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ABSTRACT

Nanocrystalline metals often display a high strength up to the gigapascal level, yet they suffer from poor
plasticity. Previous studies have shown that the development of hetero-sized grains can efficiently over-
come the strength-ductility trade-off of nanocrystalline metals. However, whether this strategy can lead
to the fabrication of nanocrystalline nanowires exhibiting both high strength and superplasticity is un-
clear, similar to the atomistic deformation mechanism. In this paper, we show that ultra-small nanocrys-
talline Au nanowires comprising grains in both the Hall-Petch and inverse Hall-Petch grain-size regions
can exhibit extremely high uniform elongation (236%) and high strength (2.34 gigapascals) at room tem-
perature. In situ atomic-scale observations revealed that the plastic deformation underwent two stages.
In the first stage, the super-elongation ability originated from the intergrain plasticity of small grains
via mechanisms such as grain boundary migration and grain rotation. This intergrain plasticity caused
the grains in the heterogeneous-structured nanowires to grow very large. In the second stage, the super-
elongation ability originated from intragrain plasticity accompanied by the diffusion of surface atoms. Our
results show that the hetero-grain-sized nanocrystalline nanowires, comprising grains with sizes both in
the strongest Hall-Petch effect region and the inverse Hall-Petch effect region, were simultaneously ultra-

strong and ductile. They displayed neither a strength-ductility trade-off nor plastic instability.

© 2021 Published by Elsevier Ltd on behalf of Chinese Society for Metals.

1. Introduction

Metals with high ductility and strength are highly sought af-
ter owing to their various practical applications [1-3]. Reveal-
ing the atomistic deformation mechanism of metals is crucial
when developing metals with a substantial improvement in both
strength and ductility [2-5]. In the past decades, the atomistic
deformation mechanism of nanocrystalline nanowires (NWs) has
attracted a great deal of attention due to the high strength of
nanocrystalline NWs compared with their bulk counterparts [5-
10]. A previous study showed that nanocrystalline NWs can ex-
hibit ultra-high strength; however, they usually exhibit a poor
elongation capability [11-16]. This strength-ductility trade-off is an
obstacle to their practical application [2,3,17,18]. Recently, many

* Corresponding authors.
E-mail addresses: yan_xin@buaa.edu.cn (X. Yan), wlh@bjut.edu.cn (L. Wang),
xdhan@bjut.edu.cn (X. Han).

https://doi.org/10.1016/j.jmst.2021.05.063
1005-0302/© 2021 Published by Elsevier Ltd on behalf of Chinese Society for Metals.

researchers have reported an efficient way of overcoming the
strength—ductility trade-off. By developing hetero-sized grains in
nanocrystalline metals, a high elongation capability was achieved
[17-25]. However, whether the above-mentioned strategy is valid
for nanocrystalline NWs was uncertain. Previous simulations and
post-mortem experimental examinations have indicated that plas-
ticity in large grains is governed by intragrain dislocations, while
intergrain plasticity behaviors, such as grain boundary (GB) mi-
gration and grain rotation, are dominant in relatively small grains
[1,4,19,26,27], which can effectively suppress strain localization
and can ultimately lead to the high plastic capability of hetero-
grain-sized nanocrystalline metals [1-3,18,25]. It is well established
that intergrain plasticity is a high-temperature deformation mech-
anism that leads to the superplasticity in polycrystalline metals
[28-30]. This supports the belief that once intergrain plasticity is
triggered, polycrystalline metals can exhibit high plasticity or even
superplasticity at room temperature. However, such high plastic-
ity has rarely been achieved at room temperature in nanocrys-
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talline NWs. Their plasticity is dominated by intergrain plastic-
ity [5,31,32]. Whether GB-mediated plasticity can lead to ultra-
high or even superplasticity in metallic NWs that comprise hetero-
sized grains at room temperature is uncertain. To the best of our
knowledge, most previous studies have been conducted on the
hetero-grain-sized nanocrystalline metals [1,17,18,21,23-27]. How-
ever, hetero-grain-sized nanocrystalline NWs with a large free sur-
face have rarely been investigated. Studies on the hetero-grain-
sized nanocrystalline NW response and on the atomic-scale defor-
mation mechanism are heavily dependent on molecular dynamics
simulations because of a lack of in situ atomic-scale experimental
evidence [10-13,23,26,32-35].

In this study, the deformation behavior of hetero-grain-sized
nanocrystalline Au NW with a diameter of ~19 nm was studied
using a homemade bimetallic extensor [36,37]. The results showed
that the hetero-grain-sized nanocrystalline NW exhibited a super-
plasticity higher than 200% and a superior strength greater than
2.34 gigapascals at room temperature. In situ atomic-scale obser-
vation revealed that the superplastic elongation ability originated
from the coordination of intergrain plasticity and intragrain dis-
location. In the early deformation stage, plasticity was governed
by the intergrain plasticity of the small grains, which led to the
growth of large grains in heterogeneous-structured NW. Thereafter,
plasticity was governed by intragrain dislocations accompanied by
the diffusion of surface atoms.

2. Experimental
2.1. In situ TEM tensile deformation

The hetero-grain-sized nanocrystalline Au NWs were fabricated
via NanoMill thinning. First, a nanocrystalline Au thin film with
~25 nm thick was fabricated via magnetron sputtering onto a sin-
gle NaCl crystal substrate. Under an optical microscope, the thin
film with the NaCl substrate was attached to a bimetallic strip ex-
tensor, followed by the removal of the NaCl substrate by etching
with water. The thin film remaining on the bimetallic strip ex-
tensor was further thinned using a Fischione 1040 NanoMill. Af-
ter thinning, many ligaments spanned the open void. Each liga-
ment served as nanocrystalline Au NW. Some of these NWs dis-
played hetero-grain-sized structures, while other NWs displayed
homogeneous grain sizes. Then, the bimetallic strip extensor was
mounted in an FEI Titan G2 (300 kV) transmission electron micro-
scope (TEM) with a heating specimen holder at double tilt. The
homemade bimetallic strip extensor [36,37] comprised two thin
layers of dissimilar materials with a large mismatch in thermal
expansion coefficients. This resulted in large displacements at rel-
atively low operating temperatures (< 50°C, far below the melt-
ing point of Au, which is ~1064°C). During testing, the tempera-
ture controller accurately increased the temperature for the heat-
ing stage. Then, the bimetallic extensor exerted a tensile force on
the NW to ensure slow and gentle deformation of the NW at a
strain rate of ~4 x 103 s~1. The elastic tensile strain during load-
ing was quantified by measuring the distance of dots that obtained
from fast fourier transform (FFT) of high-resolution TEM (HRTEM)
images [38] (more details are found in Fig. S1 in Supplementary
Material).

2.2. Atomistic modeling

We performed molecular dynamics simulations of the plastic
stretching of a heterogeneous nanocrystalline Au structure using a
large-scale atomic/molecular massively parallel simulator program
with an embedded-atom method (EAM) potential [39,40]. A sam-
ple with a length, width, and thickness of 45 nm, 22 nm, and 3
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nm, respectively, was simulated. Two half-circle notches with a ra-
dius of 42.5 nm were created, and the center of each half-circle
was 38 nm from the original edge of the sample. The sample com-
prised 12 grains with different sizes (Fig. S2). These sizes closely
matched those of grains used in the experiments. The system com-
prised 212869 atoms. The out-of-plane orientation of all grains was
[110]. The periodic boundary condition was applied in the out-of-
plane direction, while freedom was allowed in the remaining two
directions. The entire system was equilibrated for 200 ps at the
beginning of the simulation. After equilibration, the samples were
stretched lengthwise. Step loading was adopted in this simulation
[41]. For each loading step, a 5 ps equilibration period was allowed
after the system was stretched for 5 ps at a strain rate of 108 s—1.
During the simulation, the temperature was maintained at 300 K
using the Berendsen thermostat. The atomistic structures were vi-
sualized using Open Visualization Tool (OVITO) software [42].

3. Results

3.1. The ultra-large plasticity of the hetero-grain-sized nanocrystalline
Au NW

Fig. 1 displays a series of low magnification TEM images rep-
resenting the in situ observation of the tensile test of a hetero-
grain-sized nanocrystalline NW. The NW exhibited ultra-high plas-
ticity under tensile deformation. Fig. 1(a) shows a TEM image
captured during the early deformation stage. The image shows a
NW with a diameter of ~19 nm comprising nanograins with large
size differences. G; and G,, with grain sizes of 17 x 12 nm and
12 x 15 nm, respectively, fall into the Hall-Petch effect grain-size
region [4,26], while G3 and G4, with grain sizes of 6 x 7 nm
and 5 x 7 nm, respectively, fall into the inverse Hall-Petch effect
grain-size region [4,26] (also refer to the statistical distribution of
grain sizes in Fig. 1(g)). This structure is described as a heteroge-
neous polycrystalline structure. Here, a heterostructure is defined
as an inhomogeneous structure that exists in various domains,
each with dramatically different properties [17,18]. It can include
heterogeneous grain/lamellar/phase structures, gradient structures,
nanotwins, and nanoprecipitates [17,25,43,44]. Grain size is one of
the most important microstructural parameters and is a key de-
terminant of the mechanical properties of metals [2,3]. A hetero-
geneous grain size distribution leads to enhanced strain hardening
and, consequently, uniform tensile ductility at high flow stresses
[17,18,24,45]. To track the plastic strain, two regions displaying no
apparent strain served as fixed references and are indicated by the
red lines in the figures. The strain (&) can be calculated using the
formula: e= (L, - Lg)/Lg, where Ly is the initial distance between
the two references and L, is the distance between the two refer-
ences after deformation. As observed in Fig. 1(a-f), the NW exhib-
ited a homogeneous tensile elongation as high as 236%. The chang-
ing microstructure of the NW in Fig. 1(a-d) shows how the sizes of
G1-G4 changed during tensile loading. The NW contained a large
grain with a size of ~28 x 12 nm? (i.e., nearly a single crystal).
Interestingly, the diameter of the NW decreased from 19.41 nm
(Fig. 1(a)) to 9.74 nm (Fig. 1(f)) during the tensile test.

The elongation strain vs. diameter reduction curve is shown in
Fig. 1(h) (more details are found in supplementary material, Fig.
S3). The blue dots represent experimental measurements. Clearly,
the diameter reductions during the experiments were larger than
those from the theoretical predictions of the final deformation
stage. This indicates that the external decrease in diameter was
due to diffusion of surface atoms. A detailed analysis showed that
the grain rotation of small grains and GB migration were observed
during the early deformation stage. After the grains grew into
larger grains, lattice dislocations and surface atom diffusion were
also observed in the nanocrystalline NW (Figs. 2-7).
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Fig. 1. Ultra-high plasticity of a hetero-grain-sized nanocrystalline Au NW. (a-f) Series of TEM images showing the tensile deformation of the Au NW. The references are
indicated by short red lines. The symbol ¢ represents the total strain during each tensile stage. The scale bar is 5 nm. (g) Grain size distribution of the hetero-grain-sized Au

NW. (h) Curve of elongation strain vs. diameter reduction.

3.2. Intergrain plasticity for small-sized grain in hetero-grain-sized
nanocrystalline Au NW

To study the atomic-scale intergrain plasticity, Fig. 2 shows sev-
eral images captured during different deformation stages. Fig. 2(a)
displays the HRTEM image captured at a strain of ~4%. The load-
ing orientation is indicated by a white arrow. When the loading in-
creased, GB migration occurred, leading to grain growth (Fig. 2(c-
f)). As the strain increased to 53% (Fig. 2(b)), the NW was trans-
formed into a single crystal. Fig. 2(c-f) shows four enlarged HRTEM
images corresponding to the white framed region in Fig. 2(a). The
images show grain growth resulting from GB migration. These four
images were captured as the strain increased from 4% to 53%. The
time scales for (a), (b), (c), and (d) were O s, 22 s, 59.5 s, and 93
s, respectively. In Fig. 2(c), four grains were labeled G;-G4 to illus-
trate the GB plastic deformation process. The GB is indicated by a
white dotted line. For convenience, G;.; is defined as the GB be-
tween grains G; and G;, the shape and positional change of G;.;
during GB migration, and the misorientation angle change between
two grains during grain rotation. During straining, as shown in
Fig. 2(c) and (d), G,.3 and G,_4 exhibited visible movement, indi-
cating that GB migration occurred during the deformation of the
nanocrystalline NW. As shown in Fig. 2(d-f), with further in situ
strain, the sizes of G3 and G4 decreased until they ultimately dis-
appeared (additional details are found in Fig. S4), while the size

of G; increased. This GB-mediated plasticity ultimately led to the
formation of a ~28 x 12 nm? grain in the heterogeneously struc-
tured NW. In addition to GB migration, grain rotation was observed
during deformation.

In addition to GB migration, coupled GB migration and grain
rotation were frequently observed during tensile loading. In Fig. 3,
another four grains, labeled G;-G4, can be distinguished by their
different contrasts and lattice orientations. The GB is indicated by
a white dotted line. As shown in Fig. 3(a), the GB angle of Gy4
was ~9.1° during the early deformation stage. With further load-
ing, the GB angle of G,_4 increased from ~9.1° to ~10.5° and then
to ~14.2° (Fig. 3(b) and (c)). Meanwhile, G and G;_4 migrated
downward, resulting in a decrease in the grain sizes of G, and Gg.
As the strain increased further, (Fig. 3(c) and (d)), G3.4 moved to-
ward the interior of Gg4, and the size of G4 decreased until it finally
disappeared. This provided direct evidence of coupled GB migra-
tion and grain rotation during deformation. As can be observed in
Fig. 3(d-f), with further loading, Gy, continued to move down-
ward and Gq.3 moved downward to the right. This cooperative GB
migration ultimately led to the downward migration of G, to the
free surface of the NW, accompanied by a sharp decrease in the
grain size of G,. This coupled GB migration and grain rotation as-
sisted in alleviating deformation localization and prevented plas-
tic instability [23]. Moreover, the ductility of the nanocrystalline
NW improved. Thus, coupled GB migration and grain rotation also
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Fig. 2. GB migration-induced grain growth in a hetero-grain-sized nanocrystalline Au NW. (a, b) HRTEM images showing grain boundary plasticity leading to grain growth
in the heterogeneous- structured nanocrystalline Au NW subjected to strain. The scale bar is 5nm. (c-f) Enlarged HRTEM images of the white framed regions in (a) and (b)

show the GB migration and grain growth more clearly. The scale bar is 2 nm.

Fig. 3. (a) Four grains labeled G{-G4. Their GBs are indicated by a white dotted line. (b, c) With further loading, the orientation angle between G, and G4 increased from
~9.1° to ~ 14.2°. Simultaneously, the GB also migrated. (d-f) Movement of the GB of G;., toward the surface of the NW, GBs of G,.3 and G;3 simultaneously changed

dramatically.

play an important role in the superplasticity of hetero-grain-sized
nanocrystalline NW.

3.3. Intragrain dislocation for large-sized grain in hetero-grain-sized
nanocrystalline Au NW

During the late deformation stage, the structure of the NW was
almost transformed into that of a single crystal. During this stage,

dislocation activity was frequently observed. Fig. 4 displays a se-
ries of HRTEM images captured along the [110] axis. It shows the

atomic-scale evolution of dislocations after the growth of a large

tivities and surface diffusion (Figs. 4-7). To illustrate the dynamic
process of the dislocation behavior, Fig. 4(a) represents the ini-
tial time. In Fig. 4(a), a full dislocation, Dy, with a Burgers vec-
tor of b= %[Oll] in the (111) plane was observed in the region
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Fig. 4. In situ atomic-scale observation of full dislocation activities in a large grain. (a) Full dislocation D; (labeled “T”) with a Burgers vector of b= %[O]l](lﬂ) was
observed in the large grain. (b) With continued strain, two full dislocations, D, and D3, nucleated near D;. (c) With further loading, D; disappeared and a new dislocation,
Dy, nucleated. (d) With further loading, D, disappeared and a new dislocation, Ds, nucleated. (e-h) Enlarged HRTEM images corresponding to the red-framed regions in
(a-d). These are in situ atomic-scale observation of the LD lock generation and destruction processes.

Fig. 5. In situ atomic-scale observation of full dislocation activities in a large grain near the NW surface. (a-c) Three HRTEM images captured ~1 s apart showing full
dislocation activities: nucleation and a slide toward the surface. (d-f) Another typical example of dislocation. The dislocation labeled Dg remained in the same region and
another full dislocation, Dy, slipped toward the surface and disappeared.

99
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Fig. 6. (a) Statistical data of dislocation density vs. uniform elongation. At first, dislocation density increased as the strain increased. Then it remained high as deformation
continued. (b) Statistical data show the proportion of full dislocations, partial dislocations resulting in stacking faults, and dislocation locks at different strains.

Fig. 7. In situ atomic-scale observation of surface diffusion during tensile deformation of a hetero-grain-sized NW. The surface of the NW displayed steps with different
lengths and heights. The steps are indicated by the white zigzag line, and each step’s length is represented numerically. During straining, diffusion of the surface atoms led

to changes in the lengths and heights of the steps.

donated by “T”. This dislocation remained in the same position
during straining. In Fig. 4(b), two new full dislocations, D, and
D3, nucleated in the NW. The two dislocations were in the (111)
plane with Burgers vectors of b= 1[011] and b= 1[101]. As the
strain increased (Fig. 4(c)), D3 disappeared. With continuous load-
ing (Fig. 4(c) and (d)), D, and D4 underwent slippage, and D, dis-
appeared. A new full dislocation D5 simultaneously nucleated, as
shown in Fig. 4(d). In addition to dislocation nucleation and mo-
tion, the full dislocations slip on their glide planes and reacted to
form Lomer dislocation (LD) locks [36,46].

Fig. 4(e-h) shows enlarged HRTEM images corresponding to the
red-framed regions of Fig. 4(a-d). The images illustrate the for-
mation of a typical LD lock, as well as its destruction. As shown
in Fig. 4(e), the Burgers circuit indicated a full dislocation with a
Burgers vector of b= %[101]. Further strain (Fig. 4(f)) resulted in
a new type of dislocation structure. The Burgers circuit shows two
extra half-planes at the crossing of the (111) and (111) planes. This
represents an LD lock with b= %[110] [36,46]. The LD lock was
formed by the interaction of two 60° full dislocations with Burg-
ers vectors b= 1[101] and b = 1[011] moving under applied stress
on two intersecting glide planes: (111) and (111) [36,46]. The dis-
location reaction can be expressed as follows:

1
2
or %[101] + %[011] - %[110]

1 1
011] + =[101] - =[110]
[o11]+ 3 5 0

100

The two 60° dislocations knitted to achieve a low-energy con-
figuration [36]. The b? criterion for the dislocation energy per unit
length indicates a considerable energy reduction after the reaction.

With further loading, a comparison of Fig. 4(g) and (h) reveals
the destruction of the LD lock at the atomic scale in which two dis-
locations, with Burgers vectors of b= 3[101] and b= }[011] were
quite close. After extensive straining, the dislocation with a Burg-
ers vector of b = %[101] glided away from this region, and only one
dislocation with a Burgers vector of b = %[Oli] was observed. This
indicated that the LD lock was unlocked under high stress accord-
ing to the following reactions:

1 T .= 1
5[110] 5[0“] + 5(101] o)
or %[110] - %[101] + %[011]

Fig. 5 presents a typical example of full dislocation activi-
ties near the free surface of the NW. The double-ended arrow in
Fig. 5(a) indicates the loading axis. As shown in Fig. 5(a), a full dis-
location, Dg, with a Burgers vector of b= 1[011] was observed in
this region. As the strain increasing (Fig. 5(b)), a new full disloca-
tion, D7, was observed. With further loading (Fig. 5(c)), Dg slipped
and disappeared from the surface one second later. Thereafter, only
D; was observed in the region. Fig. 5(d-f) displays another ex-
ample of full dislocation behavior near the surface of the NW. In
Fig. 5(d), a full dislocation, Dg, was generated near the surface.
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This dislocation moved minimally from its original position during
straining (Fig. 5(e) and (f)). As can be observed in Fig. 5(d-f), Dg
remained in the same position, and a new full dislocation caused
Dg to nucleate and slip toward the free surface before it ultimately
disappeared.

To clarify the dislocation activities in the hetero-grain-sized
nanocrystalline NW, Fig. 6(a) presents statistical data of disloca-
tion density as a function of the uniform elongation of G; in
Fig. 1. During the early stage of deformation, plastic deformation
was dominated by GB plasticity, and the density of lattice dis-
locations was ~4.9 x 10> m~2, which is relatively low. As the
strain increased, the density of the dislocations increased. This cor-
responded to the NW undergoing a transition from nanocrystals
to a single crystal due to GB plasticity. During a later deformation
stage, the nanocrystalline NW was transformed into a single crystal
and the density of lattice dislocations remained almost constant at
~ 3.2 x 10'® m~2, During this stage, deformation was dominated
by lattice dislocations.

Fig. 6(b) presents statistical data that show the proportions of
full dislocations, LD locks, and partial dislocations corresponding to
tensile strains of 50-240%. Because deformation at this late stage
is dominated by lattice dislocations, the proportions of these three
types of dislocations can be quantified. The proportions remained
almost constant during deformation. The proportion of full disloca-
tions was always above ~80% (including both full dislocations and
LD locks), while that of partial dislocations was below ~20%. This
indicates that the deformation of the NW was governed by full
dislocations. Additionally, we noticed that the proportion of LDs
was very high. The LD lock is a source of strain hardening because
high stress is required to break the lock. LD locks can also obstruct
other dislocations [47,48]. The high proportion of LDs may be in
the cause of the observed strain hardening in Fig. 12.

3.4. Surface diffusion in hetero-grain-sized nanocrystalline Au NW

In addition to dislocations, surface diffusion was detected dur-
ing loading. Fig. 7 presents a typical example of the in-situ ob-
servation of surface diffusion at the atomic scale during deforma-
tion. To track the surface diffusion process, an unchanging position
was used as a reference, as indicated by the red dashed line. As
shown in Fig. 7(a), the surface of the NW displayed atomic-scale
steps with different lengths and heights. The surface steps are in-
dicated by a red zigzag line. In Fig. 7(a), six steps with a total of 7
atomic layers in height and 30 atomic layers in length were noted
in the observed region. These six steps were 6, 5, 5, 2, 1, 1, and
10 atomic layers in length and 1, 2, 1, 1, 1, and 1 atomic layers in
height. After 15 s, as shown in Fig. 7(b), the dimensions of the six
steps changed to 11, 7, 1, 2, 1, 4, and 4 atomic layers in length and
2,1,1, 1,1, and 1 atomic layers in height, respectively. This change
in the surface steps was attributed to surface atom diffusion from
the NW towards the substrate at both ends of the NW [8]. After
16.5 s, the original six steps were transformed into seven steps.
The seven diffusion steps were 5, 5, 1, 6, 1, 5, 3, and 4 atomic layers
in length and 1, 1, 1, 1, 1, 1, and 2 atomic layers in height. Surface
atom diffusion resulting in a change in the surface steps occurred
throughout tensile loading (Fig. 7(d-f)). This surface diffusion can
efficiently elimin full dislocations that result in surf; e

Moreover, surface diffusion can eliminate the tendency for plastic
in ili nsure that the NWs exhibi r-elongation

3.5. Molecular dynamic simulations

To further elucidate the deformation mechanism, a hetero-
grain-sized nanocrystalline sample with a microstructure similar to
that shown in Fig. 1(a) was reconstructed (Fig. 8). Molecular dy-
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namics (MD) simulations were conducted on this sample using the
EMA potential of Au. The multi-grain model was created based on
Voronoi cells. To identify the motion of GBs during the deforma-
tion of the sample, the atoms were colored according to their cen-
trosymmetric parameters (all the figures showing MD simulation
results are colored according to centrosymmetric parameters us-
ing the same color bar shown in Fig. 8(a)). The morphology of the
grains and the GBs in the sample, as shown in Fig. 8(a), shows 12
grains with different sizes: 7 x 7, 7 x 4, 6 x 4, 15 x 10, 22 x 12,
11 x 12,6 x 2,16 x 13,19 x 17,10 x 7,4 x 12, and 13 x 11 nm?.
The statistical distribution of the initial grain sizes of the sample
was nearly identical to that in our experiments.

Fig. 8(a-e) shows the MD result of the sample where the tensile
strain increased from 0 to ~29.6%. As shown in Fig. 8(b-d), G;-
Gz and G, disappeared (the grain sizes for G;-G3 and G; were in
the inverse Hall-Petch effect region [4,26]) with increasing strain.
Simultaneously, G4 and G5 merged into one grain with a size of
~30 x 17 nm?. Gg (the grain sizes for G4-Gg are in the strongest
Hall-Petch effect region [4,26]) also grew from 11 x 12 nm to
~9 x 20 nm?. A detailed analysis showed that these grain-size
changes were due to GB plasticity, manifested as grain migration
and grain rotation. Here, the homogenous strain in the MD simu-
lation was much lower than that in in situ experiments. The differ-
ence may be due to the high strain rates inherent in MD [49-51].
The strain rate in the MD simulation was ~108 s, which is much
higher than that in the experiments (103 s~1), leading to a signifi-
cant difference in the homogenous strain [50]. Except for the strain
rate, the semi-empirical atom potential and GB structure can also
significantly affect the stress-strain curve in MD simulations.

Fig. 9 shows four enlarged images of GB migration in the MD
simulation that corresponded to strain values of 3.5%, 4.7%, 6.9%,
and 8.4%. The images more clearly show how GB migration leads
to grain growth. In Fig. 9, blue represents atoms inside the grain,
white represents atoms at the GB, and red represents atoms on
the free surface. In Fig. 9(a), three grains were labeled as Gs, Gg,
and Gg, while the GB was indicated by a yellow dotted line. During
deformation, the position of Gg.g did not change noticeably. There-
fore, they could serve as reference points to track GB migration.
In Fig. 9(a), the distance between Gg.g and Gs_g is 8 atomic layers.
As the strain increased, Gs.g moved toward the right (Fig. 9(b) and
(c)), and the shape of Gs_g visibly changed. The measured distance
between Gg.g and Gs_g increased from the original 8 atomic layers
to 17 atomic layers. With further strain (Fig. 9(d)), Gs.¢ continued
to move to the right, and the distance between Ggg and Gs_g in-
creased to 23 atomic layers. This is direct evidence of GB migration
during the early deformation stage.

Fig. 10 shows three enlarged images of typical coupled GB mi-
gration and grain rotation processes. The corresponding strains
were 0%, 2.5%, and 4.4%. The grains were labeled G;-Gg. To track
the GB movement, the GB position G; was indicated by a red dot-
ted line. By comparing the GB position, grain size, and misorien-
tation between two adjacent grains, one can observe that the GB
visibly moved and that grain rotation occurred, indicating coupled
GB migration and grain rotation during deformation. In Fig. 10(a),
the GB angle G4 was ~14°, while G4.5 was ~16°. As the strain in-
creased, G2, G1.3, G1-4, and G;_s moved toward the interior of G;.
Additionally, as shown in Fig. 10(b) and (c), grain rotation was ob-
served, which caused the grain boundary angles G4 and G4.5 to
decrease from 14° to 8.7° and from 16° to 5.5°, respectively. Dur-
ing the subsequent deformation, G;-G,4 disappeared as the strain
increased further, as shown in Fig. 8(b-d). This indicated that the
coupled GB migration and grain rotation played an important role
in the observed superplasticity. Here, good agreement between the
MD simulation and experimental observations indicated that the
observed deformation mechanisms should be also valid for metal-
lic hetero-grain-sized NWs.
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Fig. 8. Tensile deformation of a heterogeneously structured nanocrystalline Au sample in a MD simulation. MD result of the sample subjected to a tensile strain of 0 to
~29.6%. The nanocrystalline structure was subjected to tension. Small grains tended to fuse via GB plastic deformation to form large grains.

In addition to GB plasticity, surface diffusion was involved in
plastic deformation in the MD simulation. Fig. 11 shows a typical
example of surface diffusion during the late deformation stage. The
viewing direction was along the [110], and the tensile direction
was indicated by the arrow. As shown in Fig. 11(a), to track the
surface diffusion process more easily, 20 consecutive atoms were
highlighted in yellow. As the strain increased (Fig. 11(a) and (b)),
the original yellow surface atoms were separated by red atoms.
With further strain, additional red atoms were inserted between
the yellow atoms, leading to a visible increase in the distances be-
tween yellow atoms. This indicates that the surface atoms diffused,
causing their positions to change. In addition, as indicated by the
yellow arrows in Fig. 11(b-d), several yellow atoms migrated to the
lower layer, indicating that the surface atoms can diffuse in a di-
rection perpendicular to the tensile direction. These results indi-

cate that surface atom diffusion always occurs during deformation
and can alleviate local stress and eliminate deformation localiza-

tion,

3.6. The mechanical properties of the hetero-grain-sized
nanocrystalline Au NW

To determine the strength (o) and ductility (¢) of the hetero-
grain-sized nanocrystalline Au NW, the elastic tensile strain along
the axial <112> direction of the Au NWs during loading was quan-
tified by measuring the distances between the dots in the FFT of
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HRTEM images developed by Sun et al. [38]. Here, a region on the
NW after fracture served as a fixed reference for elastic strain mea-
surements. This region was stress-free and formed approximately
90% of the NW'’s area; thus, it is an ideal reference region (more
details are found in Fig. S5). We selected multiple positions on
G; to measure the average elastic strain. Because the plastic de-
formation was homogeneous, the stress distribution was expected
to be relatively homogeneous without a sudden change in stress
concentration. This was confirmed by our elastic strain measure-
ments at different positions, with values varying by +0.05% (Fig.
S5(c)). Thereafter, the stress values can be estimated using Young’s
modulus multiplied by the elastic strain. Here, we assumed that
the Young’s modulus of Au NW was constant at 78 GPa [31,52,53],
as there is no reliable experimental evidence to show how size
impacts Young's modulus of the NWs [54]. Further studies are
needed to determine the effect of size on Young’s modulus of Au
and metallic nanocrystals. In Fig. 12(a), the black dotted line repre-
sents the strain and error bars measured during the experiments,
while the red line is the corresponding fitted curve. The elastic
strain at the first peak in the fitted curve was 3.00%, and the cal-
culated stress was 2.34 GPa. The maximum stress in the curve was
3.56 GPa and the uniform elongation was larger than ~200%, re-
sulting in higher values for the mechanical properties compared
with those of bulk metals at room temperature. Moreover, high
plasticity and superplasticity during tensile deformation at room
temperature is rarely observed in nanocrystalline Au NWs or any
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Fig. 10. Dynamic grain growth is dominated by GB migration and grain rotation. The GB position is indicated by the red dotted line. The grain boundary angles G;.4 and

Gy.5 decreased from 14° to 8.7° and from 16° to 5.5°, respectively.

other metal NWs, more examples of which are shown in Figs. S6
and S7.

To further clarify how the hetero-grain-sized nanocrystalline
Au NW exhibit high strength, a statistical analysis of the me-
chanical properties (i.e., strength and ductility) of different metal-
lic materials are shown in Fig. 12(b), including metallic alloys,
gradient nanostructured (GNS) metals, entropy alloys, metallic
single-crystal, and nanocrystalline NW [2,3,7,8,10-24,30-35,55-79].
Fig. 12(b) shows the statistical data for elongation versus the
product of strength and ductility of the heterogeneous-structured
nanocrystalline Au NW compared with that of other high-
performance materials. Most metals and alloys exhibited a poor
elongation ability, displaying a tradeoff between strength and duc-
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tility. However, the heterogeneous-structured nanocrystalline Au
NWs displayed an extremely high value for o x & (~552 GPa %,
based on a stress of 2.34 GPa and a strain of 236%, as shown in
Fig. 12(a), indicated by a star) compared with other metals and
alloys at room temperature. This demonstrates that the hetero-
grain-sized nanocrystalline NWs exhibited both high strength and
superplasticity and had, therefore, overcome the strength-ductility
tradeoff of metallic NWs.

4. Discussion

In this study, the heterogeneously structured nanocrystalline Au
NW exhibited a strength as high as 2.34 GPa and a superplas-
tic strain of 236%. The high strength originated from the rela-
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Fig. 11. Typical example showing surface diffusion both parallel to and vertical to the tensile direction.
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Fig. 12. (a) Statistical data for elastic strain and stress vs. uniform elongation. (b) Properties (elongation and the product of strength and ductility) of heterogeneously
structured nanocrystalline Au NW compared with those of other high-performing materials, including different metals and alloys. The materials represented by the statistical
data are divided into nine categories [2,3,7,8,10-24,30-35,55-79]: Metallic NWs (dark yellow), GNS Metals (red), Entropy Alloys (wine), BCC Metals (orange), Steels (olive),
Al/Al Alloys (blue), Cu/Cu Alloys (magenta), HCP Metals (black), and This Work (stars).

tively large grains with a size of ~17 x 12 nm?2, which are in the
strongest grain-size region of the Hall-Petch effect [4,26]. GB ac-
tivities. dislocation activities, and surface diffusion contributed to
the superplasticity. Our in situ atomic-scale observations showed
that the GB activities in small grains, dislocation activities in the
large grains, and surface diffusion on the NW surface contributed
to the measured plasticity and that these processes could effi-
ciently prevent local deformation instability. These results agree
with previous theoretical predictions that state that a combina-
tion of dislocation and GB plasticity can lead to superplasticity
[23,27-30,80,81]. This is also consistent with our MD simulation
results and previous results that showed that GB plasticity oc-
curred in nanocrystalline metals with grain sizes below ~15 nm
[19,23,26,27,47,80]. Previous studies suggested that the develop-
ment of heterogeneous grains in nanocrystalline metals can over-
come the strength-ductility trade-off [17-25]. However, whether
this strategy was valid for nanocrystalline NWs was unclear. Here,
for the first time, direct atomic-scale evidence indicated that
the hetero-grain-sized nanocrystalline Au NW exhibited ultra-high
strength and superplasticity. Previous experiments were conducted
on bulk nanocrystals rather than on NWs because nanosized NWs
with hetero-grain-sized structures are difficult to fabricate [2,3,18-
22,24]. In addition, most of previous studies were based on post-
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mortem examinations and lacked supporting in situ atomic-scale
research. Therefore, it was difficult to determine the deformation
mechanisms of different grain sizes in hetero-grain-sized NWs.
The ultrahigh strength and superplasticity of the hetero-grain-
sized nanocrystalline Au NWs is believed to be due to the follow-
ing factors: First, the hetero-grain-sized nanocrystalline Au NWs
displayed a bimodal grain size distribution. The smaller grain sizes
fell into the inverse Hall-Petch effect grain-size region, while the
larger grain sizes fell into the Hall-Petch effect grain-size region.
During early deformation, both GB plasticity in smaller grains
and intragranular dislocation behavior in larger grains occurred
[17,18,23,80,82]. This cooperative deformation improved the duc-
tility of the NWs. Second, during a later deformation stage, a high
density of dislocations accumulated in the NW, thereby increas-
ing the frequency of dislocation interactions in the NW. This led
to strong strain hardening that allowed the NW to undergo ho-
mogeneous plastic deformation [50,51,83,84]. Third, the size ef-
fect also significantly impacted the rate of surface atoms diffusion
[5,8,13,49]. As the diameter of the NWs decreased below a crit-
ical size, the surface tension may have caused rapid diffusion of
the atoms [5]. Surface atom diffusion can efficiently eliminate sur-
face steps resulting from dislocation activities [5,8,60,85,86]. This
in turn prevents step formation and stress concentration which
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ensures the super-elongation ability of the NW. Previous studies
have shown that high plastic deformation can be achieved when
the crystal thinning rates, resulting from surface diffusion and from
surface dislocation nucleation, are equal [5]. Thus, the GB plasticity
and the cooperation of dislocation activities and surface atom dif-
fusion not only contributed to high plasticity but also prevented
stress concentration, which in turn enhanced strain hardening.
Fourth, the initial short length of the hetero-grain-sized nanocrys-
talline NWs in our study many have enhanced their ductility. As
suggested in previous MD simulations, metallic NWs with short
lengths exhibit ductile failure, while brittle/localized shear failure
often occurs as the NW length increases [13,58]. Our observed de-
formation mechanism differed from that in conventional metallic
NWs in which dislocation activity often led to local strain concen-
tration and early necking [9,10,24,81]. For example, previous stud-
ies showed that single crystalline or twinned NWs often fractured
at a strain below 20%. In these NWs, surface atom diffusion and co-
operative GB plasticity and intragranular dislocation activities were
always absent. This led to their relatively low ductility. We propose
that the abovementioned four factors together contributed to the
superplasticity of the hetero-grain-sized Au NWs and may also be
valid for other metallic or alloy hetero-grain-sized nanocrystalline
NWs.

5. Conclusion

In summary, using a homemade device, tensile tests were
conducted on hetero-grain-sized nanocrystalline NWs. Our results
showed that the heterogeneously structured nanocrystalline NW,
comprising grains with sizes in both in the strongest Hall-Petch
effect region and the inverse Hall-Petch effect region, were si-
multaneously ultra-strong and ductile and displayed no strength-
ductility trade-off nor plastic instability. In situ atomic-scale obser-
vations revealed that the superplasticity of the NWs was realized
through the synergistic action of grain grown due to GB plastic-
ity during early deformation, followed by dislocation slip accom-
panied by surface diffusion. These experimental findings provide a
strategy for designing metals with both high strength and super-
plasticity.
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