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ABSTRACT: Conventional polycrystalline metals become stronger with
decreasing grain size, yet softening starts to take over at the nanometer
regime, giving rise to the strongest size at which the predominate
strengthening mechanism switches to softening. We show that this
critical size for the onset of softening can be tuned by tailoring grain size
gradient, and raising in the gradient shifts the size toward the smaller
value. The decrease in the strongest size is prompted by mitigation of
grain boundary-mediated softening processes accompanying by enhanced
intragranular plastic deformations. We found that the nanograins smaller
than 6 nm, mainly involving intergranular sliding in homogeneous
structures, reveal anomalous plastic deformation in gradient systems,
which is mediated by partial dislocation nucleation, faulting and twinning
activated in a gradient stress field. The results on extended dislocation
slip and gradient plasticity, stemming from the structure heterogeneity, shed light on an emerging class of heterogeneous
nanostructured materials of improved strength−ductility synergy.

KEYWORDS: strongest size, gradient structure, gradient plasticity, dislocations, nanocrystalline metal

The strength and hardness of polycrystalline metals greatly
increases when reducing their grain size, commonly

understood as the classical Hall−Petch strengthening1,2 due to
dislocation pileup on grain boundary obstacles.3 As grain size
becomes smaller, the increase of grain boundary density
enhances blocking of dislocation glide, therefore strengthening
the materials.4 However, an inverse Hall−Petch effect, a
reduction in strength with decreasing grain size, arises in
nanocrystalline metals with grain size of a dozen manom-
eters.5−7 The variation of strength with grain size suggests a
characteristic size dc, at which the predominate deformation
mechanism changes from strengthening to softening, owing to
grain boundary-mediated processes such as sliding and
migration. In view of grain size dependent strength in
noncrystalline metals, the “strongest size” dc emerges,8

suggesting the strengthening effects reach the maximum at this
critical length. For conventional homogeneous nanograined
(NG) metals, the dc has been found to occur at grain size of
about 50 to 10 nm.4,7

Recently, an otherwise material with nonhomogeneous or
heterogeneous nanostructures9 has drawn increasing research
interests because of the unprecedented mechanical properties
that unfolded10,11 as well as the advances in processing and
manufacturing routes for producing heterogeneous materials.12

For example, a variety of gradient nanostructured metals13,14

and alloys15,16 with a spatial gradient in grain size achieve a
noteworthy combination of high strength and high ductility.
This improved strength−ductility synergy can be attributed to
production and storage of geometrically necessary dislocations

for compatible deformation in heterogeneous structures,17 that
brings about extra hardening during deformation and, hence,
achieves higher ductility as compared with homogeneous
noncrystalline systems. Because of the structural heterogeneity
in gradient nanograined (GNG) metals and possibly new
deformation mechanisms, it would be interesting to ask whether
the aforementioned strongest size dc varies with an imparted
gradient in grain size and what associated mechanisms are
responsible for a change of dc if at all. Answering these questions
is not only of fundamental interest but will also shed light on the
perspective of tailoring mechanical behaviors of materials by
tuning nanostructural heterogeneity.
In this study, massively parallel atomistic simulations were

performed in GNG and homogeneous NG samples of Cu, a
material which has been extensively studied in experiments and
simulations.5,13,18,19 The results reveal that the size dc of GNG
structures becomes smaller as compared with their homoge-
neous counterparts, and increasing the gradient in grain size will
drive the strongest size to a smaller value. By analyzing the
deformation trajectories, it is found that the softening processes
of grain boundary sliding and migration in the GNG are greatly
mitigated, which are accompanied by enhanced plastic
deformations mediated by activating multiple dislocation slip
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systems, deformation nanotwins, and stacking faults. The
boundary stabilization and enhanced plasticity resulting from
the grain size gradient suggest the fundamental deformation
mechanisms underlying extraordinary work hardening and high
ductility of many heterogeneous structured metals.
Four systems with different gradients are considered, and

Figure 1a shows their grain size variation with distance x from
the boundary. The spatial gradients in grain size g, defined as the
first order derivative of grain size d with respect to x, are 0, 0.16,
0.28, and 0.42 for the studied systems. The zero gradient g = 0
represents homogeneous nanograined structures, and d0
represents the smallest grain size in a GNG structure. The
GNG and homogeneous NG samples are created as randomly
orientated grains produced by Voronoi tessellation.20 To
construct different sized GNG structures of the same gradient,
the crystallographic grain orientations and gradient are kept
constant when scaling the structure to different sizes.We created
34 samples for the four sets of gradients with the smallest one
containing 1.05× 105 atoms and the largest one having 7.5× 107

atoms (see section 1 in the Supporting Information for sample
details). Figure 1b and c depicts the spatial distributions of
grains for g = 0.16 and 0.28, respectively. The interatomic
interaction of Cu atoms was modeled with an embedded-atom
method potential,21 and all simulations were performed at a
constant temperature of 300 K using Nose−́Hoover thermo-
stat.22,23 Periodic boundary conditions are imposed in all three
directions, and uniaxial tensile strain is applied to the sample in
the direction perpendicular to the gradient (i.e., y axis shown in
Figure 1c). The stress is calculated by considering the
components of kinetic energy tensor and the virial tensor from
pairwise interaction. All samples are deformed at a constant

Figure 1. (a) Variation of grain size with respect to distance from the
boundary. Four systems with different grain size gradients are
considered, and it is noted the zero-gradient g = 0 represents the
homogeneous nanocrystalline system. (b, c) Spatial distribution of
grains for g = 0.16 and 0.28, respectively. The d0 describes the smallest
grain in a GNG structure.

Figure 2. Stress−strain behaviors of GNGCu with g = 0.28 and the strongest size. (a, b) Tensile stress−strain curves for different sized GNG samples,
labeled by its smallest grain d0. (c) Variation of plastic flow stress as a function of mean grain size d̅ (filled blue circles) for GNG. The flow stress as a
function of d0 (red circles) is also plotted for comparison. The critical size d̅c = 7 nm, separating the strengthening and softening regimes, is
approximated by fitting the date to polynomial functions. (d) For comparison, the stress variation with grain size for homogeneous NG samples is
included, exhibiting the critical grain size of dc = 12 nm. The plastic flow stress is calculated as the average stress from the strain interval of 10−20% .
Error bars characterize the standard deviation of fluctuation in the strain interval.
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strain rate of 5 × 108 s−1, and the stress in other directions
perpendicular to tensile deformation is controlled at zero stress
using Berendsen barostat.24

The responses of system-level stress to uniaxial strain for
GNG structures are shown in Figure 2a and b, in which the
curves are labeled by its smallest grain d0, ranging from 8 to 1.5
nm. It can be seen that the overall stress−strain response
consists of an initially elastic loading up to a yield point, followed
by a steady state plastic flow after about 10% tensile strain. When
comparing these curves, Figure 2a shows the flow stress shifts
upward with decreasing grain size. However, the relationship
between flow stress and grain size becomes opposite with a
further decrease of grain size (Figure 2b). The dependence of
plastic flow stress on grain size is shown in Figure 2c, revealing
that the flow stress increases with decreasing grain size, attaining
the maximum at the critical value d̅c ∼ 7 nm. After that, the
softening takes over from the strengthening and the stress
decreases sharply with further decreasing d̅. Here, the d̅
represents the averaged grain size, determined as the mean
value of all grain sizes in a system (see Figure S3 for the statistical
distribution of grain size). The dependence of flow on grain size
for a homogeneous NG structure is included in Figure 2d, which
exhibits a critical value of 12 nm, consistent with previous
investigations.4,5 It is evident that, by introducing the grain size
gradient, the threshold size shifts from 12 nm to a smaller value
of 7 nm, suggesting the strengthening mechanisms continue to
predominate and extend to systems with smaller grains (see
Figure S5 for gradient g = 0.16 in the Supporting Information).

To elucidate deformation mechanisms, we show a typical
deformed atomic structure of a GNG sample at 15% applied
strain in Figure 3a. One can see dislocations, stacking faults, and
nanotwins appear, suggesting that multiple plastic deformation
processes have been triggered during deformation even in small
nanograined domain. This structural characterization, which is
analyzed on the immediate strained configuration, clearly reveals
the ongoing elementary processes underlying plastic deforma-
tion. However, it is impossible to track and unveil the
deformation history that the system has experienced, because,
for example, no footprint (defect) will be left over in a grain after
a full dislocation glides through it. To reveal the history of plastic
deformation and grain boundary processes, we calculate the
atomic-level deformation by breaking it down into affine plastic
deformation and nonaffine rearrangement25,26,27 according to

d J d dij i ij ij
0 δ= + (1)

where dij is distance vector between atom i and j in the current
state and dij

0 is for the initial undeformed state. The deformation
tensor Ji reflects local affine deformation like slip, and δdij
measures nonaffine atomic rearrangements. The Ji for the atom i
is calculated by minimizing

D d J di
j

n

ij i ij
2

1

0 2
i

∑= | − |
= (2)

where ni is total neigbors around atom i. From J, the Green strain
tensor and its invariant, shear strain η, can be calculated that is a
good measure of local inelastic deformation. The minimized Di

2

Figure 3. Deformation mechanisms in the GNG Cu with g = 0.28 and d0 = 8 nm. (a) Deformed atomic structure at 15% strain shows multiple
deformation modes appearing in the system, involving dislocations, nanotwins, and stacking faults. (b) Spatial distribution of shear strain η. Both small
and large grains exhibit intragranular plastic slips, and the intersection of slips suggests that multiple slip systems are activated. (c) Spatial distribution of
nonaffine displacement Dmin

2. The small grains appear to show no apparent increase in nonaffine displacement, implying gradient-mediated grain
boundary stabilization. (d) Nonaffine displacement Dmin

2 and shear strain ⟨η⟩ as a function of d̅ for the 9 different sized GNG samples.
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measures the nonaffine squared atomic rearrangement which is
not captured by J. The processes such as dislocation slip,
twinning, and formation of stacking fault, involving an ordered
transformation, are major contributions to the affine deforma-
tion. The activities of amorphous-like GBs, including migration
and sliding, predominately contribute to the nonaffine
deformation. For example, the sliding of GB, which is analogous
to shear-band sliding in amorphous solids,28 involves shear
transformation-like events that increase the nonaffine displace-
ment.
Figure 3b shows the spatial distribution of atomic shear strain

η of the system at the same strained state as in Figure 3a. The
appearance of abundant bright lines of large strain implies that
dislocations have passed through the grains for multiple times.
The large plastic slip primarily occurs in the grain interiors,
where the intersections of slips indicate that multiple slip
systems have been activated during deformation. In Figure 3c,
we show the nonaffine squared displacement Di

2 corresponding
to the same state of Figure 3b. The large nonaffine rearrange-
ments mainly take place in the grain boundaries, confirming Di

2

as an appropriate measure for grain boundary activities including
sliding and migration. It is noted that the boundary-related
process in the areas of small nanograins exhibit no apparent
increase as compared with that of large grains (see Figure 3c),

suggesting a gradient architecture-inducing grain boundary
stabilization. These boundary-related processes, softening the
strength of the materials, can be caused by different mechanisms
such as stress-induced intergranular sliding,29 dislocation-grain
boundary interaction,30 and shear-coupled boundary migra-
tion.31,32 It is interesting to note that substantial grain growth
caused by stress-induced grain boundary migration has been
clearly revealed in experiments,13 which is responsible for the
plastic deformation of GNGmaterials. To explicitly extract grain
boundary migration from boundary activities, we compare the
grain boundary networks between undeformed and strained
states (see Figure S4 in the Supporting Information), and during
plastic deformation the grain boundaries experience apparent
migration, resulting in growth of grains at the expense of their
neighbors.
To understand how the grain size d̅ affects plastic slip and

grain boundary process in GNG systems, we survey the shear
strain ⟨η⟩ and the nonaffine squared displacement ⟨Dmin

2⟩ and
plot them as a function of d̅ in Figure 3d, where each data point
represents a GNG system. The system-averaged ⟨η⟩ decreases
with decreasing grain size d̅ in a virtually linear manner, except
for the smallest GNG sample of d̅ = 2.4 nm, because it only
contains fine grains which are smaller than ∼12 nm; therefore,
the system is losing dislocation-mediated plastic deformability.

Figure 4.Comparison of deformationmechanisms in GNG and homogeneousNG samples, and stress distributions. (a) Variation ofDmin
2 and ⟨η⟩ as a

function of grain size d̅. (b, c) Dislocation distributions in homogeneous NG (b) and GNG samples (c) at the same strain of 20%. GNG shows
intensified dislocations even in 6 nm sized grain. Red lines represent screw dislocations, and blue lines show edge dislocations. (d) Distributions of
atomic tensile stress at two applied strains of 1% and 8%. The corresponding tensile stress variation with position for the two strained states are shown
in (e).
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This ⟨η⟩−d̅ behavior indicates that the extent of plastic
deformations is lowered by reducing the grain size, which may
be ascribed to the limited dislocation nucleation and motion
which are severely confined by small regions. In contrast to the
plastic slip, the nonaffine rearrangement ⟨Dmin

2⟩ shows an
increase with decreasing d̅, but revealing a clear bimodal pattern.
This transition behavior of ⟨Dmin

2⟩, occurring at a characteristic
size∼7 nm, concurs with the flow stress variation with grain size
(see Figure 2c). Therefore, we regard the results to suggest the
strength softening with decreasing grain size is essentially
dictated by the increased boundary-mediated processes rather
than the reduction of intragranular plasticity.
Figure 4a compares the deformation behaviors between GNG

and homogeneous NG by showing ⟨Dmin
2⟩ and ⟨η⟩ as a function

of grain size. It is shown that the value of ⟨Dmin
2⟩ in GNG is

smaller than that of the homogeneous structure. The lowered
⟨Dmin

2⟩ signifies that the boundary sliding and migration are
mitigated in GNG systems, implying the grain boundary is
stabilized by the imparted gradient. On the other hand, the
plastic deformation is intensified in GNG systems as shown by
the ⟨η⟩. It is reasonable to conclude that the grains in the GNG
undergo larger plastic strain than those of homogeneousNG and
hence attain extra plastic deformability. The augmented
intragranular plastic deformation in GNG systems can be
attributed to the formation of deformation nanotwins and
stacking faults (Figure 3a) and especially to the activation of
extended partial dislocations, which are activated in the gradient
stress field (see discussion of Figure 4d). Figure 4b and c shows
the spatial distribution of dislocation in homogeneous NG and
GNG structures, respectively. The ∼6 nm sized grains in NG
show few dislocations, as the deformation is predominated by
boundary sliding. In contrast, the GNG exhibits abounded

partial dislocations even in these ultrafine grains. This means the
partial dislocation slip, which is suppressed in homogeneous
nanograins, becomes activated in the gradient systems.
The extended dislocation slip and enhanced plasticity root

from the introduced structure gradient. When a homogeneous
NG material is under a uniform tension strain, the onset of
plasticity takes place in grains ideally spanning the whole system,
leading to a uniform stress distribution. For a GNG system, the
stress uniformity is broken down, even at the elastic deformation
stage (Figure 4d). Because the small grained region consists of a
higher density of grain boundary than that of the coarse-grained
part, the elastic stress shows a slight decrease from the coarse
grain to fine grain regions, exhibiting a convex-like profile (black
curve in Figure 4e). This stress gradient is becoming reversed in
the onset of plastic deformation, due to grain size dependent
yielding strength (bottom panel of Figure 4d). Entering into the
plastic deformation regime, the coarse grains will first undergo
plastic deformation and release the internal stress, progressively
changing the stress distribution to concave-like (red curve in
Figure 4e). With increasing the applied strain, the plastic
processes spread gradually to finer grains, triggering dislocation
processes even in small grains, which is attributed to the
extended dislocation slip.
To address an interesting question of how the strongest size

depends on the structure gradient, we show in Figure 5a the
variations of flow stress with grain size d̅ for g = 0, 0.16, 0.28, and
0.42, as labeled. It can be seen the critical d̅c shows a decrease
with increasing gradient g (Figure 5b), suggesting d̅c shifts to a
smaller value when increasing the structure gradient. In Figure
5a, the data points in the strengthening regimes are fitted to the
Hall−Petch formula k d/flow 0 GBσ σ= + , obtaining strength-
ening coefficient kGB = 3276, 1642, 1505, and 885 MPa for
gradients of 0, 0.16, 0.28, and 0.42, respectively. The decrease of
kGB implies the pure grain boundary strengthening becomes
weakened, due to the increased volume fraction of large grains
with growing in gradient. It is worth noting that the strain rate in
MD simulations is several orders of magnitude higher than that
of conventional laboratory experiments. With sufficiently
decreasing strain rate, thermally activated diffusional processes,
such as vacancy-mediated dislocation climb and creep, can occur
and lower the yielding and plastic flow stresses of a system.
Because vacancy diffusion along grain boundaries is much faster
than bulk lattice diffusion, the small-grained materials with
abundant boundaries are more susceptible to the strain rate. It is
reasonable to speculate that, if diffusional plasticity and creep
become as competing processes, the strongest size may drift to a
larger value.
Experimental results have shown the enhanced ductility for

GNG metals when comparing with their homogeneous
counterparts. The improved ductility can stem from the grain
size gradient, which produces gradient stress and deformation
fields and promotes nucleation and storage of extended
dislocations. The plasticity gradients, which gradually release
the stress from large grains to small grains with increasing
applied strain, mitigate strain localization and prevent early
necking, hence improving ductility. For concerted deformation
between adjacent small and large grains, geometrically necessary
dislocations must be stored, which provides an extra
strengthening mechanism, postponing the necking instability.
The study reveals the onset of strength softening in gradient

nanograined Cu shifts to markedly small grains as compared
with its homogeneous counterpart. It is found that the decrease

Figure 5. Dependence of critical grain size d̅c on structure gradient g.
(a) Variation of flow stress with mean grain size d̅ for structures with
gradients g = 0, 0.16, 0.28, and 0.42. The black solid lines are fitted Hall-
Petch equations. (b) The strongest size d̅c decreases with increasing
gradient g.
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of the strongest size results from the synergistic effect of
mitigation of grain boundary sliding/migration and enhanced
intergranular plastic deformation. Grain boundary-mediated
softening processes, such as sliding,18,33 grain rotation,34,35 and
migration,29 have emerged as the prominent deformation mode
for homogeneous nanocrystalline metals. When the boundary
sliding takes over from the mechanism of dislocation nucleation
and motion-controlled deformation, strain localization and
eventually nanoracks would develop in the adjacent nanograins
due to the limited dislocation slips and unconcerted
deformation. In contrast to grain boundary stabilization through
segregation engineering,36,37 the results suggest that grain
boundary resistance to sliding and migration can be tuned by
tailoring its spatial distribution. As a result of the boundary
stabilization, the intragranular plastic deformation, involving
processes of partial dislocation, stacking faults, and nanotwins, is
triggered and prompted to accommodate the applied mechan-
ical strain. The activation of partial dislocations, especially in
small grains, enables system stalling and storing of geometrically
necessary dislocations which are required for compatible
deformation of heterogeneous materials. The storage of
geometrically necessary dislocations, in the vicinity of the
grain boundary17 or in grain interiors,14 is believed to be the
cause for the extra strain hardening and hence high ductility in
many gradient nanostructured materials.13−16 Our results on
diminished grain boundary softening process and extended
partial dislocation slip, originating from the structure gradient,
advance the fundamental understanding of the deformation
mechanisms in gradient nanograined metals and shed light on
the improved synergy of ductility and strength manifested in the
emerging class of heterogeneous nanostructured materials.9
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