
Amorphous Thickness-Dependent Strengthening−Softening
Transition in Crystalline−Amorphous Nanocomposites
Lei Qian, Wenqing Yang, Jiasi Luo, Yunjiang Wang, K. C. Chan, and Xu-Sheng Yang*

Cite This: https://doi.org/10.1021/acs.nanolett.3c03848 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Core−shell crystalline−amorphous nanocompo-
sites, featuring nanograins surrounded by thick amorphous
boundaries, are promising nanoarchitectures for achieving excep-
tional strength through cooperative strengthening effects. How-
ever, a comprehensive understanding of the influence of character-
istic sizes, particularly the amorphous thickness, on codeformation
strengthening is still lacking, limiting the attainment of the strength
limit. Here, we employ molecular dynamics simulations to
investigate Cu-CuTa crystalline−amorphous nanocomposites
with varying grain sizes and amorphous thicknesses. Our findings
demonstrate significant strengthening effects in nanocomposites,
effectively suppressing the Hall−Petch breakdown observed in
traditional amorphous-free nanograined Cu. Intriguingly, we
observe a maximum strength followed by a strengthening−softening transition dependent on the amorphous thickness, as
exemplified by a representative nanocomposite featuring a 12.5 nm grain size and a critical amorphous thickness of 4 nm. Inspired by
observed shifts in atomistic mechanisms, we developed a theoretical model encompassing variations in grain size and amorphous
thickness, providing valuable insights into the size−strength relationship for crystalline−amorphous nanocomposites.
KEYWORDS: crystalline−amorphous nanocomposite, Cu-CuTa, atomistic simulations, codeformation cooperative mechanisms

The pursuit of ultrahigh strength in metals has driven
significant advancements in metal design. Nanostructur-

ing stands out as a prominent strategy, extensively applied to
explore strength limits in both crystalline and amorphous
metals.1−4 Nanocrystalline (NC) metals, characterized by
refined grain size and increased grain boundary (GB) density,
leverage the Hall−Petch strengthening,5,6 where GBs resist
dislocation motion. However, NC metals with extremely small
grain sizes can experience a strengthening−softening tran-
sition, known as the Hall−Petch breakdown, where GB-
mediated plasticity dominates over GB strengthening.7−9

Concurrently, nanosized amorphous metals exhibit an
enhanced ability to suppress localized shear bands, thereby
contributing to an ideal strength with enhanced ductility.1,10

Building upon the success of introducing structural hetero-
geneity to improve strength,11−15 a new strategy has emerged
that combines the structural advantages of crystalline and
amorphous nanostructures in a complementary manner. This
strategy has led to the development of crystalline−amorphous
nanocomposites,16−21 where nanograins are encapsulated by
nanosized thick amorphous GBs. In these nanocomposites, the
ultrastrong amorphous GBs effectively impede or absorb
dislocation activities within nanograins,22,23 preserving the
Hall−Petch strengthening effect even at extremely refined
grain sizes.16 Additionally, the accommodation of dislocation
activities restrains the plastic instability of the nanosized

amorphous phase, inhibiting localized shear band propagation
and promoting the activation of homogeneous shear trans-
formation zones (STZs).24,25 Consequently, the distinctive
codeformation cooperative strengthening effect in crystalline−
amorphous nanocomposites can yield a remarkable strength−
ductility synergy,20,26,27 surpassing the overall strength of the
individual constituents.28,29

To date, experimental synthesis of crystalline−amorphous
nanocomposites has been achieved through various methods,
such as GB doping,26,30−32 laser-related processing,33,34 and
severe plastic deformation35−37 of the crystalline matrix,
showing promise in diverse applications. Experimental
investigations have demonstrated improved strength accom-
panied by significant codeformation capability in these
nanocomposites.18,20,25,38 However, it should be noted that
in relatively large-scale amorphous constituents, plasticity is
governed by localized shear bands.39,40 In crystalline−
amorphous nanocomposites, the sustained presence of
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advantageous homogeneous STZs within the amorphous GBs
may be compromised if the GB thickness is significantly
increased.29,41,42 In other words, such codeformation cooper-
ative and associated strengthening effects might lose
effectiveness, leading to a strengthening−softening transition
and a peak strength at a specific grain size, dependent on the
amorphous GB thickness. However, the flexible fabrication of
crystalline−amorphous nanocomposites with uniform micro-
structures and varying characteristic sizes remains challenging.
Meanwhile, the commonly observed inhomogeneous distribu-
tion of amorphous GBs in experimentally prepared crystalline−
amorphous nanocomposites can impede the realization of ideal
codeformation, thereby affecting the strengthening effect.16

These experimental limitations constrain our comprehensive
understanding of the influence of characteristic sizes, especially
the amorphous thickness, on codeformation strengthening and
achieving the strength limit.
Alternatively, atomistic simulation techniques provide

precise control over microstructure and offer insights into
the underlying mechanistic rationale,43−45 deepening our
understanding of crystalline−amorphous nanocomposites.
Here, we employed MD simulations to construct a series of
crystalline−amorphous Cu-CuTa nanocomposites with varying
grain sizes and amorphous thicknesses and carried out tensile
tests. Our results demonstrate significant strengthening effects
in these nanocomposites, resisting the Hall−Petch breakdown
observed in amorphous-free nanograined Cu with an extremely
small grain size. Notably, we observe a strength limit, followed
by a strengthening−softening transition dependent on the
amorphous thickness. This behavior is exemplified by a
representative nanocomposite featuring a 12.5 nm grain size
and a critical amorphous thickness of 4 nm. Additionally, we
investigate the shift of the atomistic plastic mechanisms and
develop a theoretical model encompassing variations in grain
size and amorphous thickness to elucidate the size−strength
relation in crystalline−amorphous Cu-CuTa nanocomposites.

For initial validation, we employed the MD simulations to
test the shear deformation of simple crystalline (Cu)−
amorphous (CuTa) nanolayers with amorphous thicknesses
of t = 0.5−16 nm (details in the Supporting Information). A
sequence of stacking faults (SFs) containing a pair of leading
and trailing partial dislocations are artificially created in the
crystalline region to interact with these amorphous layers, as
shown in Figure 1a,b, including dislocation blockage,
absorption, and/or transmission. Figure 1c reveals that the
maximum local shear stress concentration in the crystalline
region induced by dislocation absorption gradually increases
with the amorphous thickness when t ≤ 8 nm, implying the
strengthening effect.22 Moreover, the STZs indicated by high
shear strain (here >0.2) are triggered in the yielded amorphous
layer to accommodate the localized shear deformation brought
by the dislocation absorption and gliding (Figure 1d).
However, these STZs prefer to percolate together with the
further increased amorphous thickness (t > 8 nm), in which
the nucleation of localized shear bands (as marked by the
circled area in Figure 1d) is observed to significantly inhibit the
transmission of dislocation. When examining corresponding
shear stress−strain curves shown in Figure S1 (see the
Supporting Information), a drastic stress drop (black arrow)
could be observed at the onset of amorphous layer yield,
leading to a peak shear stress which represents the barrier
strength of the amorphous layer to dislocation motion. It is
found that the variation of barrier strength undergoes an
amorphous layer thickness-related increasing−decreasing tran-
sition with a critical thickness of 8 nm and peak value of ∼0.87
GPa, as shown in Figure 1e, suggesting a strengthening−
softening transition. We anticipate that similar behavior would
occur in three-dimensional core−shell crystalline−amorphous
nanocomposites. Due to the more complex configurations, the
transition features (e.g., critical amorphous thickness and peak
strength value), underlying atomistic plastic mechanisms and
associated theoretical modeling of the crystalline−amorphous

Figure 1. Atomistic simulation of simple crystalline−amorphous nanolayers under shear deformation. (a) Simulation model and computational
setup. (b) Evolution of atomic shear stress field for a nanolayer with a 1 nm amorphous thickness. (c) Shear stress distributions of nanolayers after
yielding an amorphous layer with varying amorphous thicknesses. In (b) and (c), only atoms inside the crystalline layer are colored according to
shear stress magnitudes. (d) Shear strain distributions of nanolayers after yielding of an amorphous layer with varying amorphous thicknesses. (e)
Variation of amorphous layer barrier strength with respect to amorphous thickness.
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nanocomposite still need to be explored and understood in
depth.
Herein, we constructed two sets of idealized core−shell

crystalline−amorphous nanocomposites consisting of ran-
domly distributed nanograined Cu cores surrounded by
uniform nanosized amorphous CuTa shells (see the Support-
ing Information), as shown in Figure 2a,b. A representative
atomistic interfacial configuration in Figure 2c and the
corresponding partial radial distribution function (PRDF) in
Figure 2d verify the core−shell crystalline (Cu)−amorphous
(CuTa) nanocomposite structure.46 Based on the stress−strain
curves plotted in Figure 2e, the variations of strength with
grain sizes in Figure 2g show that the amorphous-free
nanograined (NG) Cu samples have the Hall−Petch break-
down with a maximum strength of ∼2.05 GPa at a critical grain
size of ∼12.5 nm, in agreement with previous reports.47 When
fixed 2 nm thick amorphous GBs are implanted into these NG
samples, the resultant core−shell counterparts exhibit a
significantly increased strength to ∼2.45 GPa and no obvious
Hall−Petch breakdown. We deliberately chose the nano-
composite with the strongest grain size (d = 12.5 nm) to
investigate the influence of varying the amorphous thickness
on its strength performance. This selection is motivated by our
interest in understanding the strength limits within the
crystalline−amorphous nanocomposite being studied. As
shown in Figure 2f,h, the nanocomposites with a fixed grain
size of 12.5 nm but different amorphous grain boundary
thicknesses exhibit a noticeable overall strengthening effect,
surpassing that of amorphous CuTa. Specifically, as the

amorphous thickness increases, the strength initially rises to
a peak value of approximately 2.5 GPa at t = 4 nm and then
gradually decreases toward the strength observed in purely
amorphous CuTa. This behavior demonstrates a transition
from strengthening to softening with increasing amorphous
thickness.
Figure 3 provides atomic images to illustrate the underlying

plastic deformation (especially the strengthening−softening
transition) mechanisms of the above nanocomposites with a
fixed 12.5 nm grain size but varying amorphous GB
thicknesses. The snapshots at a strain of 10% in Figure 3a
show that the deformation of the crystalline core can be
ascribed to dislocation activities for all simulated nano-
composites, mainly in the form of partial dislocations indicated
by green lines. The structural evolution of a representative
nanocomposite with t = 4 nm (Figure 3b) demonstrates that
partial dislocations preferentially nucleate from the amor-
phous−crystalline interfaces (ACIs) and then propagate across
the nanograins with the progress of straining, followed by the
formation of SFs. It is further found from the magnified view
that dislocations would trigger the activation of STZs inside
the amorphous shell when arriving at ACIs, implying a
dislocation−STZ interaction-based cooperative codeformation.
Note that such a codeformation action could have an obvious
strengthening effect and facilitate reallocating the stress and
strain.23,48 Figure 3c presents the evolution of the dislocation
density within the crystalline core of simulated nano-
composites. This dynamic dislocation density is governed by
the interplay among dislocation generation, glide, and

Figure 2. Simulation models and strength performance of core−shell crystalline−amorphous nanocomposites. (a) C-A samples with a 2 nm
amorphous shell but different grain sizes. (b) C-A samples with 12.5 nm grain size but different amorphous thicknesses. (c) Magnified view of the
crystalline−amorphous nanostructure. (d) Partial radial distribution functions (PRDF) for NG and C-A samples. (e) Stress−strain curves for NG
samples and corresponding C-A counterparts with an amorphous thickness of 2 nm. (f) Stress−strain curves for C-A samples having 12.5 nm grain
size and varying amorphous thicknesses. (g) Tensile strength as a function of grain size for NG and C-A samples, respectively. (h) Relation of
strength vs amorphous thickness for C-A samples. In (g) and (h), the strength of each sample is calculated as the average stress over the strain
range of 10−20%.
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annihilation during deformation. Importantly, a consistent
trend is observed across different amorphous thicknesses: at a
given strain level, the dislocation density within the crystalline
core gradually decreases as the amorphous thickness increases,
which is also evidenced in Figure 3a. The observation implies
that the probability of dislocation−STZ interaction and
associated strengthening effect are anticipated to gradually
decline with increasing amorphous thickness.
To further elucidate the responsible mechanisms, both

dislocation structures and activated STZs in representative
samples with t = 1 and 8 nm are examined at different strain
levels, as shown in Figure 3d,e, respectively. For the sample
with t = 1 nm illustrated in Figure 3d, a few STZs where
atomic rearrangements present circular displacements49 are
first activated near ACIs at the beginning of plastic
deformation (∼5% strain). When increasing the strain to 8%
and 10%, the sustained dislocation activities, such as
propagation, blockage, and absorption near ACIs, significantly
promote the sites to trigger the STZs that are observed to
homogeneously distribute throughout the amorphous GBs.
Conversely, fewer dislocation activities are found in the sample
with the thicker t = 8 nm, as shown in Figure 3e, which would
limit the dislocation−STZ interaction-induced stress and strain
allocations. As the strain increases, the activated STZs are
observed to gradually percolate along a plane of maximum

shear stress and finally aggregate into localized narrow shear
bands, as marked by dashed lines in Figure 3e. It would cause
the shear band nucleation and thus induce the yielding of the
nanocomposite. Therefore, the dominant mechanisms from
dislocation−STZ interaction codeformation to shear band
nucleation should be responsible for the strengthening−
softening transition with a critical thickness of 4 nm at a
given grain size of 12.5 nm, as the strength evolution shown in
Figure 2h.
The strength of a crystalline−amorphous nanocomposite

can be theoretically described according to the rule of mixture
(ROM) combining the weighted strength of individual parts,41

which is expressed as

= +V VC A C C A A (1)

i
k
jjj y

{
zzz i

k
jjj y

{
zzz=

+
=

+
V d

d t
V d

d t
1C

3

A

3

(2)

where V and σ represent the volume fraction and theoretical
strength of individual parts which both depend on their
intrinsic sizes and C and A refer to the crystalline and
amorphous parts, respectively. By assuming the nanograin has
a uniform shape of a sphere and treating grain size d and
amorphous thickness t as the key microstructural parameters,

Figure 3. Underlying deformation mechanisms in core−shell crystalline−amorphous nanocomposites. (a) Dislocation structures in C-A
nanocomposites with various amorphous thicknesses at 10% strain. For better visualization, only slip atoms (red) and reconstructed ACIs are
shown. (b) Structural evolution of a representative nanograin inside a nanocomposite with t = 4 nm, revealing the interaction between dislocation
and STZ during straining. Newly activated STZs are observed to locate near the intersection between the slip plane and ACI. (c) Evolutions of
dislocation density inside a crystalline core with strain for simulated C-A samples. (d, e) Cross-section snapshots of shear strain distribution,
showing dislocation slips and accumulated STZs in corresponding samples in (a). In (b), (d), and (e), only disordered atoms with large shear strain
(>0.15) and slip atoms are shown and colored according to calculated atomic shear strains.
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the volume fractions of individual phases could be simply
calculated as shown in eq 2.
Given that the strengthening effect can be sustained for the

extremely refined nanograins in crystalline−amorphous nano-
composites, as shown in Figure 2g, the associated grain-size-
dependent strengthening for the crystalline part in the
nanocomposites could be expressed by the classical empirical
Hall−Petch relation6

= + k
dC 0

(3)

where σ0 is the friction stress and its magnitude σ0 = 0.8 GPa
could be determined by the fitting line intercept of amorphous-
free NG Cu strengths with varying grain sizes. k is the
coefficient characterizing the GB barrier to slip transmission of
dislocation and signifies the strengthening effect of different
GB types on nanograins, which could be described by

=k b
shear (1 )

under shear deformation.22,50 In this

equation, τ is the critical shear stress required for slip
transmission of dislocation across GBs, representing the
boundary barrier strength, μ is the shear modulus, b is the
magnitude of the Burgers vector, and υ is the Poisson ratio.
Based on the Hall−Petch equation, the strengthening effect
becomes more prominent when increasing the k value.
Noticeably, our simulation results reveal that amorphous-
state CuTa GBs present an enhanced dislocation barrier and
strengthening effect, as in the power-law relation plotted in
Figure 1e. On this basis, the thicker amorphous layer
theoretically contributes to a greater k. Substituting material
parameters μ = 48 GPa, b = 0.25 nm, and υ = 0.3 for Cu and
the calculated barrier strengths for varying amorphous
thicknesses (0.5−8 nm) given in Figure 1e into the equation

=k b
shear (1 )

, we obtain a series of kshear values with the

amorphous GB thicknesses, which follows a power-law relation

as = ( )k 1.71 GPa nmt
tshear

0.14
1/2

0
with a good fitting (see

Figure S3 in the Supporting Information). Hence, we propose

the simple relation of = ( )k t
t0

to depict this dependence,

where α and β are material-related parameters. β is set to be a
constant, and t0 is added into the equation as a reference
thickness with the same unit as t, thereby ensuring that the k
and α have the same unit of GPa nm1/2. Accordingly, the
modified Hall−Petch model involving both the grain size and

amorphous thickness is used to represent the strengthening
effect of the crystalline part as follows:

= +
( )

d

t
t

C 0
0

(4)

It was reported that the shear banding becomes a
nucleation-controlled event via the activation of STZs when
the sizes of bulk metallic glass or amorphous metals decrease
into the nanometer regime.1,39 For example, a theoretical
description with the shifted D−0.5 power-law dependence was
proposed to estimate the shear band nucleation-controlled
strength of the metallic glass nanopillars with decreasing
diameter of D.51,52 Figure 4 has demonstrated that the
codeformation mode with dislocation−STZ interaction grad-
ually transits to shear band nucleation with amorphous
thickness in the nanocomposite, resulting in a softening effect.
A similar relation is therefore proposed to express the strength
of amorphous shell as

= +
tA bulk

2

(5)

where σbulk is the strength of corresponding bulk amorphous
metal taken as a simulated strength of ∼2.3 GPa for purely
amorphous CuTa with t = 20 nm. ψ is the constant for a
particular amorphous material. Combining eqs 1−5, the
theoretical model gets refined to

i
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3
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(6)

where the values of α, β, and ψ can be determined by fitting
the simulated results. Consequently, eq 6 shows a good fitting
of the simulated strengths of the samples with d = 12.5 nm but
varying amorphous thicknesses, denoting α = 5.54 GPa nm1/2,
β = 0.15, and ψ = 1.15, as shown in Figure 4a. α and β with
positive values represent an increased dislocation barrier of the
thicker amorphous shell. Taking the Taylor factor of 3.1, the
c o e ffi c i e n t k c a n b e c o n v e r t e d a s

= = ( )k 1.79 GPa nmk t
tshear 3.1

0.15
1/2

0
, in good agreement

Figure 4. Amorphous thickness-dependent strengths of core−shell crystalline−amorphous nanocomposites. (a) Comparison of the predictions by
using eq 6 with simulation results for variation of strength with amorphous thickness. (b) Calculated stress contribution evolution from dislocations
activities and STZ-related processes with amorphous thickness in crystalline−amorphous nanocomposties with a grain size of 12.5 nm. (c)
Predicted critical amorphous thicknesses and corresponding amorphous volume fractions in nanocomposites with different grain sizes.
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with the above-fitted relation = ( )k 1.71 GPa nmt
tshear

0.14
1/2

0

based on data in Figure 1e. Moreover, the evolution of
theoretical strengths of core−shell nanocomposites with
amorphous thickness at a series of given grain sizes is plotted
in Figure S4 using the developed model (see the Supporting
Information). The predicted strengths rationally display a
transition from strengthening to softening with different critical
values of amorphous thicknesses in nanocomposites.
To clearly category the stress contributions from dislocation

activities and STZ-related processes in crystalline−amorphous
nanocomposites, eq 6 is modified as
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Accordingly, Figure 4b illustrates the stress contribution
evolution with amorphous thickness in crystalline−amorphous
nanocomposites with a grain size of 12.5 nm. The results show
that dislocation-related stress accounts for a greater proportion
of the overall strength than that of STZs until the critical
amorphous thickness of 4 nm is reached. Beyond this critical
thickness, the process related to STZs becomes dominant and
contributes more to the overall strength. At the critical
amorphous thickness of 4 nm, the strength contributions from
individual parts are almost equal, indicating a most effective
manner in coupling dislocation activities in the crystalline core
and STZ processes in the amorphous shell through a
dislocation−STZ interaction. It has been demonstrated that
the highest strengths of crystalline−amorphous nanocompo-
sites are achieved when both the crystalline and amorphous
phases deform homogeneously.28,29 Additionally, Figure 4c
presents the predicted critical amorphous thicknesses for
various grain sizes and the corresponding amorphous volume
fractions at these critical thicknesses. The results suggest that
the critical amorphous thickness, at which the formed
crystalline−amorphous nanocomposite achieves its optimal
strength, monotonically increases as the grain size increases,
resulting in a reasonable amorphous volume fraction within the
range of 40−60%. Similar patterns have been observed in

experimental studies on CuZr-based crystalline−amorphous
nanostructures with different volume fractions of the
amorphous phase.41

According to previous reports on core−shell crystalline−
amorphous nanocomposites,16,18,22 the remarkable strengthen-
ing effect has been understood to stem from the presence of
thicker amorphous GBs, seemingly implying a “thicker is
stronger” rationale for potential strength enhancement.
Nonetheless, the absence of a well-established one-to-one
correlation between varying GB thicknesses and the resultant
strengths has left the intrinsic size dependence on strength and
the deformation mechanism relatively unexplored. Employing
MD simulations, we designed and tested a series of
crystalline−amorphous Cu-CuTa nanocomposites character-
ized by varying grain sizes and amorphous thicknesses. This
enables us to systematically investigate the thickness-depend-
ent plastic mechanisms responsible for the variations in the
overall strength of crystalline−amorphous nanocomposites,
thereby establishing a direct correlation between the
amorphous thickness and strength. As schematically illustrated
in Figure 5, one of the most intriguing findings of this study
lies in the observation that the strengthening effect eventually
reaches a point of saturation, giving way to a transition toward
a softening effect under specific microstructural conditions.
Upon replacing the traditional GBs with amorphous-state GBs,
the continuous nucleation−propagation−transmission behav-
ior of dislocation plasticity in the NG sample is constrained
due to the dislocation blockage/absorption of the amorphous
GBs.6 Initially, the codeformation cooperative mode, achieved
through the interaction between constrained dislocation
activity and STZ activation, governs the deformation. This
codeformation mode, which is well-documented in the
literature,20,26,27 leads to a substantial strengthening effect
that positively impacts the strength performance of crystal-
line−amorphous nanostructures, particularly when amorphous
GBs possess only a few nanometers in thickness.22,23 However,
with a further increase in amorphous thickness, the efficacy of
the codeformation mode weakens due to the reduced
probability of dislocation−STZ interaction. Meanwhile, the
intrinsic nature of amorphous structures allows self-activated
STZs to percolate within the thick amorphous GB, thereby
initiating the localized deformation on a larger scale.41,42 As a
result, plasticity becomes predominantly controlled by the
percolation of STZs within the amorphous phase, potentially
leading to localized shear band nucleation. Accordingly, the
strength of the crystalline−amorphous nanocomposite cannot

Figure 5. Schematic diagrams of thickness-dependent deformation mechanisms and strengthening effects in core−shell-like crystalline−amorphous
nanocomposites.
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increase indefinitely with increasing amorphous thickness and
is expected to return to the level of the nanoscale amorphous
CuTa following a softening behavior. This complex interplay
culminates in a strength peak and a notable strengthening−
softening transition.
It should be also noted that the grain size is another crucial

factor influencing codeformation strengthening in crystalline−
amorphous nanocomposites, aside from its role in Hall−Petch
strengthening.42 In this study, we mainly focus on the strength
variation with amorphous thickness for the strongest NG
counterpart, characterized by a 12.5 nm grain size, to push the
boundaries of the strength limit. Our developed theoretical
model suggests that the observed thickness-dependent
strengthening−softening transition can be extended to a wide
range of grain sizes, while the critical amorphous thickness
necessary for achieving the most homogeneous codeformation
is dependent on the grain size. Smaller nanograins in the
crystalline−amorphous nanocomposite may require a thinner
amorphous shell to reach the optimal microstructural
condition for achieving the highest codeformation capacity.
Additional simulation works might be warranted in the future
to more comprehensively explore the correlation between the
critical amorphous thickness and grain size. To summarize, this
work successfully establishes a fundamental link between
characteristic sizes and deformation mechanisms via a
combination of detailed atomistic process observation and
theoretical modeling, providing valuable insights into the
optimal strength design of crystalline−amorphous nano-
composites.
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