and can be used to enhance various proper-
ties and functionalities of synthetic materials, including
load bearing and support, impact damage resistance
and interfacial toughening, as well as non-mechanical
functions'. Chemical gradients have been studied
mainly for biological materials'. For metals and alloys,
structural gradients are more readily achieved and
have attracted more attention in recent years.

From the 1980s to the 2000s, substantial effort was
dedicated to fabricating functionally graded materials”

!, Xuan Zhang

"and Huajian Gao @34

Abstract | Inspired by the gradient structures of biological materials, researchers have explored
compositional and structural gradients for about 40 years as an approach to enhance the properties
of engineering materials, including metals and metallic alloys. The synthesis of various gradient
nanostructured materials, such as gradient nanograined, nanolaminated nd nanotwinned metals
and alloys, has provided new opportunities to understand gradient-related mechanical behaviour.
These emerging gradient materials often exhibit unprecedented mechanical properties, such

as strength—ductility synergy, extraordinary strain hardening, enhanced fracture and fatigue
resistance, and remarkable resistance to wear and corrosion, which are not found in materials
with homogeneous or random microstructures. This Review critically assesses the state of the
artin the field of gradient nanostructured metallic materials, covering topics ranging from

the fabrication and characterization of mechanical properties to underlying deformation
mechanisms. We discuss various deformation behaviours induced by structural gradients,
including stress and strain gradients, the accumulation and interaction of new dislocation
structures, and unique interfacial behaviour, as well as providing insight into future directions

for the development of gradient structured materials.

— that is, a class of composites with graded patterns
in the material composition and/or microstructure —
with a primary focus on controlling the thermomecha-
nical properties, such as thermal insulation. To date,
the focus of functionally graded materials has been on
high-temperature ceramics and Ti-based alloys. In the
mid-2000s, gradient nanostructured (GNS) metals were
introduced to overcome the strength—ductility trade-off
of metallic materials®~'>. GNS metals and alloys are
typically designed with a gradient in the internal micro-
structure, such as grain size, twin thickness and/or lam-
ellar thickness, from the surface to the interior (FIG. 1)
over a characteristic length scale, ranging from several
nanometres to hundreds of micrometres, or even to milli-
metres. The structural gradient results in a combination of
mechanical properties that are superior to those of their
coarse-grained (CG) counterparts and that include high
strength, good ductility, high work hardening rate and
improved fatigue resistance and friction properties®**.
In contrast to conventional homogeneous CG materi-
als, a remarkable feature of GNS materials is that their
deformation mechanism is often strongly heterogeneous,
occurs progressively and successively, and is accom-
modated, intercoordinated and confined by the gradient
microstructure. Furthermore, the structural gradient
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Fig. 1| Types of structural and chemical gradients in typical gradient materials. Structural gradients include
variations in the grain size, twin size and lamellar thickness. Chemical gradients include graded distributions in
the phase, solid-solution concentration and chemical components. Some materials can have mixed structural and

chemical gradients.

often induces stress and strain gradients and can even
activate new dislocation structures in the material.

In this Review, we focus on the fabrication, micro-
structures, mechanical properties, fatigue and fracture
performance, and deformation mechanisms of GNS
metals and alloys. We discuss methods for synthesiz-
ing gradient nanograined, gradient nanolaminated and
gradient nanotwinned metals and alloys, emphasizing
the formation of a prevalent structural gradient in these
materials. We summarize insight gained from experi-
mental observations, conceptual and theoretical models,
and multiscale simulations on the mechanical behaviour
of GNS materials. Discussions on the deformation and
failure mechanisms are accompanied by suggestions
for tailoring high-performance GNS materials. We also
review recent advances in the fundamental understand-
ing of plastic deformation mechanisms in GNS met-
als and alloys and list open issues and challenges that
need to be addressed for the design and fabrication of
high-performance GNS materials.

Fabrication and microstructure

In this section, we review the typical fabrication and
processing methods used to synthesize GNS metals
and alloys, with emphasis on how the gradient structures
form during fabrication, and highlight strategies for
designing GNS materials. The fabrication methods can
be classified into two categories: top-down approaches,
including surface mechanical treatment methods®'***-*,
accumulative roll bonding®***! and laser shock peen-
ing®*~*¢, and bottom-up approaches, including physical
and chemical deposition techniques, such as electro-
deposition”'?, magnetron sputtering’” and 3D printing"*.
TABLE | summarizes the processing parameters, gradient
thicknesses and sample types for various methods and
processes used for fabricating GNS metals and alloys.

Surface mechanical treatment. Over the past two decades,
three surface mechanical treatment methods have been
developed to produce gradient nanostructures in a sur-
face layer of bulk metallic materials: surface mechanical
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attrition treatment (SMAT)**~**, surface mechanical grind-
ing treatment (SMGT)>**** and surface mechanical
rolling treatment (SMRT)'>** (FIC. 2). During the SMAT
process, the surface of the treated sample is impacted over
a short period by many spherical steel shots with diam-
eters of several millimetres (FIC. 2a), which are usually
accelerated to high speeds by high-power ultrasound or
other energy-transfer modes”. During the SMGT process,
a hemispherical WC/Co tip penetrates tens of micro-
metres into a cylindrical sample that is rotating at high
speed, and then slides along the axial direction of the sam-
ple at a relatively low speed (FIG. 2b). The SMRT process
is similar to the SMGT process, with the main difference
being that the tip in SMRT is a ball that rolls continuously
under lubrication during sliding"” (FIC. 2¢).

Surface mechanical treatment methods induce severe
plastic deformation, particularly a type of high-rate shear
deformation, in the surface layer®"". The strain rate near
the top surface for SMAT can be as high as 10°-10°s™!,
whereas the strain rates for SMGT and SMRT"** are
~10°-10*s7". The formation of gradient nanograined
structures through surface mechanical treatment meth-
ods is due to plastic strain-induced grain refinement™->*,
which is related to the strain rate. During treatment,
a large number of dislocations are generated and mul-
tiplied owing to severe plastic deformation. Subsequent
interaction of these dislocations induces the formation
of dislocation-cell walls, which gradually transform
into sub-boundaries with small misorientations and
further evolve into grain boundaries (GBs) with large
misorientations as the applied strain accumulates®'.
These GBs separate an initial coarse grain into several
fine grains with a mean grain size of ~100 nm (REF.*).
Such grain refinement generally occurs in a subsurface
layer of treated samples with low strain rates’'. For met-
als and alloys with relatively low stacking fault ener-
gies, the grain subdivision often involves deformation
twinning**-* In this case, during severe plastic defor-
mation, many nanoscale twins form owing to the low
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stacking fault energy and then divide the original coarse
grains into twin-matrix lamellae®"*?. The dislocation
walls further subdivide the twin-matrix lamellae into
equiaxed nanosized domains, which gradually evolve
into randomly oriented nanograins with a minimum size
of ~10nm (REFS*"*). This grain refinement occurs at the
top surface of treated samples under a high strain rate’'.
During surface treatment, there exists a gradient dis-
tribution of applied plastic strain and accumulated total
plastic strain from the top surface to the interior. The
extent of grain refinement is determined by the accu-
mulation of applied plastic strain. Thus, a plastic strain
gradient gives rise to a gradient distribution in the size
of the refined grains. In metallic samples subjected to
SMGT, the refined grains have different morphologies
(such as equiaxed or laminated) and different types of
GBs. Equiaxed grains with random misorientations
are commonly produced, leading to the formation of
the gradient nanograined structure in the treated sur-
face layer. Recent experimental studies’*** have also
reported the formation of gradient nanolaminated struc-
tures in the subsurface layer of Ni and Al. In these cases,
many nanograins are elongated or extended along the
rolling direction with a high density of low-angle GBs.
For gradient nanograined and gradient nanolami-
nated metals synthesized through SMGT, the grain size
or lamellar thickness gradually increases from the top
surface to the interior, and the local hardness of materi-
als decreases with increasing grain size or lamellar thick-
ness (FIC. 3a,b). Such a gradient structure is generated
through a gradient in the plastic strain. There still exists
a high density of dislocations in some grains (FIC. 3a,b,
right parts), suggesting that the formation of a gradient
nanograined structure is related to massive dislocation
activities. Notably, SMGT and SMRT can be repeated
several times to increase the thickness of the gradient
layer by refining the grains during multiple treatment
steps. Compared with SMAT, SMGT and SMRT produce
a thicker and smoother gradient layer with increased

Table 1 | Comparison of methods for fabricating GNS metals and alloys

Fabrication method
SMAT

SMGT

SMRT

Accumulative roll
bonding

Laser shock peening

Electrodeposition,
magnetron sputtering

3D printing

Processing parameters

Gradient distribution or

Sample shape and type Refs

variation in feature size

Diameter of spherical steel shots, impact
velocity, impact time, environment

Radius, rotation and sliding velocity,
and penetration depth of WC/Co tip;
treatment time, temperature

Tens of nanometres (top surface)
to ~10 um (interior)

Several nanometres (top surface)
to ~10 um (interior)

Thin plates; metals and alloys H

Cylindrical bars; metals and alloys ~ *#**

Radius, rotation and sliding or rolling

velocity; penetration depth of tip,
treatment time, temperature

Rotation velocity of rolls, thickness
reduction, annealing temperature

Power, energy density and duration of

laser, diameter of laser beam

Kinetics of deposition, current density,
deposition power, chamber pressure

Size and followability of powders, power

of electron-beam laser

Several nanometres (top surface)
to ~10 um (interior)

Hundreds of nanometres (top
surface) to ~1 um (interior)

Tens of nanometres (top surface)
to ~100 nm (interior)

Tens of nanometres (top surface)
to ~10 um (interior)

Hundreds of nanometres
(top surface) to ~10 um (interior)

Cylindrical bars; metals and alloys =

Thin plates; metals and alloys
Complex geometrical shapes;
metals and alloys

Thin films or bulk; metals and alloys

Printable shapes; metals and alloys

9,40,41

8,42-46

7,13,47

48,49

GNS, gradient nanostructured; SMAT, surface mechanical attrition treatment; SMGT, surface mechanical grinding treatment; SMRT, surface mechanical rolling

treatment.
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structural homogeneity'"”. During SMGT and SMRT,
both the treated sample and the tip must be immersed
in a cooling medium to suppress the unwanted rise in
temperature®, which can also influence grain evolution
in the gradient layer.

Accumulative roll bonding. Accumulative roll bonding
is a common technique for forming strong interfacial
bonds between two or more layers of materials. Over the
past 5 years, accumulative roll bonding has been used
to fabricate various gradient nanolaminated metals and
alloys™**!. During this process, plate samples are milled
and compressed by two rotating rolls. In each rolling
cycle, the sample thickness is reduced, and an additional
shear deformation is simultaneously applied to induce
grain refinement and even to form gradient structures,

a SMAT
I I Vacuum

Sample

1
“©4 (

Vibration
generator

Force v,

LA ®

C SMRT

b SMGT

GNS layer

Lubricant

~ [P

Fig. 2 | Surface mechanical treatment methods. a | Surface mechanical attrition
treatment (SMAT) is used to treat plate-type samples®. Steel shots are accelerated to
high speed and impact the sample. A close-up of the sample during processing is shown
on the right. b | Surface mechanical grinding treatment (SMGT) is used to treat
cylindrical samples®. A force is applied to a hemispherical tip, which penetrates into the
rotating sample and slides along the axial direction. ¢ | Surface mechanical rolling
treatment (SMRT) is used to treat cylindrical samples®*. Unlike SMGT, the tip is a
lubricated ball that rolls continuously. V,, V, and V; are the sample rotation, tip sliding
and tip rolling speeds, respectively. GNS, gradient nanostructured. Panel a adapted
with permission from REF.?/, Elsevier. Panel b adapted with permission from REF.*,
Elsevier. Panel c adapted with permission from REF.*, Elsevier.

similarly to SMRT. As the number of rolling cycles
increases, the grains become finer and the gradient layer
becomes thicker. After rolling, the sample is annealed at
high temperature to achieve partial recrystallization™***'.
Compared with SMAT, SMGT and SMRT, accumulative
roll bonding is more suitable for processing large-scale
plate samples and industrial-scale production.

Laser shock peening. Laser shock peening is a commer-
cial technique that is used to treat the surfaces of a wide
variety of metallic components to increase their fatigue
resistance®*~*. This technique adapts a high-energy and
ultrashort-duration (~10-30-ns) laser pulse to produce a
compressive shock wave on the surface of treated mate-
rials. The shock wave carries a stress on the order of tens
of gigapascals and induces heavy plastic deformation
with an ultrahigh strain rate (~10°s™)*. After multi-
ple shock peening impacts, initial coarse grains in the
treated surface are divided into many fine grains through
heavy plastic deformation. The laser-induced shock wave
decays with depth, resulting in a surface layer with a gra-
dient microstructure. Generally, the grain size increases
from tens of nanometres (in the top surface layer of
several micrometres) to hundreds of nanometres (inte-
rior). Occasionally, an amorphous layer with a thickness
of ~10nm forms at the top surface owing to ultrahigh
compressive stress*. In addition to the gradient micro-
structure, a residual compressive stress is also introduced
in the surface layer during laser shock peening’~*°. This
residual stress has a depth of hundreds of micrometres
and can slow down the formation of fatigue cracks
near the surface, helping to increase the fatigue life of
treated samples.

Physical or chemical deposition. Physical or chemical
deposition methods (including electrodeposition, mag-
netron sputtering and laser or electron-beam deposition)
can be used to fabricate materials with accurate control
of the microstructure through variation of the deposi-
tion kinetics and other parameters, such as temperature,
current density and additive content. Various metals
with gradient structures”'*" have been synthesized by
this approach. For example, gradient nanograined Ni
plates were fabricated by continuous adjustment of the
current density and additive content during electro-
plating deposition, with the average grain size varying
from tens of nanometres to several micrometres along
the thickness of the plate"”. Gradient nanotwinned Cu
samples were fabricated by a stepwise change of the elec-
trolyte temperature of direct-current electrodeposition®’.
These samples exhibited a dual gradient in both grain
size and twin thickness, with the average grain size
increasing from 2.5 to 15.8 um with depth and the aver-
age twin thickness simultaneously increasing from 29 to
72nm (FIG. 3¢). Gradient nanolaminated Cu-Zr samples
were synthesized by alternate deposition of Cu and Zr
through magnetron sputtering”, with the lamellar thick-
ness gradually increasing from 10 nm at the surface to
100nm in the inner core. Moreover, with the rapid devel-
opment of additive manufacturing, 3D printing based on
laser or electron-beam deposition has been extended to
fabricate various alloys with a gradient in composition*

www.nature.com/natrevmats
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Fig. 3 | Microstructure of gradient nanograined, gradient nanolaminated and gradient nanotwinned metals.

a| Scanning electron microscopy (SEM) image of gradient nanograined Cu showing that the grain size increases with
depth. The close-ups are transmission electron microscopy (TEM) images of grains at different depths. b | SEM image of the
microstructure in gradient nanolaminated Ni showing three distinct regions with nanostructures (NS), ultrafine-grained
(UFQ) and ultrafine-laminated (UFL) structures with increase of depth. The close-ups are TEM images of lamellae at
different depths. c| SEM image of the microstructure of gradient nanotwinned Cu showing the decrease in grain size
and twin thickness with depth. The close-ups are TEM images of grains and twins at different depths. The solid lines in
each SEM image show the variation in local hardness with respect to depth in the gradient layer. Panel a adapted with
permission from REF.%, Elsevier. Panel b adapted with permission from REF.*, Elsevier. Panel c adapted with permission

from REF’, AAAS.

or phase size®. During 3D printing, a compositional gra-
dient can be controlled by changing the volume fraction
of a powder mixture®, whereas a phase gradient can be
introduced by tuning the cooling rate®. Compared with
the other techniques mentioned above, the physical and
chemical deposition methods have a major advantage for
gradient nanostructures, because they typically enable
precise control of the degree of gradient in the grain,
twin and phase size, or composition. Thus, physical and
chemical deposition is a feasible and promising method
for designing and fabricating gradient metals and alloys
with controllable gradient microstructures and desirable
mechanical properties.

Mechanical properties

Most experimental studies have shown that GNS metals
and alloys exhibit a unique combination of mechanical
properties, including strength—ductility synergy*”'*>-"2,
extraordinary work hardening™”'>"*~7, superior fatigue
properties'*'*"'%7%%! and remarkable resistance to
friction*”**~*, wear®**® and corrosion’*’. These excep-
tional mechanical properties are closely linked to the
gradient nanostructures of the materials.

92-96

Strength-ductility synergy. For conventional met-
als and alloys, strength and ductility are generally
mutually exclusive'’, as illustrated by the so-called
banana-shaped curve in FIC. 4a. Overcoming the
strength-ductility trade-off is one of the major chal-
lenges for metallic materials''. Reducing the grain size
to the nanoscale is an effective strategy to increase
the strength of metals and alloys, because the GBs in
nanocrystalline metals and alloys can effectively block
dislocation motion'”’. However, grain-size reduction

also results in a significant loss in ductility, owing to the
constraint of plastic mechanisms inside small grains'®.
When the grain size is reduced to less than ~100 nm,
the failure strain of nanocrystalline samples is typically
reduced by an order of magnitude compared with that
(usually >50%) of their CG counterparts'-' (FIC. 4a).
Nanotwinned metals and alloys have been synthesized
by introducing a high density of nanoscale twins into
submicrometre-sized grains'’"~'"”. Compared with their
CG counterparts, nanotwinned samples can achieve a
yield strength that is several times higher at the cost of
only slightly compromised ductility'*>'%-""! (FIC. 4a). The
ductility loss of nanotwinned samples is less than that of
nanocrystalline samples as twin boundaries can accom-
modate and store a considerable number of mobile dis-
locations (such as threading dislocations and twinning
partials)'*»1%112-11¢ which helps retain dislocation den-
sity while blocking dislocation motion. Numerous GNS
metals and alloys*”'***- have been reported to have a
desirable synergy of high strength and good ductility.
The introduction of gradient nanostructures often leads
to extra strengthening and hardening, corresponding to
a synergetic effect that is greater than the sum of the
individual effects. A few typical examples of GNS metals
and alloys are discussed below.

A gradient nanograined Cu layer enclosing a CG
core was recently fabricated by SMGT on a CG bar’.
The grain size in the gradient layer varies from 20 to
300nm over a depth of 150 um, leading to a linear
grain-size gradient of ~0.002. Such a structural gradi-
ent results in a depth gradient in local hardness as high
as ~4.5GPamm™ (FIG. 3a). The gradient nanograined
layer leads to a doubling of strength without sacrificing
tensile ductility. Moreover, the gradient nanograined

NATURE REVIEWS | MATERIALS
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Fig. 4 | Comparison of the mechanical properties of gradient nanostructured and homogeneous metals and alloys.
a| Normalized yield strength versus uniform elongation of various metals and alloys with nanograins, nanoscale twins
and gradient nanostructures’'*. The banana-shaped solid curve indicates the strength—ductility trade-off of conventional

metals and alloys, while the dashed line indicates the strength—ductility limit of current gradient nanograined (GNQ),
homogeneous nanotwinned (NT) and multilayered microstructures. b | Variation in work hardening rate with respect to
true strain in coarse-grained (CG), nanograined (NG) and GNG Ni (REF."%). ¢ | Variation in work hardening rate with respect
to true strain in gradient nanotwinned (GNT) and NT Cu (REF’). d | Variation in work hardening rate with respect to true
strain in CG and GNG steels’. These plots indicate the strength—-ductility synergy and extraordinary work hardening of
gradient nanostructured metals and alloys. Panel a adapted with permission from REF.", Elsevier, and REF.’, AAAS. Panel b
adapted with permission from REF.**, Elsevier. Panel c adapted with permission from REF’, AAAS. Panel d adapted with

permission from REF.°, PNAS.

layer can sustain a true tensile strain exceeding 100%
without cracking when constrained by the CG core’.
More recently, gradient nanograined Ni plates with con-
trolled structural gradients have been prepared through
electrodeposition'”. The average grain size, d, at a posi-
tion x along the thickness of the plate (the deposition
direction) follows the relation'®

d:dmax_(dmax_dmin)(l_x)n’ (1)

where d_, and d_,_denote the minimum and maxi-
mum values of d, respectively, and # is a power index
that measures the degree of grain-size gradient. The
greater the value of n, the larger the volume fraction of
coarse grains and the smaller the volume fraction of fine

grains. For all samples, d_, and d__were set to 29 nm
and 4 um, respectively, while n was varied from 0.01 to 5
(REF.). The grain-size gradient of the fabricated samples
was as high as ~0.01, and the corresponding gradient
in local hardness was ~5.0 GPamm™'. As the degree of
gradient increases, the strength of the gradient samples
decreases monotonically, whereas the range of uniform
elongation first increases and then gradually decreases”.
Compared with CG counterparts, gradient samples with
n=3-5 exhibit a higher yield strength and larger uni-
form elongation. Particularly, samples with n=3 achieve
an acceptable strength-ductility synergy. For gradient
nanograined metals, grain coarsening or growth induced
by GB migration dominates plastic deformation in
the nanograins, whereas dislocation activities occur in the

www.nature.com/natrevmats



coarse grains®»'**, indicating that the deformation is

inhomogeneous in the overall material. The two dis-
tinct deformation mechanisms in the coarse grains and
nanograins are mutually constrained and influenced,
which helps to suppress strain localization in both the
coarse grains and the nanograins, eventually leading to
a combination of high strength and good ductility.

A gradient nanotwinned structure was obtained by
subjecting a twinning-induced plasticity cylindrical steel
bar to pretorsion of different angles®. The pretorsion
produced a linear gradient distribution (in both thick-
ness and density) of deformation twins along the radial
direction of treated samples; that is, the volume fraction
of twins and the average twin thickness increase nearly
linearly with the radial distance from the centre to the
surface®. The twin-size gradient was on the order of
~107°-10"* and the local hardness gradient was as high
as 0.5-2.0 GPamm™. Transmission electron micros-
copy (TEM) revealed the formation and interaction of
hierarchical nanoscale twins in all pretorsion-treated
samples during subsequent tensile deformation.
Similar hierarchical nanotwinned structures have been
introduced in Cu (REF.*?), Cu-Al alloys'"” and Cr-Co-Ni
medium-entropy alloys''® by surface treatment or
pre-plastic deformation. Treated twinning-induced
plasticity steels exhibit substantially higher strength
and greater tensile ductility than untreated ones, which
is attributed to the hierarchical nanoscale twins and
their complex interaction with dislocations**>!7-'"%,
During tensile deformation, a network of secondary
twins forms inclined to the primary twins formed dur-
ing pretorsion treatment and penetrates through the
latter. At the same time, some tertiary twins also form
in the secondary twins, in directions parallel to the pri-
mary twins and then intersecting the secondary twins.
The intersections between different-level twins lead
to the formation of twin junctions, near which many
dislocations accumulate. Recent large-scale atomistic
simulations on the deformation of hierarchical nano-
twinned metals'*’-'** have revealed the interaction
mechanisms between different-level twins and dis-
locations, with both strengthening and softening
behaviours. Partial dislocations emitted from GBs or
twin boundaries on inclined slip planes are blocked
by different-level twin boundaries, contributing to
the strengthening, whereas those nucleated from pri-
mary twin boundaries glide parallel to the secondary
twin boundaries, leading to the detwinning of second-
ary twins. Together with the shifting of primary twin
boundaries, the detwinning of secondary twins results
in a softening behaviour with massive dislocation
activities, maintaining good ductility.

Gradient nanotwinned Cu with a dual gradient
in grain and twin sizes was fabricated by tuning of
the electrolyte temperature during direct-current
electrodeposition’. In the fabricated samples, the gra-
dients in grain and twin sizes were up to ~0.03-0.15
and ~2x107*-107, respectively (FIC. 3c). The corre-
sponding local hardness gradient varies from 1.75 to
11.6 GPamm™ (FIC. 3¢). The strength of these gradient
nanotwinned samples increases with the gradients
in grain and twin sizes (or local hardness gradient) at
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the cost of slightly compromised uniform elongation’.
Samples with the steepest structural gradient exhibited a
combination of respectable ductility and strength higher
than that of the strongest component of the gradient
sample, which corresponds to a gradient-free nano-
twinned material with a twin size equal to that of the
smallest twin in the gradient sample’. The yield strength
of a gradient nanotwinned sample is influenced by its
gradient order®. Samples with a normal gradient order
(hard surface and soft core) are stronger than those
with a reverse gradient order (soft surface and hard
core) because the normal gradient order helps suppress
surface effects, leading to a higher strain gradient and
stronger mutual constraint between the surface and the
core during deformation®. Experimental observations
and large-scale atomistic simulations revealed that the
superior mechanical properties of dual-gradient nano-
twinned metals originate from so-called bundles of
concentrated dislocations (BCDs; discussed further
below)’, which is a dislocation structure that does not
exist during deformation in homogeneous nanotwinned
counterparts.

The variation in strength normalized by Young’s
modulus versus the uniform elongation of various met-
als and alloys with nanograins, nanoscale twins and
gradient nanostructures is summarized in FIC. 4a. The
results indicate that introducing gradient nanostruc-
tures is more effective than simply refining grains and
introducing nanoscale twins for enhancing the material
strength and persevering good ductility. Notably, some
data for gradient nanograined Ni and gradient nanot-
winned Cu are in otherwise unoccupied space (FIC. 4a),
indicating that the gradient introduces an additional
strengthening effect relative to homogeneous materials.
This effect is associated with inhomogeneous deforma-
tion in gradient nanostructures. Both gradient nano-
grained Ni and gradient nanotwinned Cu have relatively
large structural gradients (grain-size gradients of 20.01
and local hardness gradients >5.0 GPamm™). Combined
with experimental results”"* showing the influence of
the grain-size and twin-size gradients on mechanical
properties, it can be concluded that the distribution and
degree of structural gradient are two key factors deter-
mining the mechanical properties of GNS metals and
alloys. These results also suggest that regulating struc-
tural gradients in metallic materials can facilitate better
strength—ductility synergy.

Work hardening. The work hardening (also known as
strain hardening) of metallic materials is quantified
by the work hardening rate, O, defined as ©=do/de,
where o and ¢ are the true stress and strain, respectively.
The ductility of metallic materials is closely linked to
their work hardening rate, which is governed by Hart’s
criterion'*"'* for the onset of plastic instability (mainly
necking):

®+ mo < o, (2)
where m denotes the strain-rate sensitivity of materials.

For rate-insensitive materials (that is, m=0), Eq. 2 is
reduced to what is known as the Considére criterion of
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necking'®. To achieve good ductility in metallic materi-
als, the onset of plastic instability must be postponed by
averting the inequality in Eq. 2. Note that m is generally
less than 0.05 for many metallic materials'’, in which
case the work hardening rate has to be sufficiently
high to sustain increasing stress'’. Thus, on the basis of
Harts criterion, a high work hardening rate can ensure
stabilized plastic deformation and good ductility.

Some GNS metals and alloys have exhibited extra-
ordinary work hardening®>”'*"*=7 (FIC. 4b,c). FIGURE 4b
shows work hardening rates as a function of the true
strain for CG, nanograined and gradient nanograined Ni
(REF"). The work hardening rate of nanograined samples
declines more rapidly than that of CG samples as strain
increases, leading to an earlier onset of plastic instability
and reduced elongation (FIC. 4b). The work hardening
rate of gradient nanograined samples depends on the
degree of gradient', as quantified by the value of # in
Eq. 1. Gradient samples with n=0.016 show a variation
in work hardening rate with strain that is similar to that
of nanograined samples, signifying reduced ductility
(FIG. 4b). However, compared with CG samples, gradient
samples with 7 =3 exhibit a higher work hardening rate
in the initial stage of deformation and slower decay in
the later stage, leading to higher strength and better duc-
tility than CG samples with a mean grain size of 4 um,
as well as the largest elongation among the samples with
different degrees of gradient”. Similarly to gradient
nanograined metals, the work hardening rate of gradient
nanotwinned Cu with a dual gradient’ is higher than that
of gradient-free nanotwinned Cu (FIG. 4c). After straining
above 2%, the work hardening rate of gradient nano-
twinned samples first experiences a plateau and then
gradually decreases’. Such extraordinary work harden-
ing stems from the formation of BCDs’. For gradient
nanotwinned samples, the variation in work hardening
rate with respect to strain appears to be dependent on
the twin-size and grain-size gradients’. However, the
detailed mechanism of this dependence remains unclear
and needs to be studied further.

FIGURE 4d shows the variation in work hardening rate
with respect to true strain for gradient nanograined steel
and its CG counterpart. Although the gradient nano-
grained sample exhibits a quicker drop in the initial
stage, a non-monotonic and transient hardening behav-
iour occurs at a small tensile strain of ~1.5%. Such an
upturn in work hardening rate is not observed in CG and
nanograined samples’. The upturn in the work harden-
ing rate can be attributed to the nucleation and accumu-
lation of dislocations under multiaxial stresses, which are
activated by interactions between the CG core and the
gradient layer®, and to the generation of geometrically
necessary dislocations (GNDs) caused by the grain-size
gradient’. A similar upturn of work hardening rate was
observed in gradient nanotwinned twinning-induced
plasticity steels?, but not in gradient-free counterparts.
The mechanistic origin of this effect lies in the inter-
section between different-level twins and the accumu-
lation of GNDs induced by the gradient twins". After the
upturn, the work hardening rate of gradient nanograined
samples exhibits a slower decay than that of CG samples,
leading to an extra strengthening effect in the former.

The work hardening rates of most fabricated GNS
metals and alloys”'*7*~"7 are higher than those of
gradient-free CG counterparts, especially in the later
stage of plastic deformation. This work hardening
behaviour enhances the strength and delays necking’”.
Such work hardening behaviour is inherent to gradient
structures because it is associated with the formation of
GNDs, which are needed to accommodate the strain gra-
dient induced by gradient structures. Consequently, the
work hardening capability of GNS metals and alloys can
be tailored by tuning the structural gradient. Moreover,
the temperature and the strain rate are two important
parameters that regulate the work hardening of GNS
metals and alloys. For metals with a low stacking fault
energy, the working hardening rate of their GNS counter-
parts increases with decreasing temperature or increas-
ing strain rate for reasons that seem to be related to the
activation of deformation twinning and suppression of
softening mechanisms under these conditions”.

Fatigue. Fatigue is the most common failure mode of
metallic materials in structural applications; however,
enhancing the fatigue resistance of metallic materials
is very challenging. Because fatigue cracks usually start
from the surface of materials and then propagate into
the interior during cyclic loading, strengthening the
surface with nanostructures has been recognized as an
effective strategy to protect materials against fatigue
damage and failure'>'®'. Gradient nanostructures on
the surface of materials can significantly enhance their
fatigue resistance in both low-cycle and high-cycle fatigue
regimes'*'*"">7#%1 (FIG. 5a,b).

Stress-controlled and strain-controlled tension-
compression tests were performed to investigate the
fatigue response of gradient nanograined metals and
alloys'>'®', The stress amplitude versus fatigue cycle
curves of gradient nanograined Cu (with a gradient
nanograined surface layer and a CG core) and homo-
geneous CG Cu from the stress-controlled and
strain-controlled fatigue tests'®'” are shown in FIC. 5a
and FIG. 5b, respectively. The fatigue life of gradient
nanograined samples is significantly longer than that of
CG counterparts in the low-cycle and high-cycle fatigue
regimes at the same strain and stress amplitudes. Notably,
the fatigue endurance limit (that is, the stress amplitude
at a fatigue life of more than 107 cycles) of gradient nano-
grained Cu reaches ~100 MPa, which is nearly twice that
of ahomogeneous CG sample'®. A similar enhancement
in the fatigue resistance of austenitic 316L stainless
steels with a gradient nanograined surface layer was
achieved in the high-cycle fatigue regime but not in the
low-cycle fatigue regime'*. TEM analyses showed that
the enhanced fatigue resistance of gradient nanograined
Cu is associated with fatigue-induced microstructural
homogenization'®'. During the cyclic loading of gradi-
ent nanograined samples, grains continuously coarsen
and grow owing to GB migration in the gradient nano-
grained surface layer, whereas grains in the CG core are
gradually refined through the formation of intragranular
dislocation cells'®". Once the sizes of all grains in the
gradient nanograined surface layer and CG core evolve
to ~1 pum, the entire material turns into a structure with
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Fig. 5| Comparison of fatigue and friction behaviour in gradient nanostructured and homogeneous metals and
alloys. a | Dependence of high-cycle fatigue life on applied stress amplitude (Ao/2, where gis the stress) in gradient
nanograined (GNG) and coarse-grained (CG) Cu (REF ). b | Cyclic stress response (Ad/2) at a total strain amplitude (A¢,/2)
0f0.29% and 0.5% in GNG and CG Cu (REF *¥). ¢ | Fatigue crack growth rate (da/dN, where a is the crack length and N is
the cycle number) as a function of the stress intensity factor range (AK) in gradient nanotwinned steels and CG steel"".

d| Surface morphology of CG, nanograined (NG) and GNG Cu alloys after sliding. The top parts show confocal laser
microscopy images of the surface morphologies after sliding for 18,000 cycles?. The bottom parts show the height profiles
along the scanning direction indicated by the white arrows after different numbers of cycles. Panels a and b adapted with
permission from REF.'%, Elsevier. Panel c adapted from REF."7, CC-BY-4.0. Panel d adapted with permission of AAAS from
REF.%%, @ the Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science.
Distributed under a Creative Commons Attribution NonCommercial License 4.0.

homogeneous grains and then undergoes a steady-state
cyclic response until eventual failure'®. Two distinct
deformation mechanisms in the gradient nanograined
surface layer and CG core synergistically affect fatigue
behaviour, suppressing the initiation of cracks and also
accommodating large plastic strain, eventually resulting
in enhanced fatigue resistance. During fatigue, grain
coarsening first occurs in the subsurface layer and then
propagates to the top surface'>'®'s. Owing to accumu-
lation of plastic strain at the top surface, fatigue cracks
are nucleated from the top surface and then advance
into the interior of gradient nanograined samples'*'®%,

An increase in the volume fraction of the gradient nano-
grained surface layer enhanced the fatigue resistance
of the overall sample, as the larger volume fraction of
the gradient nanograined surface layer helps delay the
expansion of grain coarsening from subsurface layers to
the top surface”.

For gradient nanograined metals and alloys fabri-
cated through plastic deformation, and other surface
treatment methods such as deep rolling and shot peen-
ing, a compressive residual stress is generated in gradient
nanostructures during fabrication, owing to inhomoge-
neous plastic deformation in grains or between grains.
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Gradient nanograined Cu exhibits a relatively longer
fatigue life than in comparison with annealed gradi-
ent nanograined Cu with reduced residual stress in the
surface gradient nanograined layer in the high-cycle
regime'®"’. This finding indicates that the existence of
residual compressive stress in the gradient nanograined
layer helps increase the high-cycle fatigue life of gradi-
ent nanograined Cu. The compressive residual stress
can mitigate plastic strain accumulation in the gradient
nanograined layer and arrest cracks or slow down crack
propagation'®'’. However, a few studies have demon-
strated that large-amplitude cyclic straining in low-cycle
fatigue tests may induce microstructure recovery, grain
coarsening or microstructural homogenization in the
overall sample and, thus, rapid release of residual stress
in the gradient nanograined layer'>'®. In this case, the
influence of compressive stress on increasing low-cycle
fatigue life of gradient nanograined metals may become
negligible. However, the residual stress effect on micro-
structure evolution and cyclic properties of gradient
nanograined metals and alloys in the low-cycle regime
is still not entirely clear and needs further investigation.

Three-point bending tests on notched samples were
conducted to characterize the fatigue behaviour and
properties of gradient nanotwinned 304 austenitic steels
prepared by pretorsion'’. Two graded samples were used
for the tests: one sample with a positive gradient (that
is, the local hardness gradually increased with distance
from the tip of the notch) and another sample with a
negative gradient (that is, the local hardness gradually
decreased with distance from the notch tip). FICURE 5c¢
shows the fatigue crack growth rate (da/dN, where a is
the crack length and N is the cycle number) as a func-
tion of the stress intensity factor range (AK) for gradient
nanotwinned samples with positive and negative gradi-
ents and, for comparison, gradient-free CG samples'’.
During steady-state fatigue crack propagation (that is,
aregime with nearly linear dependence of da/dN on AK
in the log-log plot), the positively graded sample has
the lowest crack growth rate, followed successively by the
gradient-free and negatively graded samples. These find-
ings indicate that the positively graded sample exhibits
the strongest resistance to fatigue crack growth, followed
by the gradient-free sample and then the negatively
graded sample. TEM revealed the underlying mecha-
nisms behind this phenomenon: the positively graded
sample has more twin and phase boundaries to block
and confine the motion of dislocations along the path
of crack propagation (that is, the direction of increas-
ing twin density)". Finite-element modelling of crack
propagation further showed that the positively graded
sample has both a smaller plastic zone and lower stress
concentration in front of the crack tip than the other
samples'”®. These results suggest that structural gra-
dients can significantly alter the stress distribution and
plastic zone size near a crack tip during fatigue crack
propagation'”.

Friction, wear and corrosion. When metallic materials
are subjected to dry sliding and wear, damage generally
occurs at or near the surface owing to sliding-induced
large plastic deformation underneath the surface, which

could substantially shorten the service life of materi-
als in practical applications. Therefore, it is crucial to
improve the antifriction and antiwear properties of
metallic materials. Some experimental studies*”?*-*
have shown that metallic materials with gradient nano-
grained surface layers exhibit lower friction coefficients
and higher wear resistance than counterparts without
gradient nanograined layers. After repeated sliding over
18,000 cycles, a large number of surface cracks, pile-ups
and scars emerge at the surfaces of both CG and nano-
grained samples™ (FIG. 5d, top). As the number of cycles
increases, the surface roughness of CG and nanograined
samples increases dramatically. However, for gradient
nanograined samples, no cracks or pile-ups are detected,
and no change in surface roughness is observed during
30,000 cycles® (FIG. 5d, bottom). The steady-state fiction
coefficient of samples with a gradient nanograined
surface layer is only 0.29 under high loads, which is
much lower than that (~0.60-0.68) of nanograined and
CG samples®. TEM observations and finite-element
modelling”” revealed that the underlying mechanisms
responsible for the superior antifriction and antiwear
properties are related to the high work hardening capa-
bility of the gradient nanogradient layer, which can
accommodate large plastic deformation through grain
coarsening, suppressing surface roughening and delam-
ination of the tribolayer*>*>*. The gradient nanograined
surface layer should be sufficiently thick (approximately
hundreds of micrometres) to resist high-cycle friction
and wear under high loads. Otherwise, after a cer-
tain number of cycles, the gradient nanograined layer
undergoes delamination as a result of surface cracks
and subsequently wears away, resulting in an abrupt
decrease in friction and wear resistance”. In particular,
the surface of some metals readily oxidizes in air and
then mixes mechanically with unoxidized parts to form a
mechanically mixed surface layer during sliding”. Such
a mechanically mixed surface layer can undergo delam-
ination during subsequent cyclic sliding”, leading to
poorer antifriction and antiwear properties.

When the gradient nanograined surface layer is
produced by treating the surface of metallic materi-
als through severe plastic deformation, a compressive
residual stress is usually introduced into the gradient
nanograined layer. The magnitude of the residual stress
can be estimated by comparing the load-displacement
curves of indentation between gradient nanograined and
untreated gradient-free samples”. The residual stress at
the topmost surface is usually on the order of ~100 MPa
(REF*). With increasing depth from the topmost surface,
the residual stress decreases gradually. Compressive
residual stress in the gradient nanograined sample can
delay crack initiation (compared with gradient-free sam-
ples) and reduce crack propagation velocity after crack
nucleation”*. These findings indicate that compressive
residual stress can considerably improve the antifriction
and antiwear properties of materials.

In contrast to friction and wear, there have been
relatively few studies” "’ on the influence of a gradient
nanograined layer on the corrosion behaviour of metal-
lic materials. Experimental studies”~” have shown that
304 and 316 stainless steels treated by SMAT exhibited
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lower corrosion resistance at room temperature than
untreated samples. The reason for this is that SMAT
induces the formation of surface defects and an increase
in strain energy in the surface layer, which prevents the
formation of passivation films, leading to degradation
in the corrosion resistance of the material”. However, if
these samples are subsequently treated by annealing or
nitriding, the corrosion resistance can be increased””
owing to grain growth and the release of strain energy.
When SMAT is used to treat Ni-based alloy 690, the
gradient nanograined layer formed during SMAT pro-
vides diffusion paths for Cr, promoting rapid formation
of a dense protective oxide layer, thereby enhancing
corrosion resistance at high temperature”. The afore-
mentioned studies show that the gradient nanograined
layer formed by SMAT does not always have a bene-
ficial effect on corrosion resistance. The influence of
a gradient nanograined layer on the corrosion behav-
iour of metallic materials depends on the material type,
the SMAT processing parameters, the SMAT-induced
surface defects and the environmental temperature'*°.
Currently, the effect of a gradient nanograined layer on
corrosion is poorly understood and requires further, and
more systematic, study.

Deformation mechanisms

During the deformation of GNS metals and alloys, the
structural gradient induces a plastic deformation incom-
patibility that is generally accommodated through the
generation of GNDs'"?"73127128 which further leads to a
plastic strain gradient and a stress gradient. This inho-
mogeneous deformation on the scale of the structural
gradient is fundamentally different from deformation
in conventional metallic materials. In particular, some
novel dislocation activities, interface-related behav-
iour and interactions between GNDs and inter-
faces have been observed. Moreover, a long-range
heterodeformation-induced stress field develops'>>!#%
from the inhomogeneous deformation of gradient nano-
structures. In this section, we discuss the deformation
mechanisms responsible for the mechanical proper-
ties of GNS metals and alloys, with the aim of building
connections between mechanical properties, deforma-
tion mechanisms and the microstructure. Furthermore,
the relationship between the structural gradient and the
deformation gradient is highlighted, and theoretical
models of GNDs and heterodeformation-induced stress
are also reviewed.

Plastic strain gradient. Owing to the presence of a
grain-size gradient and the dependence of yield strength
on grain size, the plastic deformation in gradient nano-
grained metals and alloys progressively propagates
from the soft CG core to the hard nanograined layer*"’,
inducing a deformation gradient (FIC. 6a—c). This defor-
mation gradient has been verified through crystal plas-
ticity finite-element modelling”*° of 2D and 3D gradient
nanograined samples. Plots of the distributions of tensile
stress and plastic strain (FIG. 6d,¢) over the cross section of
a 2D gradient nanograined sample demonstrate gradi-
ents in both stress and plastic strain. The plastic strain is
larger in the CG core and smaller in the top and bottom
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surface layers (FIC. 6¢). Three-dimensional gradient
nanograined samples exhibited more pronounced strain
gradients than 2D samples in the late stage of plastic
deformation® owing to greater deformability in all three
directions. Finite-element modelling®** also showed a
tensile stress gradient in the gradient nanograined sam-
ples during plastic deformation, with larger stress at
the top and bottom surfaces and smaller stress in the
CG core (FIG. 6d), which is opposite the distribution of a
plastic strain gradient. Experimentally measured height
profiles on the lateral surface normal to the tensile direc-
tion of gradient nanograined steels with a gradient nano-
grained layer and a CG core’ showed that the absolute
value of the lateral strain gradually increases from the
CG core to the surface layer, indicating the presence of a
plastic strain gradient in the gradient nanograined layer.
Such a stress and/or strain gradient is generated owing to
the structural gradient in gradient nanograined samples
under uniaxial tension, which is a uniform deformation.
The strain gradient of gradient nanograined samples
under uniaxial tension is different from strain-gradient
plasticity induced by applying a non-uniform deforma-
tion (such as bending'?, torsion'*? or indentation'*).
However, both phenomena — that is, strain gradients
induced by either a structural gradient or a non-uniform
deformation — involve inhomogeneous deformation.

A theoretical model"** showed that when metallic
materials undergo inhomogeneous deformation, the
resulting deformation gradient and incompatibility can
be accommodated by GNDs with density p., which is
related to the strain gradient by

p.=—=, (3)

where b is the magnitude of the Burgers vector of the
GNDs and y the shear strain due to dislocation slip.
Equation 3 indicates that the density of GNDs is directly
linked to the strain gradient. For a conventional poly-
crystal under uniaxial tension, the density of GNDs in
a grain that accommodates the deformation incom-
patibility between neighbouring grains can be roughly
estimated as'**

3

“ D’ @
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where D is the grain size and € is the plastic strain. For
plastically deformed gradient nanograined samples,
GNDs are similarly generated near GBs to accommo-
date the deformation incompatibility between neigh-
bouring grains (FIC. 6f). According to Eq. 4, the density
of GNDs in gradient nanograined samples depends
on both the grain size and the plastic strain gradient''.
Existing strain-gradient plasticity theories'**~"** indicate
that the inhomogeneous deformation related to GNDs
induces non-local strengthening. Therefore, it can be
speculated that GNDs induced by the structural gradient
significantly contribute to the strengthening of gradient
nanograined samples. Experiments on gradient nano-
grained steels’ verified this speculation and showed
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that the accumulation and interaction of GNDs have
an important role in the observed strengthening and
extraordinary work hardening of gradient nanograined
samples. For nanograined samples, quantitative relation-
ships between the structural gradient, strain gradient
and GND distribution are still unknown. Therefore, to
model the deformation of gradient nanograined sam-
ples, it will be necessary to develop a new modelling

d 1,120
1,000

800

framework that incorporates quantitative relationships
between these parameters. The development of new
models could be crucial for designing gradient nano-
grained materials and optimizing their mechanical
properties and performance.

Recently, large-scale atomistic simulations'*” were con-
ducted on the uniaxial tension of gradient nanograined
Cu with grain-size gradients varying from 0 to 0.42.

137

100 nm

Fig. 6 | Deformation mechanisms in gradient nanostructured metals and
alloys. a | Model of a gradient nanograined (GNG) structure comprising
components A, B and C; the grain size increases from the top and bottom to
the centre. b | Tensile stress—strain curves of a GNG metal and its
components A, B and C showing progressive yielding of the components in
four typical deformation stages, I, Il lll and IV. ¢ | Evolution of the strain of
components A, B and C in a GNG metal from stage | to stage IV in panelb.
‘e’and ‘p’ represent elastic and plastic strain, respectively. ‘e + p’ represents
the coexistence of both elastic and plastic strain. d,e | Distribution of axial
tensile stress and plastic strain in the cross section of 2D GNG Cu at various
applied strains calculated by finite-element modelling of the sample under
uniaxial tension’’. The results indicate that the stress and plastic strain
gradients originate from the grain-size gradient and show the progressive
development of gradient stress and plastic strain fields. f | lllustration of the
distribution of geometrically necessary dislocations (GNDs; represented by
L nhear the grain boundaries (GBs)) in a plastically deformed GNG
structure’’. g | Transmission electron microscopy (TEM) image of deformed
gradient nanotwinned Cu with a dual gradient in the grain and twin sizes’.
A bundle of concentrated dislocations is indicated by the red arrow.
h,i | TEM images of the region in the white square in panel g, identified by
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two-beam diffraction’ using vectors of g, =g;=111 (panel h) and g,,= 200
(paneli). gy and g; are the diffraction vectors used in the matrix and twin
domains for TEM observations, respectively. Mode | and mode Il dislocations
are indicated by the green and orange arrows, respectively. j | TEM image
showing dislocation pile-ups (orange lines) in front of a GB in a large grain
in a heterogeneous lamellar structure®. k | Stress (0)-strain (¢) unloading-
reloading loop of a GNG sample'’, where ¢, is the frictional stress, g, is the
backstress, g, is the unloading yield stress, o, is the reloading yield stress, o;
is the thermal stress, 0, and ¢, are the initial flow stress and strain at the
beginning of unloading, and E, and E, are the unloading and reloading
moduli. Lm | TEM images of the top surface of GNG Cu at different tensile
strains of 5% (panell) and 25% (panels m) at room temperature’” indicating
homogeneous grain coarsening due to GB migration under plastic
deformation. The arrow in part m indicates the tensile direction. n | GB
bulging. o | GB migration coupled with shear deformation (the blue arrows
indicate the shear direction). Panels a, d—f adapted with permission from
REF.?, Elsevier. Panels g—i adapted with permission from REF.’, AAAS. Panel j
adapted with permission from REF.**, PNAS. Panel k adapted with permission
from REF."?, CC-BY-4.0. Panels l and m adapted with permission from REF.??,
Elsevier.
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These simulations showed that there exists a critical
average grain size for the onset of strength softening and
that this critical size decreases with increasing grain-size
gradient'”. The emergence of a critical size arises from
the combined effect of GB sliding and migration in
smaller grains and enhanced intergranular dislocation
activities in larger grains'”’. The atomistic simulations
also demonstrated the presence of a plastic strain gra-
dient and stress gradient during plastic deformation,
and the storage of GNDs to coordinate the deformation
between neighbouring small and large grains'>".

Unique dislocation structures. Over the past few years,
nanolaminated composites with two immiscible metals
(such as Ag—Cu, Cu-Nb, Cu-Ni and Al-Ag) arranged
in alternating layers have been fabricated by various
deposition techniques'**~'*>. The thicknesses of the nan-
olayers of these composites range from several nano-
metres to hundreds of nanometres'**~'*>. Owing to the
immiscibility of the two metals, there is a high density of
coherent or incoherent bimetal interfaces in the nano-
laminated composites'**-'*2. In addition to the bimetal
interfaces, a high density of nanoscale twins exists in the
grain interiors of the constituent metal with the lower
stacking fault energy. During deformation of these nano-
laminated composites, the interactions between dis-
locations, bimetal interfaces and nanoscale twins result
in ultrahigh hardness and strength'*>'**. In contrast to
metallic nanolaminated composites with homogeneous
layer thicknesses, gradient nanolaminated samples with
alternating soft Cu and hard Zr nanolayers fabricated by
magnetron sputtering possess high strength and could
undergo large coupled deformation (with a maximum
uniform layer strain of 60%)*. The coupled deformation
can be accounted for by the accumulation of GNDs near
the interlayer interfaces, which accommodate strain
incompatibility between the Cu and Zr layers with
a gradient in the thickness”. Laminated structures
with alternating CG Cu layers and nanostructured
Cu-10wt% Zn layers**® exhibited high work hardening
and remarkable tensile ductility, surpassing values pre-
dicted by the rule of mixtures. These unique mechani-
cal responses have been attributed to abundant GNDs
nucleating from interfacial ledges and piling up near
neighbouring interfaces®, resulting in the formation of
an interface-affected zone. Such an interface-affected
zone was confirmed by in situ high-resolution strain
mapping near the interlayer interfaces®. The width of
a zone depends on the applied strain with an approx-
imate magnitude of several micrometres®. The lam-
inated samples achieve optimal strength—ductility
synergy when neighbouring interface-affected zones
start to overlap®.

In homogeneous nanotwinned metals, there are
three typical dislocation activities'**"''"'*": dislocations
slip inclined to twin boundaries; threading dislocations
are confined by neighbouring twin boundaries; and par-
tial dislocations glide along twin boundaries, leading to
detwinning. The first and second dislocation activities
are hardening mechanisms (called hard mode I and
hard mode II, respectively), whereas the third one is a
softening mechanism (called soft mode III). In gradient
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nanotwinned metals with a dual gradient’, a new dislo-
cation structure — the BCD (that is, a bundle assembly
of ultrahigh-density dislocations) — was observed to
govern plastic deformation (FIC. 6g). The detailed struc-
ture of a BCD was revealed by a two-beam diffraction
technique in TEM” (FIG. 6h,i). A BCD contains both mode I
and mode II dislocations, with the density of mode II
dislocations nearly one order of magnitude higher than
that of mode I dislocations’. Atomistic simulations’ pro-
duced nearly the same structure of BCDs and further
revealed that BCDs also carry several stair-rod disloca-
tions. This BCD structure is essentially a type of GND
because it is generated to accommodate strain gradient
induced by the dual gradients in grain size and twin
size. The accumulation and interaction of BCDs, which
are uniformly distributed in the grain interior, not only
induce strengthening but also facilitate delocalization
of plastic deformation’, leading to high strength and
good ductility.

Heterodeformation-induced stress. During plastic
deformation of GNS metals and alloys, many GNDs are
generated to accommodate the plastic strain gradient
induced by the gradient nanostructures™'>*'. According
to existing strain-gradient plasticity theory'**~'*’, when
GNDs accumulate or pile up on a slip system against
interfaces or barriers (as exemplified by the dislocation
pile-ups in front of the GB in FIC. 6), a long-range stress
is produced owing to the self-stress and interaction of
the GNDs'*"'*°, This long-range stress obstructs further
slip of mobile dislocations'* and is often referred to as a
‘back stress. If we consider only the self-stress of GNDs
with a continuous distribution of GND density, p,;, the
back stress, o, on a slip system scales as**'*’

d
op o bezg, 5

where y is the shear modulus, and R is the domain radius
for GNDs contributing to the back stress, which is gen-
erally on the same order of magnitude as the length scale
of the GND distribution'*’. A combination of Eqs 3 and 5
indicates that the back stress is essentially associated
with a second-order strain gradient'*.

The additional strengthening and extraordinary work
hardening of gradient nanograined metals and alloys
has been accounted for by considering the effect of back
stress from GNDs'**'. Owing to the physical origin of
back stress, it can be measured by analysing the unload-
ing-reloading stress—strain hysteresis loop (FIG. 6k) of
gradient nanograined samples under uniaxial tension?.
During loading and unloading, only the frictional stress,
0, from the lattice and the back stress are considered.
This analysis assumes that the frictional stress remains
constant throughout the unloading-reloading process,
whereas the back stress is unchanged before the yield
point of unloading'? (FIG. 6k). The unloading yield stress
0,=0,- 0;at the unloading yield point in FIC. 6k, and the
reloading yield stress o, =0, + 0; at the reloading yield
point'” in FIG. 6k. Thus, if we combine the expressions
for o, and 0, 0, = (0, +0,)/2. Replacing o, with the initial
flow stress at the beginning of unloading, o,,, further
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eliminates the effect of thermal stress, 0, and eventually
the following expression is obtained'%:

[ (o
Op= == (6)

Analysis of experimentally measured unloading-
reloading stress—strain loops of gradient nanograined
samples using Eq. 6 revealed that the back stress is as
large as ~30-50% of the yield and flow stresses'?. The
back stress gradually increases with increasing applied
strain'?, suggesting that as the applied strain increases,
an increasing number of GNDs accumulate, leading to
higher back stress. Moreover, the findings revealed that
gradient nanograined samples have higher back stress
than their CG counterparts during plastic deformation'?.
In particular, in the upturn regime of the work harden-
ing rate’, the increasing rates of back stress with respect
to strain in the gradient nanograined samples are much
higher than those in CG samples'”. These results indicate
that the back stress has a crucial role in enhancing the
strength and work hardening of gradient nanograined
samples. Similar analyses of the effect and contribution
of back stress can be extended to other GNS materials
and, more generally, to heterogeneous structured materi-
als (such as materials with harmonic, domain-dispersed,
hierarchical and mixed nanostructures)'”.

Most recently, it was proposed that the pile-up of
GNDs produces the back stress in the soft domains, which
in turn induces the forward stress in the hard domains'*.
The back and forward stresses are thought to be coupled
long-range internal stresses in opposite directions'*. The
back stress makes the soft domain stronger, but the forward
stress makes the hard domain weaker, as both domains
deform plastically, especially when the soft domain is
constrained by the hard domain'*’. Therefore, the cou-
pling of back and forward stresses increases the global
yield strength and contributes to the extra harden-
ing of gradient nanograined metals and alloys'*’. The
back and forward stresses are related to heterogeneous
deformation'* and can collectively be referred to as the
‘heterodeformation-induced stress™*.

Grain coarsening. During plastic deformation of gra-
dient nanograined metals and alloys, two distinct
deformation mechanisms are observed™'®'*!%*>*; grain
coarsening or growth, which operates in the gradient
nanograined layer, and conventional dislocation activ-
ities, which occur in the CG cores. These two defor-
mation mechanisms synergistically contribute to a
combination of high strength and good ductility of
gradient nanograined samples®”. During the uniaxial
tension of gradient nanograined samples, grain coarsen-
ing occurs gradually and homogeneously as the applied
strain increases and dominates plastic deformation in
the gradient nanograined layer** (FIC. 61,m). During
cyclic fatigue tests, grain coarsening always starts from
an ultrafine-grained subsurface layer and gradually
extends to the top surface with increasing cycles until
all grains in the gradient nanograined layer attain the
same size'®'*'>*’, Grain coarsening is a strain-softening

mechanism**>'?’, because the flow stress of materials

gradually decreases with increasing grain size. However,
grain coarsening can accommodate large plastic strain
and help to suppress shear localization or instability in
the gradient nanograined layer, thus contributing to
good ductility and high fatigue resistance>'®'%1*2>*,

The grain coarsening in the gradient nanograined
layer is induced by GB migration. Grain coarsening can
occur at high stress levels and cryogenic temperatures®.
This realization implies that GB migration is driven by
mechanical loads rather than by a diffusional process™*.
There are two common mechanisms for mechanically
driven GB migration, which might be operative dur-
ing grain coarsening in the gradient nanograined layer
(FIG. 6n,0). If two neighbouring grains have different dis-
location densities, their shared GB can move by absorb-
ing dislocations and bulging into the grain with a higher
dislocation density (FIG. 6n). The driving force of this GB
migration is the internal strain energy stored in the dis-
locations (including dislocation core energy). As the GB
migrates, the strain energy in the grain with the higher
dislocation density is gradually released, and the area
swept by the GB becomes free of dislocations. When
a GB migrates along its normal direction under shear
stress, it couples with a shear of the lattice traversed by
the GB (FIC. 60). This coupled GB migration, driven by an
applied shear stress, has been confirmed by experiments
and atomistic simulations'*""**, The results from these
studies also revealed that low-angle and high-angle
tilting GBs exhibit high mobility through the coupled
GB migration mechanism''. During GB migration,
the motion of low-angle tilting GBs is achieved by the
collective motion of the array of dislocations that con-
stitute such GBs, whereas that of high-angle tilting
GBs is accomplished by the deformation of constituent
structural units'. It is well recognized that GB migra-
tion is determined mainly by the structure, energy,
misorientation and chemical composition of GBs, as
well as external factors, including stress, temperature
and strain rate'’. A recent study on the uniaxial ten-
sion of gradient nanograined metals'** reported that GB
migration is also dependent on the initial grain size. As
the initial grain size decreases from the submicrometre
level, GB migration first intensifies and then gradually
weakens'**. Consequently, there is a critical grain size
that corresponds to the strongest GB migration. The
weakening of GB migration below a critical grain size
can be ascribed to GB relaxation during sample process-
ing or post-heat-treatment'>. This realization suggests
that, even in gradient nanograined metals, very small
nanosized grains can stabilize the structure providing
the GBs are substantially relaxed'*.

Connections between mechanisms. There are connec-
tions between the various plastic deformation mech-
anisms experimentally observed in GNS metals and
alloys and the mechanical properties and microstruc-
tures. The deformation mechanisms include plastic
strain gradients due to progressive yielding, unique
dislocation activities (essentially activities of GNDs),
heterodeformation-induced long-range stress (mainly
back stress) and grain coarsening induced by GB migra-
tion. All of these deformation mechanisms originate
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from the structural gradients of GNS metals and alloys,
and contribute to their mechanical properties. Grain
coarsening occurs in the gradient layer of gradient nano-
grained metals and is related to GB migration. Both plas-
tic strain gradient and heterodeformation-induced stress
occur in all GNS metals and alloys, and can be attributed
to the generation and accumulation of GNDs during
plastic deformation. GNDs and the resultant strain gra-
dient and internal stress are important features of plas-
tic deformation of GNS metals and alloys. Currently,
nearly all theoretical and computational modelling at
the microscale, mesoscale and macroscale for plastic
deformation of GNS metals and alloys is based on the
strain-gradient plasticity. A thorough understanding of
plastic deformation in metallic GNS materials requires
further development of more advanced theoretical
frameworks and computational modelling techniques.

Future perspectives

As an emerging class of nanostructured materials, GNS
metals and alloys have achieved a combination of excel-
lent mechanical properties that are not always possible
in their homogeneous counterparts. These mechanical
properties originate from the gradient microstructures,
wherein a host of inhomogeneous plastic deformation
mechanisms are activated involving multiple deforma-
tion features and mechanisms, including pronounced
strain gradients, novel dislocation activities and
mechanically driven grain coarsening. Although some
advances in the fabrication and mechanics of GNS
metals and alloys have been made, there are numerous
crucial issues that need to be addressed. Here we high-
light some key open issues and challenges (FIG. 7) for the
further development and innovation of GNS materials.
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¢ Develop a unified design principle

and mechanistic strategy

l
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Theory, modelling and design. As the relationship
between structural gradients and mechanical proper-
ties in GNS materials remains mostly qualitative, cur-
rent design and optimization of gradient nanostructures
are largely empirical. It has become urgent to develop
theoretical and computational modelling frameworks to
quantify correlations between microstructural gradients
(such as the degree and distribution of structural gradi-
ents and variations in the dimensions and orientations
of building blocks) and the mechanical properties of
GNS materials. Although it is known that the mechani-
cal properties of GNS materials are strongly determined
by their structural gradients, it remains a challenge to
design gradients to achieve optimal mechanical proper-
ties. In recent years, simulation-driven and data-driven
approaches have expedited and simplified material
design and discovery processes'*>~'*. In particular,
machine learning models trained with experimental
and simulation data have been used to predict material
structures and properties to determine the structure—
property relationships and guide material design and
synthesis'*>'***, Owing to the current lack of quantita-
tive theoretical models for GNS materials, we anticipate
major advances in the coming decade in the develop-
ment of machine learning approaches to designing
and optimizing structural gradients to achieve targeted
mechanical properties.

Fabrication and processing. Current processing tech-
niques for GNS materials cannot precisely control
structural gradients from the nanoscale to the macro-
scale. Therefore, the degree and distribution of gradi-
ents in synthetic GNS materials generally fall in a very
limited range. By contrast, naturally occurring gradients
in biological materials span multiple length scales and
hierarchical structures. Precise control of multilevel
structural gradients over a wide range of length scales
and replication of the hierarchical structures in natural
biomaterials requires the development of new fabrication
processes. Moreover, current GNS metals and alloys are
limited to a few pure face-centred-cubic metals and typ-
ical alloys. It can be anticipated that similar principles
of structural gradients can be extended to many more
metallic and non-metallic systems, and that structural
gradients will increasingly be combined with other gra-
dients, such as compositional gradients, in the design of
gradient materials.

Microstructure and mechanics. Inhomogeneous defor-
mation in GNS materials involves multiple deformation
mechanisms and intricate internal stress and strain states
induced by the structural gradient over different length
scales. To advance the fundamental understanding of
GNS materials, it will be essential to fully clarify the
complicated evolution of the microstructure, related to
the interactions between dislocations, boundaries and
interfaces, as well as the origin, coupling and trade-offs
of different mechanisms and internal stresses and strains
across multiple length scales. To address these issues,

Fig. 7 | Open issues and challenges for gradient nanostructured metals and alloys.
Inspired by the rapid development of this field in recent years, we summarize the
issues and challenges in the development of gradient nanostructured materials. Some
issues are also applicable to heterogeneous nanostructured materials more generally.

more systematic and detailed microstructural charac-
terization and mechanical studies need to be conducted
with the help of multiscale modelling and theoretical
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studies. Current experimental methods cannot effec-
tively characterize the coupling of multiple deformation
mechanisms and internal stress and/or strains across
multiple length scales, as most methods cannot integrate
information over multiple scales and instead deal with
only individual mechanisms at a given scale. Therefore,
more advanced and effective experimental methods
(especially those with the capability of in situ charac-
terization) need to be developed to explore the mutual
influence between various deformation mechanisms and
internal stress and strains, and to evaluate their contri-
butions to the mechanical response of GNS materials.
Furthermore, most experimental studies to date have
focused mainly on the plastic deformation of GNS
metals and alloys under monotonic loading. Revealing
the fatigue, fracture and creep behaviour and the
associated failure mechanisms of GNS metals and
alloys will be essential to fully explore their engineer-
ing applications. For example, the influence of residual
stress on the fatigue, fracture and creep behaviour of
GNS materials remains to be clarified. Moreover, the
mechanical properties and deformation mechanisms
at low or high temperature and corrosion behaviour in
different environments are also some of the issues for
future investigation.

Multiscale and hierarchical structures. For natural bio-
materials, structural gradients often exhibit hierarchical
features and diverse chemical gradients spanning mul-
tiple length scales’, resulting in excellent mechanical
properties and multiple functionalities. Such gradients
in biomaterials provide inspiration for designing and
fabricating GNS materials with unprecedented proper-
ties and performance. Therefore, how to design, con-
struct and control multiple length scales and hierarchical
structures in GNS materials to achieve targeted prop-
erties and performance is an important question. GNS
metals and alloys can be regarded as a type of hetero-
geneously structured material. The family of heterogene-
ously nanostructured materials has expanded in recent
years, with materials with harmonic, domain-dispersed,

hierarchical and mixed nanostructures'"’*"**'® having

emerged under various structural and architectural
designs'’. These materials have a high strain harden-
ing capability and often evade the strength-ductility
trade-off. For example, nanoscale domains with a mean
grain size of ~7nm and a small misorientation of <15°
were found to spread through ultrafine-grained Ni,
forming unique domain-dispersed nanostructures'®.
These nanostructures lead to both high strength and a
high strain hardening rate, as well as good ductility'®.
Inspired by the recent advances and successes in the
development of GNS metals and alloys, we anticipate
that a unified design principle and mechanistic strategy
may soon emerge for these more general heterogene-
ously structured materials, and that the connections
between complex structural heterogeneity and inhomo-
geneous deformation will be exploited to enhance
mechanical properties.

New applications of GNS materials. The unique gradi-
ent nanostructures endow GNS metals and alloys with
remarkable mechanical properties. The high strength
and high resistance to crack propagation of these mate-
rials make them suitable for safety-critical applications
and load-bearing structural applications in, for exam-
ple, the aerospace, automobile, microelectronics and
sporting industries. Similar structural gradients can be
introduced in GNS ceramics and ceramic composites
for applications as dental and orthopaedic implants.
Combined with the intrinsic multifunctionality of metals
and alloys, it will be interesting to explore applications of
GNS metals and alloys in interdisciplinary fields, includ-
ing tribology, geology, optoelectronics'*', biomechanics
and nanotechnology. However, the limited long-term
structural, mechanical, chemical and thermal stabilities
of these materials are issues that must first be addressed.
Moreover, integrated studies that explore coupled physi-
cal and chemical properties of GNS metals and alloys are
required for realization of applications.
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