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With the ongoing trend of miniaturizing electronic devices, the dimensions of metallic materials used

in these devices decrease continuously from sub-microns to a few nanometers. Small-sized materials

usually exhibit superior mechanical properties and dramatically different mechanical behaviors from

their bulk counterparts. Deep insights into the atomistic mechanical behaviors in small-scale metals are

of vital importance for designing new nanostructured materials to guarantee the reliability and stability

of future nanodevices. This review firstly presents state-of-the-art experimental techniques and sample

preparation methods for atomic-scale in situ deformation dynamics on small-sized metals. Then,

recent advances in atomic-scale experimental mechanics are summarized, including size-dependent

defect nucleation, twinning-related mechanism, phase transformation, diffusional deformation and

pseudoelasticity. Finally, current limitations and future directions for research in the field of atomistic

experimental mechanics are discussed.

Published by Elsevier Ltd.
1. Introduction

Small-sized metal materials have been widely used in a variety
of inherently small structures, such as micro/nanoelectromech-
anical systems (M/NEMS) [1,2], micro/nanosensors [3], electronic
kin [4,5] and flexible electronics [6]. In these microelectronic
assemblies, the metal materials with characteristic size rang-
ing from microns to nanometers, are employed as electrodes
and interconnect due to their excellent electrical conductivity
and strength [5,7,8]. Mechanical degradation, however, occurred
frequently in these small-scale materials under various forms
of mechanical loading and then deteriorated electrical perfor-
mances, which makes their reliability the biggest challenge in
the practical application of electronic devices. Thus, profound
insights into the mechanical behaviors of micro- and nanosized
metal materials are of importance not only for designing struc-
turally stable materials to guarantee the reliability of micro- and
nanoscale devices but also for a fundamental understanding of
the mechanisms governing plasticity at small scale [9].

Due to the extremely small dimensions, investigating the me-
chanical behaviors of nanostructured materials can be techni-
cally demanding. So far, the atomic-scale understanding of the
mechanical behaviors in nanostructured materials have been re-
lying heavily on Molecular dynamics (MD) simulations. Limited
by computational resources, MD simulations are normally con-
ducted at strain rates (usually 107–109/s), which is at least 10
rders of magnitude higher than the quasistatic experimental
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strain rates (typically 10−3–10−4/s) [10,11]. Furthermore, MD
simulations also suffered from the accuracy of empirical or semi-
empirical interatomic potentials [12–14] and geometry of sam-
ple [15]. Because of these mismatches, it naturally raises ques-
tions whether or not the simulation results can be directly ex-
trapolated to those under laboratory conditions. Powerful exper-
imental studies are thus in urgent need to validate the research
findings from computational investigations. Recently, advanced in
situ mechanical testing methods with high-resolution transmis-
sion electron microscopy (HRTEM) were developed to visualize
the dynamic mechanical deformation at nano or even atomic
scale [16–19]. The sample dimensions studied by in situ TEM
experiments are at the same order of those used in MD simu-
lations, which allows to bridge the gaps between experiments
and simulations. Particularly, TEM-based in situ nanomechani-
cal experiments provide a unique opportunity to uncover new
atomic-scale deformation mechanisms explicitly.

In this article, we firstly overview recent advances in in situ
mechanical testing techniques by TEM. Subsequently, we system-
atically summarize recent progresses in the atomic-scale investi-
gations on mechanical behaviors in small-sized metals, including
length scale-dependent dislocation nucleation, twinning-related
mechanism, phase transformation, diffusion-mediated deforma-
tion and pseudoelasticity. Finally, the prospect of future research
about atomistic experimental mechanics will be discussed.

2. TEM-based in situ nanomechanical testing method

Because of the increasing technological prominence of nanos-
tructured metal materials [20], the particularly small specimen
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ize, the difficulty in ultra-low force load cell and lack of reliable
lamping method led to an urgent demand for new-developed
xperimental methods to investigate their mechanical properties
t small scale. Benefited from a number of recent technical de-
elopments, some in situ testing methods has been proposed and
ncorporated into various characterization platforms, including
tomic force microscopy (AFM) [21,22], scanning electron mi-
roscopy (SEM) [23–26], TEM [27–29] and X-ray diffraction [30]
tc. Among these advanced experimental methods, TEM-based
n situ nanomechanical testing methods so far open new hori-
ons toward characterizing and analyzing dynamical mechanical
ehaviors at atomic scale directly. Here, we overview relatively
ommon sample preparation and mechanical testing techniques.
Small-volume specimens can either be fabricated from their

ulk components (top-down method) or grown to a size (bottom-
p method) that can be handled by holders and micromanipula-
ors [17]. The classical top-down specimen in the micron or sub-
icron diameter regime is fabricated by focused ion beam (FIB)
illing. However, FIB cutting may introduce significant surface
ontamination and a large number of defects near surface [31,
2] and modify the original microstructure [33], probably influ-
ncing intrinsic mechanical response. Bottom-up methods, such
s physical vapor deposition (PVD) [26,34] and electrodeposi-
ion [17], were designed to prepare specimens from micrometer
o nanometer scale (e.g., metallic nanowhiskers and nanowires).
owever, systematic defects and impurities may be induced dur-
ng crystal growth [35]. Until very recently, an in situ thermal
elding technique was proposed to fabricate high-quality metal-

ic nanowires in TEM directly (see Fig. 1a) [36–40]. Specifically,
umerous metal nano-tips were firstly generated at the clean
racture surface of bulk metallic substrates using a wire cutter
nd then loaded onto the static side and the probe side of the
EM holder (see Fig. 1b). The nano tips with selected zone axis
pproached each other by controlling the piezo-manipulator (see
ig. 1c) and then were welded together by applying a constant
oltage (see Fig. 1d). These procedures generate bridge-shaped
ingle crystals with clean surfaces, different dimensions and con-
rollable orientations. Compared with the techniques mentioned
bove, such sample preparation method is generally applicable
o a variety of material systems and ideal for studying atomistic
echanical behaviors of nanomaterials.
The key hurdle in conducting in situ TEM testing is the minia-

urization of experimental setups, due to the fact that the space
etween the pole pieces in the TEM chamber are rather small
∼3 mm) [19,35]. In order to meet this extreme operating condi-
ion, some effective in situ straining methods have been proposed
by incorporating nanoindentation, MEMS-based testing device,
AFM and scanning tunneling microscope (STM) probe into a TEM
platform. Nanoindenter-based TEM holders are able to measure
the force (in the order of µN) and displacement of a flat punch tip
forced into the cylindrical nanopillars (see Fig. 1e) [18,42,43]. The
ontact of the tip with the pillar, however, generates strain gradi-
nts and thus disrupt imaging conditions during the deformation.
EMS-based testing platforms were developed to perform quan-

itative in situ TEM tensile tests, in which load is measured with
0 nN resolution and displacement with subnanometer resolution
see Fig. 1f) [19]. Most of these MEMS platforms, however, highly
elied on quite complicated setups making their implementations
nd operations both challenging and expensive [24]. Besides, a
FM-TEM sample holder was developed for quantitative mea-
urement of nanowire strength (see Fig. 1g) [44]. Clamping of
he sample was carried out by pushing the coated nanowire on
STM probe against the AFM tip surface until strong bonding
as formed. The applied force during testing can be calculated by
he recorded deflection of the AFM cantilever with known spring

onstant. This testing method, however, failed to capture HRTEM

2

images of nanocrystals to reveal atomic-scale deformation mech-
anisms due to unsatisfactory sample quality. In addition, in situ
TEM straining methods using nanoindentation, AFM and MEMS
devices were usually carried out on samples in the micron or sub-
micron diameter regime [45]. Most importantly, these methods
were hard to conduct high-quality atomic imaging due to the
difficulties in varying sample orientation.

To solve the aforementioned difficulties in performing in situ
TEM tests, Han et al. [46] specially designed a thermally actuated
TEM tensile device (see Figure 1h), which is capable of investi-
gating the grain boundary (GB)-mediated plasticity in nanocrys-
talline (NC) metals [27,29,47] and the mechanical behaviors of
metallic nanowires [48,49]. The tensile device, loaded onto a
TEM heating stage, consisted of two bimetallic strips, which were
fixed, in opposing positions, on a TEM Cu-ring grid. Due to the
difference in thermal expansion coefficients of different materials
in bimetallic strips, the strips were bent in opposite directions
to provide the tensile pulling force for the samples under heat-
ing conditions. Thus, the conventional TEM heating stage can
operate as a double tilt, displacement controlled, deformation
stage. Using the above method, the sample can be oriented in
a desirable low-index crystallographic orientation for obtaining
high-quality HRTEM imaging. The strain and strain rate applied to
the sample can be controlled precisely using a temperature con-
troller. In addition to the thermally actuated tensile device, the
STM probe-based technique opened new avenues to investigate
the mechanical behaviors of nanostructured materials systemat-
ically [35]. Pristine single nanocrystals with different size were
attached to a metal rod, which is used as one end of the TEM
stage. The STM probe, the other end of the TEM stage, can be
connected to the sample inside a TEM using amorphous carbon
deposition [15,22,50] and in situ thermal welding technique [36,
38,51]. The applied strain during in situ testing can be calcu-
lated based on the difference in gauge length, which is selected
according to the sample geometry [36]. The applied stress can
be obtained by Young’s modulus of metal materials and atomic-
scale lattice strain measurements [15,22]. Besides, probe-based
technique also allows to conduct high-temperature nanomechan-
ical testing by controlling the Joule heating, which is generated
by applying constant voltage on the two ends of the metallic
nanocrystal. Consequently, compared with other testing meth-
ods, this testing technique has a capability of providing more
useful information about mechanical deformation and obtaining
high-quality TEM imaging.

3. Length scale-dependent dislocation nucleation

With the ongoing trend of miniaturizing materials in M/NEMS,
the geometric and microstructural dimensions of the metal mate-
rials are normally in the range of microns to nanometers, which is
of the same order as dislocation line length [52]. The constraints
of the characteristic dimensions on dislocation activities and the
pronounced surface effect caused by high surface-to-volume ratio
in nanostructured metals result in the mechanical behaviors of
nanostructured metals quite different from their bulk counter-
parts. For instance, superior strength is often achieved in small-
scale metal materials, which is associated with a fundamental
change in deformation process. In situ TEM nanomechanical test-
ing provides a unique opportunity to observe the atomic-scale
and time-resolved dynamics of defect nucleation, revealing new
deformation mechanisms in small-sized samples. To date, dis-
location nucleation process is found to be associated with the
characteristic length scale of metal materials.

In bulk metals, dislocations are usually generated by Frank–
Read source [53], grain boundary (GB) [54,55], the intersection



S. Zheng and S.X. Mao Extreme Mechanics Letters 45 (2021) 101284

f
S
P

b
e
c
t
f
p
D
e
d
t
w
a
a
t
i
s
c
t
t
l
a
s
h

Fig. 1. TEM-based in situ nanomechanical testing methods. (a) The TEM–STM platform. (b) numerous metal nano-tips after cutting. (c) The two nanotips were driven
to contact. (d) Bridge-shaped single crystal was generated after contacting. (e) Schematic of nanoindenter-based in situ TEM tensile testing. (f) The MEMS stage used
or in situ TEM tensile testing. (g) Schematic of the AFM-STM tensile testing platform. (h) Schematic of the thermally actuated TEM tensile device.
ource: (a-d) reprinted with the permission from Ref. [37]. c⃝ 2015, Nature Publishing Group. (f) reprinted with the permission from Ref. [41]. c⃝ 2015, Nature
ublishing Group.
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etween GB and twin boundary (TB) [56–58], or other pre-
xisting defects/interfaces [59,60]. In submicro/micro-sized face-
entered-cubic (FCC) and body-centered-cubic (BCC) single crys-
als, the dominant dislocation nucleation mechanism changed
rom Frank–Read source to single-arm dislocation source, as re-
orted by Chisholm et al. [61], Kiener et al. [62] and Oh et al. [63].
ue to the image attractions from free surfaces, dislocations
scaped from crystal quickly before multiplying. The limited
islocation multiplication led to a ‘dislocation starvation’ state so
hat higher stress is required for activating new dislocation source
ith reduced source length to accommodate further plasticity,
s confirmed by Shan et al. [31]. Thus, the deformation mech-
nism changed from forest-hardening model in bulk materials
o source-controlled plasticity with sample dimensions decreas-
ng [62,64]. Owing to the insufficiency of traditional dislocation
ource, single-arm source, truncated by free surface (‘source trun-
ation’), was operative in constrained crystal volume [65]. Given
hat the critical stress to activate single arm sources depends on
he dislocation length, small-sized FCC metals follows a power-
aw scaling on crystal size with the power-law exponent of
pproximately −1. To the contrary, the plastic mechanism of
ub-micron BCC crystals follows the classical model of forest-
ardening more closely than the dislocation starvation model [66,
 a

3

7]. Due to the easy cross slip of screw dislocations enhanced by
he image stress, a dislocation cusp easily formed and resided
nside crystals, which eventually develops into a loop. During
echanical loading, the dislocation arms propagated, through the
rystal and then generated multiple dislocation segments [68,69].
urthermore, a long residence lifetime for screw dislocations
n BCC pillars enhances the probabilities of junction formation
nd forest dislocation interactions. Thus, the dominated defor-
ation mechanism in BCC small-volume metals is similar to the

orest-hardening model in bulk metals, and the strengthening
ower-law exponents is nearly −0.4 [70,71]. Kiener et al. [62],
chic et al. [72] Greer et al. [70,73] and Mompioua et al. [64]
emonstrated that the Hall–Petch-type strength-size dependence
oes not hold true only for nanocrystalline materials, but also for
mall-sized FCC and BCC single crystals.
As sample dimensions further decrease to nanoscale, the op-

ration of single-arm dislocation sources give way to surface
islocation nucleation (SDN). Zheng et al. [13] directly observed
urface dislocation nucleation process in sub-10-nm gold (Au)
anowires (NWs). As the lattice stress in the Au NW reached
o a yielding point, a leading partial nucleated from a favorable
urface step (Fig. 2a), propagated through crystal leaving behind

stacking fault (SF) as shown in Fig. 2b. Subsequently, a trailing
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Fig. 2. Surface dislocation nucleation in metallic nanowires. (a-c) Sequential HRTEM images showing the entire process of dislocation dynamics. The insets in a and
b are Fourier-filtered images of the black square area. The scale bars are 3 nm. (d-e) TEM images of dislocation dynamics in W NW. Scale bars in d-e are 5 nm.
(f-g) TEM images of 1/2⟨111⟩-typed mixed dislocation nucleated from surface. Scale bars in f-g are 2 nm.
Source: (a-c) reprinted with the permission from Ref. [13]. c⃝ 2010, Nature Publishing Group. (d-g) reprinted with the permission from Ref. [37]. c⃝ 2015, Nature
ublishing Group
artial nucleated, eliminated the SF, and then form a full disloca-
ion, which glided through NW and annihilated at the opposite
urface (Fig. 2c). The plasticity in Au NW is thus mediated by
iscrete dislocation nucleation and propagation. Besides, surface
islocation nucleation also serves as the prevalent deformation
ode in nanosized metals with other crystal structures. Wang
t al. [37,40] revealed the plasticity of BCC tungsten (W) nanowire
nder ⟨112⟩ compression is mediated by dislocation slip (Fig. 2d
nd e), including the nucleation of 1/2⟨111⟩-type mixed half
islocation loop from surface (Fig. 2f and g), subsequent dislo-
ation glide on the {110} slip planes and the eventual escape
f dislocations at surface. The dislocation nucleation behavior in
nanocrystals is affected by the deformation strain, with the

avorable nucleation site changed from (110) surface to (111)
urface with the increase in compressive strain. It was also re-
ealed that local high strain concentration near the shear band
nterfaces catalyzes the nucleation of new dislocations causing
iscrete thickening of shear bands. Similar to FCC and BCC pris-
ine single nanocrystals, SDN process also dominated plasticity
n other nanostructured materials with the characteristic length
cale of microstructure ranging from submicrometer scale to
ngstrom scale, such as nanotwinned Au NWs [15,22], penta-
wined silver (Ag) NWs [23,41,74], bitwinned Ag NWs [75] and
icrystalline Ag NWs [76]. Not only the dislocation nucleation
ource but also the type of the nucleated dislocation is influenced

y the characteristic length scale of the nanostructured metals

4

such as gain size [46], film thickness [77] and sample dimension
[49,78,79]. With decreasing microstructural feature size, the criti-
cal nucleation stress for perfect and partial dislocations increased
differently due to their different Burgers vector. Consequently,
partial dislocation activities dominate over full dislocation activi-
ties at small scale. The size dependent nucleation stress of perfect
vs. partial dislocations arises the competition between ordinary
dislocation plasticity and deformation twinning.

SDN process is generally believed to be highly sensitive to
some intrinsic factors (e.g. sample size) and extrinsic factors
(e.g. temperature and strain rate) [80]. Strong size-dependence
of the yield stress was reported in Au NWs [81], while weak
size dependence of nucleation strength was observed in Pd [82]
and Ag NWs [36]. Such distinct difference in size dependence of
strength may be attributed to the unusual softening behaviors re-
sulted from surface diffusional events in Pd and Ag nanocrystals,
which offsets the strengthening effects caused by size reduc-
tion [36,82]. Furthermore, according to transition state theory,
SDN is a thermally activated process so that nucleation strength
is expected to be strongly dependent on temperature. In the in
situ TEM tensile tests of Pd NWs, Chen et al. [82] corroborated
the predictions that nucleation is assisted by thermal fluctua-
tions. Moreover, SDN is found to be strain rate-controlled, with
the yield strength of bicrystalline Ag NWs increasing markedly
with strain rate [76]. The investigations mentioned above of-
fer insights into size-, temperature- and strain rate-dependent
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DN in nanostructured materials, however, the influence of sur-
ace step morphology and chemical passivation layer on SDN
emains experimentally unclear. Given that the fabricated NWs
ith different surface conditions usually suffer from various ser-
ice conditions in a practical application, a sound understand-
ng of SDN could provide useful material design strategies for
aterial reliability in M/NEMS device.

. Twining-related plastic mechanism

Metal materials with nanoscale twins embedded usually ex-
ibit excellent mechanical properties compared with their twin-
ree counterparts, which have attracted intensive research in-
erest in the field of material science and engineering [56,57].
ccordingly, the twining-related plastic deformation mechanism
as been the subject of ongoing discussions. The current in-
ights into the atomic-scale deformation mechanisms related to
wining heavily rely on the MD simulations limited by high
tress and short time conditions [83,84]. Because of very few
irect experimental observations, particular at the atomic level,
t remains unclear whether the deformation models proposed
ased on computational results can be directly extrapolated to
hose under laboratory condition. A thorough understanding of
winning-related plastic mechanism are of importance for not
nly fundamental scientific aspect but also providing novel mate-
ial design clues for small-sized metal materials used in electronic
evices.
In FCC metals, deformation twins initiated and then thickened

hrough layer-by-layer movement of twining partial dislocations
mitted from free surface [13,81,86,87]. Until very recently, Wang
t al. [85] revealed a new deformation twinning route operating
n FCC nanocrystalline (NC) platinum (Pt) unlike the classical
ayer-by-layer twinning route. A nanotwin embryo is nucleated
hrough the formation of two SFs separated by a single atomic
ayer (Fig. 3a-b), and the subsequent emission of a partial disloca-
ion between the two previously formed SFs (Fig. 3c). Not only the
ucleation of a nanotwin embryo but also the growth of the twins
n nanostructured materials could proceed without following the
raditional layer-by-layer fashion. Sun et al. [48] observed that
artial dislocations nucleated randomly from the surface of the
g NWs on non-neighboring {111} planes, leading to a high
ensity of SFs and finally the formation of a single nanotwin
NT) (Fig. 3d–i). The atypical twining routes in nanostructured
aterials may be facilitated by GBs and free surface to bypass

he high stacking-fault energy. Deformation twinning has been
ell documented in FCC nanomaterials, while only dislocation-
ediated plasticity was mostly reported in bulk and small-scale
CC metals at room temperature [88–90]. By using in situ HRTEM

testing, Wang et al. [37] firstly found that twinning became the
dominant deformation mode in BCC W NWs under room temper-
ature (Fig. 4). Under compression, a twin embryo nucleated from
the intersection between GB and surface and then propagated
laterally into the nanowire as well as thickened through sequen-
tial nucleation of twinning dislocations on consecutive twining
planes. Such twinning-dominated deformation was also observed
to occur in niobium (Nb) NWs [91].

The two major plastic deformation mechanisms in metals are
deformation twinning and full dislocation slip, which compete
with each other directly through dislocation processes operating
on the same set of slip systems [1]. The deformation behavior in
FCC metal in response to mechanical stress can be well predicted
by calculating and comparing the resolved shear stress on the
slip systems based on Schmid’s laws [92]. Lee et al. [93], Cao
et al. [51], Zheng et al. [13] and Roos et al. [94] demonstrated
that whether twining or full dislocation slip is dominant under
a specific loading orientation depends on the maximum value of
5

the Schmid factor between the leading partial and trailing partial,
due to the fact that the first step in both deformation modes
is the nucleation of a leading partial dislocation. In contrast to
FCC metals, there is a lack of general established criteria for
determining activated deformation mode in BCC metals. How-
ever, the analysis of the resolved shear stress on twining and
slip systems still play a key part in determining the dominant
deformation mechanism as confirmed by Wang et al. [37] and
Wei et al. [95]. In addition to loading orientation, the defor-
mation mechanisms were found to be strongly dependent on
characteristic length scale (e.g. gain size, film thickness and sam-
ple dimension). For instance, Yue et al. [96] demonstrated a
crossover from full dislocation slip to deformation twining be-
low a critical crystal size of Copper (Cu) NW, analogous to the
size effect reported in Au thin films [77], nanowire [78] and
nanowhiskers [97]. The size-dependence of full vs. partial dislo-
cation activity is attributed to the difference in nucleation stress
for full and partial dislocation, that increase differently with
decreasing microstructural feature size [78,97]. Moreover, the
critical transition size is inversely proportional to stable stacking
fault energy. Characteristic microstructural dimensions, stacking
fault energy and loading orientation are generally believed to
influence deformation mechanisms, however, Yin et al. [34] re-
cently reported that cross-sectional shape of Ag NW, an additional
factor, could affect the deformation mechanism in operation by
influencing twining energy barrier, which is correlated with the
surface energy change upon loading.

Dislocation–twin interactions play a fundamental role in the
strengthening, strain-hardening and plasticity of metal materials
containing TBs [98]. The introduction of nanoscale twins in bulk
metals and small-sized metallic crystals has been demonstrated
to be an effective method to enhance their mechanical properties
(e.g. ultrahigh strength and high ductility), which has been a
subject of long-standing interest to materials scientists [99]. Jang
et al. [100] reported that the strength of nanotwinned Cu pillars
with twin boundaries spaced at 4.3 nm reached nearly 40% of the
ideal strength of Cu, 1.5 times higher than those of their twin-free
counterpart, which is associated with the intrinsic brittleness of
twin boundaries. Wang et al. [15,22] revealed that the strength
of nanotwinned Au NWs increased with the reduction in twin
spacing, and it reached near-ideal strength limit as the twin thick-
nesses decreased to an angstrom scale exhibiting a significant
Hall–Petch-type strengthening behavior, which is attributed to
the twin size-dependent deformation mechanism transition from
heterogeneous dislocation nucleation from surface to homoge-
neous dislocation nucleation inside NWs. Moreover, TBs in Au
NWs were found to act as barriers for slip transfer of partial dis-
location, contributing to the observed strengthening and strain-
hardening effects. Such blocking effect of TB on full and par-
tial dislocations were also observed to occur in twin-structured
nanocrystalline (NC) Pt during mechanical loading [83,84]. t is
demonstrated that nanotwinned FCC metals reach the maximum
strength at a specific size ratio of twin thickness to grain size,
below which strengthening and strain hardening caused by dislo-
cation twin boundary interactions occurs, whereas above the spe-
cific size ratio softening caused by detwinning is dominant [101].
In addition to the significant strengthening effect induced by
TBs, twinning-related mechanism have been frequently observed
to contribute to considerable plasticity in small-sized metals.
Seo et al. [81,86] reported that coherent twin boundary (CTB)
migration during mechanical loading reorients the lattice of the
Au NW from ⟨110⟩ to ⟨100⟩ crystallographic direction, contribut-
ing to the high ductility of ∼50%. Thus, a good combination of
ultrahigh strength and considerable ductility are achieved in Au
NWs caused by size effect and long-ranged CTB propagation.
Furthermore, a recent in situ TEM study on twin-structured Pt
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Fig. 3. Deformation twinning in FCC nanostructured materials. (a-c) HRTEM images and associated schematic illustrations showing the dynamical process of the
nucleation of a three-layer twin. The scale bars are 1 nm. (d-i) A sequence of HRTEM images showing the formation of a nanotwin.
Source: (a-c) reprinted with the permission from Ref. [85]. c⃝ 2017, Nature Publishing Group. (d-i) reprinted with the permission from Ref. [48]. c⃝ 2019, American
hemical Society.
Fig. 4. Twinning-dominated deformation in BCC W metallic NWs. (a-c) Sequential HRTEM images showing the twinning process. The scale bar in each figure is 5 nm.
(d-e) Fast-Fourier transformed (FFT) patterns of the original W NW and the deformation twinning, respectively.
Source: (a-e) reprinted with the permission from Ref. [37]. c⃝ 2015, Nature Publishing Group.
nanocrystals showed that incoherent twin boundary (ITB) migra-
tion also play a dominant role in the plastic deformation [83]. The
migration of ITBs could proceed through the collective glide of
multiple Shockley partial dislocations on every {111} plane that
consist of ITB [102]. Besides, they directly observed that disloca-
tion nucleation from TBs, the motion of dislocations intersecting
with TBs, the interaction between TBs and dislocations, and CTB
migration contribute to large plastic strain. Apart from the contri-
bution of mechanical twinning to plastic deformation, TB assisted
dislocation slip also contributed to plastic deformation. Fu et al.
[103] found that the intersectional twins, a pathway for easy
glide of dislocations, facilitate massive cross slips of dislocations
6

from one TB to another, resulting in homogeneous deformation.
Moreover, Wang et al. [104] revealed that surface nucleation of
screw dislocations, subsequent slip transmission across TB, cross
slip and final transition to a 60◦ dislocation contributed to the
GB formation in the bent nanotwinned nickel (Ni) NW. Besides,
detwinning mechanism also contributed to large plastic deforma-
tion, as revealed by Cheng et al. [75] in bitwinned Ag NWs with
small volume ratios. Multiple dislocation nucleated from surface
intersected and interacted with the preexisting TB resulting in
the detwinning of a segment of the TB, which transit bitwinned
phase into single crystal phase. A wealth of investigations has
placed emphasis on the mechanical behaviors of twin-structured
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anomaterials; however, atomistic understanding of twinning-
elated plastic mechanism is still lacking and thus requires to
e studied further, considering the huge potential of small-sized
etals with nanoscale twins in a practical application.

. Phase transformation in nanocrystals

Due to the constrained volume of nanocrystals, ordinary full
islocation slip and deformation twining may be suppressed due
o the high critical shear stresses needed to nucleate a perfect
islocation and partial dislocation. In this case, alternative plas-
ic deformation mechanisms, such as phase transformation, may
e activated in small-volume metallic crystals. MD simulations
redicted that NWs could undergo phase transformation driven
y surface stresses and the tendency to minimize surface en-
rgy [105,106]. The accuracy of MD simulations, however, are
sually limited by the empirical interatomic potentials such that
he computational results are inconsistent with each other [1,105,
07]. In situ HRTEM testing technique is thus utilized to provide
nambiguous experimental evidence for the atomic-scale defor-
ation process of phase change in nanometer-scale materials.
dvances in understanding of the phase stability and transforma-
ion from a fundamental perspective may provide new clues for
ptimizing microstructures and thus improving the mechanical
roperties of metal materials.
In situ HRTEM mechanical tests have demonstrated that phase

ransformation from FCC to body-centered tetragonal (BCT) could
ccur to accommodate the plasticity of FCC nanocrystals. For
nstance, Zheng et al. [13] reported that the Au NWs underwent
hase transition spontaneously under zero applied load (Fig. 5a-
). Since the compressive stresses inside Au NWs induced by
urface effect are inversely proportional to the crystal size, af-
er the fracture of Au NW, the compressive stresses inside the
W, that were large enough to overcome the energy barriers
or martensitic transition, led to the structure relaxation through
he contraction of the NW along ⟨001⟩ crystallographic direction
nd the formation of new BCT phase following Bain path. The
hase transformation from FCC to BCT was also reported under
ending condition, as confirmed by Wang et al. [108]. Bending
eformation of nickel (Ni) NW induced a continuous lattice strain
long the axial direction such that the inter-plane lattice angle of
he {111} planes changed continuously from 70.5◦ in an original
CC structure to 90◦ in a BCT structure and finally to 109◦ in a
e-oriented FCC structure, resulting in a ultralarge shear strain
f 34.6%. Different from the classical phase transformation path,
artensitic transformation and Bain transformation, the phase

ransition from FCC to BCT during bending was associated with
he lattice shear in the ⟨112⟩ {111} system. In addition to FCC
Ws, phase transformation was also observed to mediate the
lasticity of nanostructured materials with other crystallographic
tructure.
For BCC nanostructured materials, Wang et al. [91] directly ob-

erved that deformation-induced phase transformation resulted
n significant crystallographic reorientation contributing to large
lasticity in niobium (Nb) NWs. Upon tension, ultrahigh shear
tress in the shear band provided a driving force for phase transi-
ion from an initial [100]-oriented BCC structure to a metastable
110]-oriented FCC phase with higher energy (Fig. 5h-i). The
rientation relations between these two phases were [100]BCC//
011]FCC and (011)BCC//(111)FCC, following the Nishiyama–Wasser-
ann (N-W) relationship [109]. With further loading, the newly

ormed phase boundaries extended gradually along the length
irection, and then the FCC phase transformed to a [111]-oriented
CC lattice rapidly with the orientation relations between these
wo phases following the Kurdjumov–Sachs (K-S) relation
[011] //[111] and (111) //(011) ), as shown in Fig. 5j
FCC BCC FCC BCC

7

110]. Consequently, the plastic deformation of Nb NWs pro-
eeded continuously through the two-step BCC–FCC–BCC phase
ransformation with an FCC phase being an intermediate phase
Fig. 5k). The uncovered phase transformation from BCC phase
o metastable FCC phase followed the Bain lattice deformation
rocess, traditionally used to model a martensitic transformation
rom an FCC structure to a BCC structure [111]. Such kind of
wo sequential structural transformations coupled with shear
eformation were also observed to occur in the region ahead of a
rack tip in BCC molybdenum (Mo) thin film, as revealed by Wang
t al. [112]. It was also revealed that the newly formed [111]-
riented BCC lattice and [110]-oriented FCC lattice transformed
ack to the initial BCC structure upon unloading the imposed
tresses.
Thus far, all the experimental evidences on phase transfor-

ation in nanostructured materials were based on a single two-
imensional image along a specific zone axis (e.g. ⟨110⟩ in FCC

and ⟨100⟩ in BCC); However, from a basic science point of view,
determining a new phase with a specific crystallographic struc-
ture requires HRTEM images along at least two zone axes, which
is technically demanding to be studied by the current in situ
HRTEM techniques. Considering that in situ HRTEM tests on
nanostructured materials provide atomic-scale information on
solid-state transformations not easily ascertained in bulk solids,
advanced experimental techniques are thus needed to be devel-
oped in the future to provide ample information on structural
transformation. From an application standpoint, phase transfor-
mation causes fundamental changes in the structure and may
dramatically influence the mechanical properties of metals. A
thorough understanding of deformation-induced phase transfor-
mation is of prime importance for the mechanical stability of
small-volume metals used in electronic devices.

6. Diffusion-mediated plastic deformation

Substantial surface area to volume ratio is one of the charac-
teristics of small-sized metallic materials with a large proportion
of the constituent atoms residing on free surfaces [80,113,114].
The surface atoms are under-coordinated and tend to reduce
surface energies, creating a tensile surface stress, that is inversely
proportional to the crystal size [115–118]. Moreover, free surfaces
in nanostructured materials, similar to the roles of GBs in NC met-
als, could act as a highway for mass transport [119–121]. As the
crystal size goes down to a characteristic length scale, ultrahigh
surface stress could break surface atomic bonds and subsequently
gives rise to diffusional mass flow along free surfaces, which
severely threatens the long-term shape stability of nanosized
materials [122]. In a practical application of nanometals widely
used in electronic devices, precise shape control of components
is of vital importance. Deep insights into diffusional plasticity at
atomic scale is therefore essential for the reliability and stability
of nano-structured devices.

Displacive and diffusional deformation are generally viewed as
two major competing modes of plastic deformation in nanoscale
materials. Displacive deformations govern plasticity at room tem-
perature, while diffusional plasticity often occurs at high temper-
ature [124–126]. Aside from the temperature, size scale can be a
decisive factor on the operative deformation mechanism during
mechanical loading. At very small crystal sizes in the range of
a few nanometers, diffusional deformation should be the only
carrier of plasticity for nanoscale materials, and this is especially
true for some metals that have a relatively low melting tempera-
ture [127]. Sun et al. [122] found that sub-10 nm Ag nanoparticles
was deformed like a liquid droplet (namely, a reversible change
in shape) but kept crystalline character in the interior without
observable displacive plasticity and lattice structure evolution
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Fig. 5. Phase transformation in metallic nanocrystals. (a-b) HRTEM images of the Au NW before and after fracture. The scale bar is 3 nm. (c-d) Enlarged images of
the white-boxed area in a and b, respectively. (e-f) Simulated HRTEM images of FCC-Au with lattice parameter of a = 4.078 Å along [110] zone axis and BCT-Au
ith a = b = 3.34 Å and = 2.86 Å along [100] zone axis, respectively. (g) Phase transformation from FCC to BCT through the Bain path, attributed to the lattice
istortion along [001] direction in FCC crystal. The unit cells of FCC and BCT lattice structure were labeled out by black and blue lines, respectively. (h) Pristine Nb
W aligned in the [100] zone axis. (i) The initial BCC lattice transformed to a [110]-oriented FCC lattice. (j) Phase transition from an intermediate FCC lattice to
[111]-oriented BCC lattice. (k) Sequential phase transition followed a BCC–FCC–BCC pathway. The pink and cyan dashed lines represent phase boundaries. . (For

nterpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
ource: (a-g) reprinted with the permission from Ref. [13]. c⃝ 2010, Nature Publishing Group. (h-k) reprinted with the permission from Ref. [91]. c⃝ 2018, Science
ublishing Group.
Fig. 6. Diffusion-mediated deformation in FCC nanostructured materials. (a-d) Sequential HRTEM images showing the liquid-like pseudoelastic deformation of the
Ag nanocrystal. The scale bars are 5 nm. (e) A snapshot of the Ag NC during deformation. The crystal remained highly crystalline in the interior during deformation.
The scale bar is 5 nm. (f-h) Atomic-scale images of contraction process of an Au NW mediated by surface atom diffusion. (i-k) Slip-activated surface diffusional
deformation in Ag NW.
Source: (a-e) reprinted with the permission from Ref. [122]. c⃝ 2014, Nature Publishing Group. (f-h) reprinted with the permission from Ref. [123]. c⃝ 2018, American
Chemical Society. (i-k) reprinted with the permission from Ref. [36]. c⃝ 2017, Nature Publishing Group.
during cyclic compression and stretching (Fig. 6a-e). The liquid-
like pseudoelasticity is associated with the geometry reconstruc-
tion of Ag nanocrystal that is mediated by surface atom diffusion
driven by capillary-energy minimization. Furthermore, a wealth
of in situ TEM tensile tests of Cu, Ag and Au NWs revealed that
8

the liquid-like deformation behavior occurred frequently after
the fracture of NWs [36,122,123,128–130]. When the fracture
happened, atom diffusion processes at free surfaces with high
curvatures were highly active such that the locations of large
curvatures continuously smoothed out, and at the same time the
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ractured tips retracted rapidly with length reduction and diame-
er expansion (Fig. 6f-h). Consequently, diffusional deformation
layed a critical role in the contribution of ultralarge contrac-
ion strain of the fractured NWs, and resulted in the rounded
nd smooth shape of the fractured tips finally. Moreover, along
ith the deformation mechanism transition from displacive to
iffusional deformation, the strength-size relationship changed
rom Hall–Petch-like ‘smaller is stronger’ tend to ‘smaller is much
eaker’ diffusion softening regime, as demonstrated by the in situ

TEM deformation tests of Tin (Sn) samples [119].
Not only a competition relationship but also a cooperative

interplay between diffusional creep and crystal slip existed in FCC
NWs, as demonstrated by in situ HRTEM straining tests. Zhong
et al. [36] revealed that coupled diffusive-displacive process re-
placed pure crystal slip or diffusional creep as the dominant
deformation mechanism, contributing to room-temperature su-
perplasticity in Ag NWs within a critical size regime. Crystal
slip, serving as a stimulus to surface diffusional creep, generated
atomic-scale steps with one atomic layer at free surface (Fig. 6i).
Such abrupt change in surface morphology resulted in that the
chemical potentials of the atoms at surface steps were much
higher than those elsewhere. To lower the overall system energy,
significant curvature- and stress-driven diffusional deformation
occurred via continuous lateral movements of the surface atoms
at step edges (Fig. 6j-k), giving rise to a self-healing mechanism
that maintained a relatively smooth surface contour, and thus
prevented shear localization and the tendency of plastic instabil-
ity during mechanical loading. In addition, Sun et al. [48] found
that a partial dislocation slip promoted surface atom diffusion
by introducing a surface step with a height of one-third of an
atomic-layer, that have a low coordination number favoring atom
diffusion. They also found that the partial dislocation-induced
surface steps cannot be eliminated by surface atom diffusion,
and thus constantly serve as a preferred site for the initiation
of new surface atom diffusion events during mechanical loading.
Different from the large-scale and long-distance surface atom dif-
fusion stimulated by crystal slip, displacive plasticity is influenced
by localized diffusion of surface atoms in Au NWs [51]. Sur-
face diffusion of individual atoms occurred occasionally and then
smoothed surface uniformity, changing the height and length of
surface steps. Such change in local surface morphology alleviated
high strain concentration at the dislocation-induced surface steps,
therefore eliminating the possibility of dislocation nucleation and
subsequent deformation localization from the same surface site.

MD simulations have been proved to be an effective method to
investigate mechanical deformation mechanisms at atomic scale.
However, due to the extremely high strain rate and the very
short-lived simulation time (less than a nanosecond), diffusion-
mediated plasticity in MD simulations is not obvious unless at
elevated temperature compared to experimental results [131,
132]. It leads to some difficulties when extrapolating from the
computational results to those under laboratory conditions. Al-
though various of diffusional deformation mechanisms have been
proposed by in situ TEM tests, the validity of these mechanisms
remains questionable. For instance, Zhong et al. [36] predicted
that pure diffusional creep governed plasticity in Ag NWs with
sample diameters less than 15 nm. Moreover, Sun et al. [122]
found that the plasticity of sub-10 nm Ag nanocrystals was fully
controlled by surface atom diffusion. In contrast, Sun et al. [48]
observed that the dislocations were still active in the plastic de-
formation processes of sub-5 nm Ag NWs. Considering the incon-
sistencies reported in previous papers, more experimental efforts
should be made in revealing a more general theory on diffu-
sional deformation mechanisms to advance our basic knowledge
of plastic deformation behaviors in small-sized metals.
9

7. Reversible structure transition-induced pseudoelasticity

Both plastic and pseudoelastic deformations are associated
with structure change in response to mechanical loading, result-
ing in energy dissipation [1]. The essential difference between
them, however, is that most plastic strain is reversible in the
pseudoelastic effect. As soon as the applied load is removed, a
deformed sample always recovers to its original shape completely
regardless of previous deformation history, whereas a component
deformed by plasticity stay in the deformed shapes at zero stress,
and requires imposing a negative load to recover its original
shape [122]. Pseudoelasticity and shape memory effects, medi-
ated by martensite phase transformation and reversible move-
ment of TBs, were frequently observed in bulk shape memory
alloys [133,134]. Due to their important applications in cou-
pling, sensing, and actuation, shape memory alloys have attracted
significant interest from scientific and industrial research. Until
recently, a wealth of experimental observations and MD sim-
ulations revealed that pseudoelasticity could also be achieved
in single-crystalline nanostructured materials due to its peculiar
structure different from their bulk counterparts [135–140]. All the
plastic deformation mechanisms mentioned in the previous sec-
tions, such as displacive deformation, phase transformation, diffu-
sional plasticity, give rise to the possibility of reversible structure
transition process causing pseudoelasticity in small-sized metal
materials.

Free surface in nanostructured materials played an important
role in mediating reversible plastic deformation. For instance,
Zheng et al. [141] found that surface-mediated dislocation activity
resulted in recoverable plasticity in Au NWs. During mechani-
cal loading, the dislocations, nucleated from free surface, piled
up and formed a low angle grain boundary (LAGB) inside the
NW (Fig. 7a). After the removal of external stress, the dislo-
cations were completely annihilated at free surfaces driven by
back force from dislocation pile-up and image force from free
surfaces. Concurrently, the newly formed LAGB suddenly van-
ished, causing reversible plastic strain, that is, pseudoelasticity
(Fig. 7b). The fully reversible plastic behavior mediated by dis-
location activities was also observed by in situ tensile tests of
penta-twinned Ag NWs [41]. During loading step, dislocation nu-
cleated from surface, propagated inside the NW and terminated
at TBs (Fig. 7c-d). In the course of unloading deformation, the
dislocations retracted and disappeared causing that the deformed
NW was totally recovered (Fig. 7e-f). Given that surface image
force exerted on dislocation is inversely proportional to crystal
size, such surface-mediated recoverable plasticity can only occur
in nanoscale materials [141]. In addition to dislocation nucleation
and annihilation sites, free surface in nanocrystals could act as
a highway for atom diffusion. Diffusion of surface atoms medi-
ated pseudoelastic deformation in Ag nanocrystals leading to a
liquid-like recoverable shape change [122].

Reversible lattice reorientation process also gives rise to pseu-
doelasticity in small-sized metallic materials. As discussed in the
previous phase transformation section, under continuous lattice
shear strain, a reversible and continuous phase transformation
occurred in Ni NWs, where lattice changed from a FCC struc-
ture to a BCT structure and finally to a re-oriented FCC struc-
ture [108]. Furthermore, a BCC–FCC–BCC phase transformation
induced by shear stress was observed to be reversible in BCC Mo
materials during loading and unloading [112]. Aside from phase
transformation, consecutive twining and detwinning process is
another mechanism of lattice reorientation that cause reversible
plastic deformation, as demonstrated by Lee et al. [93]. Under
tensile loading, [110]-oriented Au NW deformed by deformation
twinning leaving behind nano-scale twins in Au NW. When the
twinned NW was subsequently compressed, the twins shrank
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Fig. 7. Surface-mediated pseudoelasticity in FCC NWs. (a) Dislocation pile-ups result in the formation of LAGB in the Au NW. (b) LAGB disappeared during unloading
step. (c-f) A series of TEM images showing dislocation nucleation, termination at TBs and annihilation in a penta-twinned Ag NW. The scale bars are 150 nm.
Source: (a-b) reprinted with the permission from Ref. [141]. c⃝ 2012, American Physical Society. (c-f) reprinted with the permission from Ref. [41]. c⃝ 2015, Nature
Publishing Group.
continuously and disappeared eventually. Reversible twinning
and detwinning process under cyclic tension and compression is
a direct consequence of the interchange in Schmid factor between
the leading and trailing partial dislocations. Schmid factor favored
a trailing dislocation over a leading dislocation during compres-
sion such that trailing partials annihilate the stacking fault on
the preexisting twin boundary causing detwinning process. Li
et al. [142,143] directly observed twinning and spontaneous de-
twinning at the crack tip of aluminum (Al) and Ni. Since the
stacking fault energy (SFE) is high and the lattice friction force
against the detwinning partial dislocations is relatively low for
Al and Ni, the stacking fault force and surface image force during
unloading are large enough to drive detwinning process to reduce
system energy. Furthermore, mobile Shockley partials on ITBs
can migrate under external stress and lead to the migration of
TBs. Deformation twinning in BCC NWs is also pseudoelastic, as
demonstrated by Wang et al. [37]. During loading and unloading
cycles, twining and detwinning process proceeds through the
nucleation and propagation of twinning dislocations in a layer-
by-layer fashion, but in the reverse direction. The detwinning pro-
cess during unloading was attributed to back stress resulted from
strain incompatibility at the intersection between GB and TB [144,
145]. Until very recently, Wang et al. [146] found that the high
interface energy of inclined TBs and surface image force provided
driving force to detwinning process in twinned W nanocrystals
causing pseudoelasticity.

The pseudoelastic deformation mechanisms mentioned above
offer new insights towards the understanding of the mechanical
properties of the small-sized metallic materials with FCC and BCC
structures. Yet, the critical length scale and temperature for acti-
vating reversible plastic deformation in different classes of metals
remain unknown. Further in situ experimental studies at atomic
scale are needed to investigate pseudoelastic behaviors in small-
volume systematically. Given the capability of recovering large
inelastic strains and the low production costs compared with
shape memory alloys, single-crystalline nanostructured material
is a prominent candidate for the next generation of safer and
more reliable nanodevices.
10
8. Summary and outlook

In summary, atomistic experimental mechanics open up a new
opportunity for gaining deep insights into mechanical behaviors
of small-sized materials at atomic scale. We have reviewed four
most common deformation modes in small-sized metals, includ-
ing ordinary dislocation slip, deformation twinning, phase trans-
formation and diffusional deformation, which usually compete
or couple with each other. The competition between deforma-
tion mechanisms under mechanical loading has been shown to
be highly sensitive to some intrinsic factors (e.g. characteristic
length scale, lattice structure, geometry, pre-existing defects and
surface morphologies) and several extrinsic factors (e.g. strain
rate, loading orientation, and temperature). Free surface in nanos-
tructured materials play a crucial role in mediating plasticity.
As a defect nucleation and annihilation site, free surface is a
major cause of the size dependence of yield strength, achieving
superior mechanical performances in small-volume metals over
their bulk counterparts. Besides, ultrahigh stress appeared at free
surfaces, causing phase transformation in metallic nanocrystals.
Moreover, free surface is also a pathway for atom diffusion,
probably giving rise to surface atom diffusion in response to
mechanical loading. Although the mechanical behaviors of small-
sized metals have attracted intensive research interest, the recent
studies only focus on the deformation mechanisms of several
materials under uniaxial loading conditions, that is merely a very
small part of what actually happened in a practical application. A
thorough understanding of the mechanical properties in small-
volume materials is of vital importance for not only realizing
their potential applications in the next generation nanodevices
but also establishing a complete structure—property–deformation
map of nanostructured materials. Thus, some future directions for
research are enumerated as follows.

1. Until now, numerous theoretical and experimental investiga-
tions have been conducted to study the mechanical behaviors of
small-sized metals under uniaxial loading at room temperature.
Instead, mechanical behaviors under other loading modes (such
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s bending and torsion) at elevated temperature has been less
tudied due to technical difficulties. Advanced testing methods
apable of applying complex loading and controlling temperature
oncisely are thus in urgent need to investigate atomistic me-
hanical behaviors of small-sized materials systematically. Since
he actual working conditions for small-sized metals are often
ore complicated than those under laboratory conditions, deep

nsights into atomic-scale deformation mechanisms under dif-
erent loading conditions could provide new guidelines for de-
igning new nanostructured metals with excellent mechanical
erformance.

. It has been well accepted that when the layer thickness in
etallic multilayered composites decreased from sub-microns to

ew nanometers, the operative deformation mechanism changed
rom a dislocation pile-up-based Hall–Petch model to confined
ayer slip of single dislocations and finally to an interface cutting
echanism [147–150]. By using in situ TEM test, Li et al. [151] di-

ectly observed that confined layer slip was the dominant defor-
ation mechanism in a 30 nm Cu/20 nm Nb multilayer film. Thus

ar, direct experimental evidence for the interface cutting mech-
nism is still lacking due to the difficulty in fabricating in situ
ultilayered composites with individual layer thickness smaller

han 2 nm. Further studies are still needed to provide deep in-
ights into deformation mechanisms of multilayered composites
nambiguously.

. GB motion under stress plays a significant role in many pro-
esses, including grain growth, recrystallization, phase transfor-
ation and plasticity [27,152–154]. The migration mechanisms
f LAGB, TB and ITB have been well documented, while the
nderlying mechanism of high-angle GB (HAGB) migration are
till in their relatively infancy because of the complexity of HAGB
igration [155]. In situ TEM nanomechanical test provides a
nique opportunity to visualize the dynamic process of GB migra-
ion, that may reveal new atomistic mechanism of GB migration,
eading to solutions of many longstanding puzzles.

. Alloys, such as twinning-induced plasticity (TWIP) steels and
igh-entropy alloys (HEAs) has been found to display high
trength with substantial uniform ductility, which have drawn
ignificant attention [156–158]. Advanced energy-dispersive spec-
roscopy (EDS) in TEM are capable to probe chemical element
istribution in alloys at atomic scale [159,160]. Combining ad-
anced element recognition techniques with in situ mechanical
esting platform is a promising way to gain a deep insight into
he composition–structure–property relationships, that may pro-
ide new clues for tuning composition to produce outstanding
echanical properties in alloys.

. Since in situ TEM nanomechanical tests were usually conducted
n vacuum chambers, the effects of environment on the me-
hanical properties of NWs were usually excluded. However, in
ctual service conditions, the metallic NWs were often deformed
nder an oxidation environment. The underlying mechanisms de-
cribing the influence of oxidation on the mechanical properties
emain largely unexplored [161,162]. Thus, quantitative in situ
echanical testing platform combined with gas environmental
EM is needed to be developed in the future, which can pro-
ide crucial clues for predicting the mechanical performances of
mall-sized materials in their practical application environments.
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