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ABSTRACT

Local thickening, resulting from displacive or diffusive mechanisms individually, is frequently
observed in nanoscale metals during compression. However, it is not fully understood how a coupled
displacive-diffusive mechanism would mediate the compressive deformation of metallic nanocrys-
tal. Here, by conducting in situ atomic-scale compression tests, we find that, instead of local thicken-
ing commonly reported thus far, abnormal thinning events consecutively occur in silver nanocrystals,
where preexisting dislocations and crystal slip serve as stimuli to activate surface atom diffusion.
Below a critical width, tensile-fracture-like failure occurs in the silver nanocrystals. This work sheds
light on atomic-scale diffusion-mediated compressive deformation of metallic nanocrystal.
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In situ atomic-scale compression tests reveal that surface atom diffusion mediates consecutive
thinning events and ultimate compression fracture in silver nanocrystals.
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1. Introduction

Nanoscale metals with superior electrical and mechanical
properties are promising building blocks for a spectrum
of applications, such as nanoelectromechanical systems
(NEMS) [1], wearable devices [2,3] and stretchable and
flexible electronics [4-6]. In a practical application of the
nanoscale-metal-based devices, mechanical degradation
and failure frequently occurred in the nanoscale metals,
deteriorating their electrical performances [7-9]. Pro-
found insights into the atomic-scale deformation mecha-
nisms in nanoscale metals are of upmost importance for
understanding their deformation behavior and achiev-
ing their desired mechanical properties to guarantee the
mechanical reliability and operation stability of micro-
electronic assemblies in industrial settings [10,11].

The minuscule volume and substantial surface-to-
volume ratio render the nanoscale metals with unusual

mechanical behavior different from their bulk counter-
parts [8,12-15], which has attracted enormous research
interests. As the characteristic size decreases to a few
nanometers, diffusional deformation is expected to be
activated at room temperature, and even dominates over
displacive deformation as the carrier of plasticity in
nanoscale metals [16-19]. Moreover, compared to grain
boundaries (GBs) in bulk nanocrystalline (NC) metals,
the free surface in nanoscale metals, having higher free
volume, could serve as a highway for mass transport
[11,16,20]. Recent experiments on sub-10 nm silver (Ag)
nanoparticles [21] found that deformation was mediated
by surface atomic diffusion without observable displacive
plasticity, resulting in liquid-like pseudoelastic behavior
during cyclic loading. Furthermore, some in situ TEM
tensile tests on copper (Cu), Ag and gold (Au) nanocrys-
tals also demonstrated that atom diffusion at free surface
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mediated crystalline-liquid-drop-like retraction behav-
ior in the fractured nanocrystals [10,21-25]. Not only
competition but also cooperation between surface diffu-
sional creep and crystal slip existed in Ag nanocrystals
under tensile loading [23,26]. Given that the previous
studies focused on investigating the influence of surface
diffusion on dislocation activities in metallic nanocrys-
tals during tensile deformation, it naturally raised the
question of how the interplay between diffusive and dis-
placive mechanisms mediated the compressive deforma-
tion of nanoscale metals. Furthermore, local thickening,
resulting from dislocation-mediated slip band [13,27,28]
or interface diffusion [21], has been frequently observed
in various nanostructured metals during compression.
Compressive deformation behavior in nanoscale metals,
mediated by coupled displacive-diffusive mechanisms,
remained unexplored, especially at the atomic scale [9].

Here we adopted Ag nanocrystal as the model sys-
tem to investigate the compressive deformation behav-
ior in face-centered-cubic (FCC) metallic nanocrystals
by performing in situ compression testing with a high-
resolution transmission electron microscopy (HRTEM).
Here, we discovered that consecutive thinning events
occurred in Ag nanocrystals, which were attributed to
surface atom diffusion activated by preexisting disloca-
tions and dislocation slip. When the width of the Ag
nanocrystal reduced to a critical value, tensile-fracture-
like failure occurred. The consecutively occurring thin-
ning and the unusual compression fracture have yet to be
reported in studies on metallic nanocrystals.

2. Experimental methods

In situ compression tests at room temperature were
conducted inside a FEI Titan TEM equipped with
a Nanofactory scanning tunneling microscope (STM)
holder. The metal investigated in this work was high-
purity (99.999%) Ag provided by ESPI Metals. Before the
compression tests, the Ag nano-tips were generated at the
clean fracture surface of the bulk Ag rod using a wire
cutter. Subsequently, the fractured rod with numerous
Ag nanotips and a tungsten (W) nanoprobe were loaded
onto the static and piezo-controller (probe) sides of the
STM platform, respectively (Figure S1). Controlled by the
piezo-manipulator, the W nanoprobe will move towards
until contact with the sharp Ag nano-tips oriented in
the <110> zone axis. Under the voltage of ~1V,
the selected nano-tip and probe were welded together,
generating bridge-shaped nanocrystals with controllable
dimensions and clean surfaces, which were epitaxially
grown from the substrate at the static side and con-
nected to the W nanoprobe [23,28]. The strain rates of
1073 and 0.06s~! during compression were controlled

by the movement speed of the W nanoprobe on the
piezo-controller side. Moreover, all the experiments were
recorded in real-time by a charge-coupled device (CCD)
camera at the rate of 0.25 s/frame.

All the tests were operated at 200kV with low dose
conditions (electron beam intensity < 10°A-m~2) in
a short time (less than 3 min) to minimize the poten-
tial beam effects on deformation behavior [21,23]. The
temperature rise induced by electron beam illumination
[29] in Ag nanocrystals was negligible in this study (less
than 1 K [21,26]), as well as knock-on effect [26]. Since
the activation energy for surface diffusion was much
lower than the sublimation energy of Ag [30-33], the
rate of curvature- and stress-driven surface diffusion was
much higher than the mass loss rate induced by elec-
tron beam. In addition, surface diffusion (self-healing)
could fill up the vacancies induced by knock-out effect
[24,34]. Though surface diffusion can be influenced by
electron beam, the electron-induced sputtering was not
a primary factor affecting the diffusional behavior of Ag
nanocrystals in this study.

3. Results

Atomic-scale processes of preexisting-dislocation-
facilitated thinning during Ag nanocrystal compression
were captured by in situ compressive straining HRTEM
(Figure 1 and Movie S1). As shown in Figure 1(a), an
as-fabricated 4.3-nm-diameter Ag nanocrystal with two
preexisting dislocations was compressed along [112]-
direction at room temperature under a strain rate of
1073 s71. The strain field of the preexisting dislocations
near the surface of the Ag nanocrystal turned the flat
surface into the irregular one [35,36], altering the coor-
dinated environment of the surface atoms. Compared to
the atoms at other surface sites, the atoms at the irreg-
ular surface sustained higher energy arising from the
coordinated environment change and dislocation strain
field, which favored the diffusion of atoms at free sur-
face [21]. With further loading, two one-atomic-layer
steps, marked with ‘1’ and 2’, were observed to form
at the surface of the nanocrystal after the diffusion of
individual atoms at the irregular surface adjacent to the
preexisting dislocation (Figure 1(b)). Subsequently, the
surface steps ‘1’ and 2’ continuously migrated to the end
of the nanocrystal with no displacive plasticity detected
(Figure 1(c,d)), which decreased the nanocrystal width
by one atomic layer.

In addition to the preexisting dislocations, crystal
slip could also activate surface atom diffusion, result-
ing in thinning in Ag nanocrystal during compression
(Figure 2(a-d) and Movie S2). As shown in Figure 2(a,b),
under < 112> -compression, a 30° partial dislocation



MATER. RES. LETT. 807

Figure 1. Sequential TEM images showing surface atom diffusion in a Ag nanocrystal with preexisting dislocations. (a) A 4.3-nm Ag
nanocrystal with preexisting dislocations (marked by ‘T') loaded along [112] under a strain rate of 1073 s~. (b) Formation of two surface
steps (steps 1 and 2) on the 111 surface of the nanocrystal close to the preexisting dislocations. (c—d) Continuous movement of surface
steps towards the nanocrystal end. The surface steps are tracked by the arrows in the picture. All scale bars are 1 nm.

with the Burgers vector of 1/6[211] or 1/6[121] nucleated
from free surface, and then glided through the nanocrys-
tal, leaving behind a stacking fault (SF) and a surface
step with a height of one-third of an atomic layer at the
SF site when viewed along [110] direction (Figure 2(b)).
Furthermore, the partial dislocation slip also led to local
lattice reorientation, which changed the surface sidewall
from 111 to 100 plane, increasing the surface energy
at the SF site [37]. Accordingly, the coordination num-
ber of the surface atoms decreased from 9 at 111 flat
surface plane to 8 at the 1/3-atomic-layer-step on 100
plane. Compared to the other surface atoms, the surface
atoms at the 1/3-atomic-layer-step were of a lower coor-
dination number and suffered from a higher chemical
potential arising from curvature, applied stress, surface
energy change and SF energy (see Section 1 in Supple-
mental Material). The chemical potential gradient along
nanocrystal favored surface atom diffusion from the SF
site towards the end of the nanocrystal [26]. After the dif-
fusional events of surface atoms at the SF site, two steps
with a height of one atomic layer formed at the surface
nearby the SF (Figure 2(c)). With further loading, the
atomic-scale surface steps migrated upward and down-
ward along the 111 sidewall (Figure 2(d)), reducing the
nanocrystal width by one atomic layer.

Akin to the SF, twin boundary (TB), formed through
a series of 30° partial dislocation slips on successive 111
planes, could also be a preferential site for initiating sur-
face atom diffusion, causing thinning in Ag nanocrystal
under < 112> -compression (Figure 2(e-g) and Movie

S3). As shown in Figure 2(e), the step height at the TB,
viewed along the [110] direction, was observed to be
one-third of an atomic layer (Figure 2(e)), same as the
step height induced by an individual partial dislocation
slip. The surface atoms at the TB, having a lower coor-
dination number, sustained a higher chemical potential
than the surface atoms elsewhere. The rapid surface dif-
fusion of Ag atoms at the TB, driven by curvature, applied
stress, surface energy and TB energy (see Section 1 in
Supplemental Material), resulted in the formation of an
atomic-scale surface step with a height of one atomic
layer (Figure 2(f)). Subsequently, the one-atomic-layer
surface-step migrated towards the end, decreasing the
nanocrystal width by one atomic layer (Figure 2(g)). It
should be noted that partial dislocation slip can only
resulted in local lattice reorientation and the formation of
a 1/3-atomic-layer-step at the SF/TB site, without chang-
ing the number of atomic layers of the nanocrystal’s
width. The occurrence of the SF/TB did not necessarily
lead to surface diffusion, but the SF/TB site acted as the
preferential sites for initiating new diffusional events at
free surface.

Not only the partial dislocation slip, but also full
dislocation slip could activate surface atomic diffusion,
causing thinning in Ag nanocrystal during compres-
sive loading (Figure 3 and Movie S4). As shown in
Figure 3(a), a pristine 5.0-nm-diameter Ag nanocrystal
was compressed along < 112 > -direction at room tem-
perature under a strain rate of 1073 571, Figure 3(a,b)
show that one full dislocation slip caused the formation
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Figure 2. In situ TEM observation of partial-dislocation-slip-activated surface atom diffusion in a Ag nanocrystal. (a) A deformed Ag
nanocrystal with an original diameter of 4.3 nm under [112] compression. Red lines represent twin boundaries. (b) Nucleation and propa-
gation of a partial dislocation, leaving behind a stacking fault and a surface step with a height of one-third of an atomic layer. (c) Formation
of two surface steps (steps 1 and 2) near the stacking fault site. (d) Migration of surface steps towards the nanocrystal end. (e) A deformed
4.3-nm Ag nanocrystal loaded along [112] direction. A surface step with a height of one-third of an atomic layer existed at the twin
boundary. Yellow lines represent twin boundaries. (f) Formation of a one-atomic-layer step at the nanocrystal surface. (g) Step migration
towards the nanocrystal end. All scale bars are 1 nm.

Figure 3. In situ TEM images showing full-dislocation-slip-induced surface atom diffusion. (a) A 5.0-nm-diameter Ag nanocrystal under
[112] compression at a strain rate of 1073 s, (b) Formation of two surface steps (steps 1 and 2) formed by a full dislocation slip. (c—d)
Surface-diffusion-assisted migration of atomic steps resulting in the reduction of the nanocrystal width. All scale bars are 2 nm.



of two one-atomic-layer surface steps on both sides of
the nanocrystal, increasing the nanocrystal width from
19 to 20 atomic layers. Given that 1/2[110] slip on the
inclined (111) or (111) plane could not be observed
along [110]-direction, the slip event was further con-
firmed by quantitatively monitoring the change in gauge
length between the two boundaries (white and yellow
dashed lines) [38,39], as shown in Figure 3(a,b). The
dislocation slip resulted in an abrupt length change of
0.17nm (Figure 3(b)), in good agreement of the pro-
jection of a 1/2[110] slip on the [112] loading direc-
tion. With further loading, the two as-formed surface
steps migrated towards the ends of the nanocrystal con-
tinuously (Figure 3(c,d)), giving rise to a self-healing
behavior as reported by Zhong et al. [23] in the tensile
test of Ag nanocrystals. The continuous flow of sur-
face steps ultimately decreased the nanocrystal width by
two atomic layers. Consequently, each full-dislocation-
activated surface diffusion reduced the nanocrystal width
by one atomic layer. The experimental observation of
the continuous movement of the one-atomic-layer sur-
face step upon compression was theoretically attributed
to the stress- and curvature-driven surface atom diffu-
sion (see Section 1 in Supplemental Material) [21,23,39].
The atoms at the step edge sequentially hopped on 111
planes along <112 > direction and diffused towards the
ends of the nanocrystal to reduce the overall energy of
the system, resulting in continuous surface ledge flow.
The pathway for diffusional events at the SF sites, TBs
and irregular surface nearby the preexisting dislocations
should be akin to that for atom diffusion at the surface
steps with a height of one atomic layer.

During the compression of the 4.3-nm-diameter Ag
nanocrystal, a synergy of consecutively activated multiple
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thinning events discovered above gave rise to a con-
tinuous decrease in the nanocrystal width, as shown
in Figure 4(a,b). With decreasing width, the chemical
potential of surface atoms increased (see Eq. (S1) in
Supplemental Material), driving surface mass transport
more quickly [23,26]. As the diameter reduced to 1.71 nm
(Figure 4(b)), curvature- and stress-driven surface atom
diffusion led to the abnormal compression fracture of the
Ag nanocrystal, which was akin to the failure process
in the tensile test of Ag nanocrystals [23]. Accompanied
with the tensile-fracture-like failure, two tapered nan-
otips formed (Figure 4(c) and Movie S5). With the elapse
of time, the curvature radii of the 0.51 and 0.96 nm-sized
nanotips increased to 1.49 and 3.81 nm, respectively,
and meanwhile the lengths of both nanotips decreased
(Figure 4(c—e) and Movie S5), exhibiting a liquid-drop-
like retraction behavior without dislocation activities and
lattice structure change. The observed retraction behav-
ior was attributed to surface atom bond breaking and
atom transport along the free surface, which were driven
by the high surface pressure of the fractured nanocrystal
(see Section 2 in Supplemental Material) [10].

Recently, Zhong et al. [23] reported that the diffu-
sion stability limits for Ag nanocrystal was estimated
to be 15 nm, above which diffusional events at free
surface were quite limited. To confirm the universal-
ity of the abnormal thinning and compression fracture
observed in the sub-15-nm-sized Ag nanocrystals dur-
ing compression, a 16.2-nm-diameter Ag nanocrystal
was tested along < 112> -direction at room tempera-
ture under a strain rate of 10~ s~ 1. During compression,
slip-activated surface atom diffusion gave rise to consec-
utive thinning events, leading to the continuous decrease
in the nanocrystal’s width (Figure S2 and S3(a-d)).

nm

Figure 4. Sequence of TEM images showing diffusion-induced compression fracture in a Ag nanocrystal. (a—b) Decrease in the nanocrys-
tal width resulted from surface atom diffusion activated by preexisting dislocations and crystal slip. (c) Surface-diffusion-induced unusual
compression fracture of the nanocrystal, forming two tapered nanotips. (d—e) Liquid-drop-like retraction behavior in the fracture

nanocrystal. All scale bars are 1 nm.
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When the diameter of the Ag nanocrystal decreased to
2.65 nm, surface diffusional events ultimately led to the
tensile-fracture-like failure of the nanocrystal (Figure
S3(d)). Subsequently, liquid-drop-like retraction behav-
ior, driven by surface pressure, occurred in the fractured
nanocrystal (Figure S3(e-h)). Moreover, in all the Ag
nanocrystals with an aspect ratio ranging from 0.68 to
2.1 and tested by in situ TEM under the strain rate of
1073 s71, surface-diffusion-mediated unusual thinning
and compression fracture occurred (Figure S4).

To further probe the compressive deformation behav-
ior of Ag nanocrystals, in situ compression test of a pris-
tine 6.1-nm-diameter Ag nanocrystal at room tempera-
ture under a high stain rate of 0.06s~! was performed
along <112 > -direction (Figure 5). Different from the
abnormal thinning and compression fracture observed
at a low strain rate of 1072s™!, consecutive thicken-
ing, mediated by dislocation slip, occurred in the Ag
nanocrystal at a high strain rate, which was attributed to
the strain-rate sensitive nature of diffusional mechanisms
[16,23,39]. Quite limited surface atom diffusion occurred
at a high strain rate, incapable of eliminating the surface
steps formed by dislocation slip. Consequently, disloca-
tion activities continuously generated nearly immobile
surface steps, resulting in thickening upon compression.
Hence, the occurrence of unusual thinning and fracture
during Ag nanocrystal compression, resulting from cou-
pled displacive-diffusive deformation, required that the
crystal thinning rate arising from surface atom diffusion
be larger than the thickening rate from crystal slip. In
addition to the applied strain rate, the sample dimen-
sions (diameter, length and aspect ratio) and the type of
materials (surface mobility and surface energy) affect the
competition between the thickening by crystal slip and
thinning by surface diffusion in metallic nanocrystal dur-
ing compression (see Section 3 in Supplemental Material)
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[10,16,21,23]. For a Ag nanocrystal with given aspect
ratio and dimensions tested at room temperature, there
is a critical strain rate below and above which thinning
and thickening, mediated by coupled displacive-diffusive
mechanism, could occur in the nanocrystal, respectively.

4. Discussion

Different from the prior study that dislocation-free dif-
fusional deformation mediated liquid-like thickening
during the compression of a sub-10-nm Ag nanopar-
ticle [21], our work revealed that coupled displacive-
diffusive deformation induced unusual thinning and
tensile-fracture-like failure during Ag nanocrystal com-
pression, which may be attributed to the different sam-
ple shapes and experimental conditions. Given that
the surface-to-volume ratio of nanostructured metals
was size- and shape- dependent, surface atom diffu-
sion in nanoparticle was stronger than that in nanocrys-
tal with same feature size [8,40,41]. Furthermore, the
compression testing of Ag nanoparticle was conducted
through the movement of Ag-nanoparticle-decorated W
tip toward ZrO, surface, during which Ag-W and Ag-
ZrO, interfaces could act as a highway for diffusional
events upon loading (Figure S5). Coble-like diffusional
processes at heterogeneous interfaces and free surfaces
were sufficient to accommodate the applied strain on the
nanoparticle, causing continuous mass transport along
interfaces and surfaces (Figure S5) and the consequent
liquid-like-thickening. In contrast, no GBs or hetero-
geneous interfaces existed between the Ag nanocrys-
tal and substrate using in situ nanowelding (see Meth-
ods section). Given that the contribution of bulk dif-
fusion to strain was quite limited at room tempera-
ture [26], additional displacive mechanisms should be
activated in nanocrystal to accommodate deformation,

Figure 5. Compression-induced thickening in a Ag nanocrystal at a high strain rate of 0.06 s~ (a) TEM image of a pristine 6.1-nm-
diameter Ag nanocrystal under < 112 > compression loading at room temperature. (b—c) Sequential TEM images showing consecutive
thickening in Ag nanocrystal mediated by deformation twinning. All scale bars are 2 nm.



generating atomic-scale steps at free surfaces (Figure
S6(a)). Due to curvature- and stress-driven diffusional
flow of surface atoms at step edge, surface step with
high chemical potential migrated towards the ends
of the nanocrystal with low chemical potential, caus-
ing thinning and ultimate compression fracture in Ag
nanocrystals (Figure S6(b) and Section 1 in Supplemental
Material).

Our findings indicated that surface atom diffusion
played a critical role in the compression-induced abnor-
mal thinning and fracture in Ag nanocrystals, in contrast
to the recent observations in FCC and body-centered-
cubic (BCC) sub-micro pillars fabricated by focus ion
beam (FIB) cutting, in which thickening behavior, result-
ing from pure dislocation plasticity, were observed dur-
ing compression [13,42-47]. Such difference in compres-
sive deformation behavior between metallic nanocrys-
tals and sub-micro pillars may come from the following
reasons: (1) The sample diameters of the nanocrystals
adopted in this work (4.3, 5.0 and 16.2 nm) were much
smaller than those for submicron-sized pillars. Given
that the competition between displacive and diffusive
deformations is size-dependent [16-18], weak or even
no surface atom diffusion may occur in submicron pil-
lars. (2) Compared to Au, W, molybdenum (Mo), tan-
talum (Ta), niobium (Nb) and nickel (Ni) sub-micro
pillars in the previous studies [13,42-47], the melting
point for Ag nanocrystal is lower. Surface atom diffusion,
depending on the ratio of experimental temperature and
melting point of materials [10,16], was stronger in low-
melting-point metals tested at room temperature, com-
pared to the high-melting-point ones. In addition, with
the reduction in sample size, the melting point decreases
and diffusion coefficient and increases, respectively [48].
Hence, surface atom diffusion could be observed in the
Ag nanocrystals rather than other various metallic sub-
micro pillars. (3) In situ nanowelding was employed
in this study to fabricate Ag nanocrystals with clean
surfaces, which were ideal for studying diffusive plas-
ticity at free surface [23,49]. By contrast, surface oxi-
dation/contamination layer, introduced by FIB cutting,
probably suppressed mass transport along free surfaces
in submicron pillar in the previous studies [8]. To the
best of our knowledge, the consecutively occurring thin-
ning and the ultimate tensile-fracture-like failure during
Ag nanocrystal compression in this study have never
been reported before, due to technical difficulties in fab-
ricating nanoscale metals with clean surfaces. Together
with the previous studies [42-47], our study provides a
comprehensive understanding of the atomic-scale com-
pressive deformation behavior in small-sized metals,
and new clues to design reliable nanoscale-metal-based
devices.

MATER. RES. LETT. 811

5. Conclusion

In conclusion, in situ HRTEM compression experiments
have revealed that preexisting dislocation and crystal
slip served as stimuli to activate surface atom diffusion,
resulting in abnormal thinning in Ag nanocrystals during
compression. As the width of Ag nanocrystal decreased
to a critical value, unusual tensile-fracture-like failure
occurred, which was resulted from the diffusion of sur-
face atoms. Our findings not only advance the current
understanding of compressive deformation behavior in
metallic nanocrystals, but also shed light on atomic-
scale coupled diffusive-displacive deformation mecha-
nisms, providing new clues to design mechanically reli-
able nanoscale metals for electrical devices.
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