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In this paper, research on the mechanical behavior of micronanoscaled metallic glasses (MGs) is reviewed, with an emphasis on
works achieved through in situ transmission electron microscope. It was found that the strength of micronanoscaled MGs has a
nonlinear dependence on sample size. Corresponding to the transition of size-dependent strength, the deformation mechanism of
MGs changes gradually from brittle to ductile with the critical transition size being affected by strain rate, e-beam irradiation and
thermal history of the sample. Besides monotonic loading, the mechanical behaviors of MGs in response to cyclic loadings and
fatigue tests are also reviewed.
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Introduction Metallic glasses (MGs), also known as
amorphous metals, are materials composed of metal
components but without crystalline structure.[1–3] The
lack of long–range order, that is, atoms do not register in
periodic lattice sites, renders MGs unique in mechanical
behaviors.[4–7] Unlike crystalline metals, MGs do not
have dislocation or deformation twinning as plastic car-
riers. When the applied mechanical load exceeds their
yield strength, bulk MGs usually deform through the
formation of shear band, a thin band where large shear
strains localized [8], usually in a catastrophic manner.
The stress level required for the nucleation and propa-
gation of shear band is much higher than that for dis-
locations or twins in bulk crystalline materials, usually
on the GPa level. Without early yielding, the measured
elastic limit for bulk MGs can be up to 2% [4,9], much
larger than their crystalline counterparts. Even though
the brittleness and high cost limit the commercializa-
tion of bulk MGs, recent studies [10–12] demonstrated
that micronanoscaled (refer to samples with their size
ranged from 10 nm to 10 μm [13]) MGs own outstand-
ing strength and reasonable plastic deformability which
make them attractive for applications in Micro/Nano
electro-mechanical systems (M/NEMS). Consequently,
a systematic study of the mechanical properties of

*Corresponding authors. Email: lintian@xjtu.edu.cn, zwshan@xjtu.edu.cn

micronanoscaled MGs is of great industrial importance
and academic interest.

In this paper, the major progress achieved in the past
decade on probing the mechanical behavior of micro-
nanoscaled MGs will be reviewed. The first section
focuses on the size dependence of strength and the fol-
lowing section discusses the size dependence of plastic
deformation mechanism. The third section summarizes
the results on fatigue properties. And the last section
discusses the potential artifacts from the experimen-
tal setup. These results not only revealed interesting
mechanical behavior of micronanoscaled MGs but also
shed new lights on the understanding of the deforma-
tion mechanism in MGs. The established quantitative
mechanical data suggested that MGs are promising can-
didates for structural materials in M/NEMS applications.

Strength–Size Relationship In 2005, Volkert et al.
[14] reported the effect of sample size on the deformation
behavior of Pd77Si23 MG. The experimental setup is
shown in Figure 1. Pillar samples with their diam-
eters ranging from 140 nm to 8 μm were fabricated
using Focused Ion Beam (FIB) and compressed using
a nanoindentation system equipped with a flat diamond
punch.

© 2016 The Author(s). Published by Taylor & Francis.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/Licenses/by/
4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. SEM image of a 2 μm diameter column and
schematic of the punch used for compression testing.[14]

As shown in Figure 2(a), they found that the flow
stresses at 5% plastic strain increase slightly with the
decreasing sample diameter in the size range from
400 nm to 8 μm (The strength and deformation mecha-
nism of samples smaller than 400 nm will be discussed
in the next section). This strength–size relationship was
proposed to result from an energy-balance model [14–
19], that is, the strain energy relief during yielding is
consumed by the creation of the shear band. Following

this seminal work, ‘size effect’ on the strength of a
wide range of MGs was investigated. As shown in
Table 1, even though the majority of the researchers
reported that sample size did affect the strength of MGs
(e.g. Figure 2(b) [20]), there are several works which
claimed that no such trend was found in their tests (e.g.
Figure 2(c) [21]). In order to resolve this dispute, Wang
et al. [22] carried out a systematic study on Al88Fe7Gd5
MG by employing in situ compression tests on pillars in
both Scanning Electron Microscope (SEM) and Trans-
mission Electron Microscope (TEM) and in situ uni-
axial tensile tests inside TEM. They demonstrated that
when the sample size falls in between 100 nm to a few
micron meters, Al88Fe7Gd5 MG does exhibit obvious
size strengthening behavior. In view of their experi-
ment data, Wang et al. [22] proposed a shifted-D−0.5

power law dependence of strength with decreasing sam-
ple diameter based on a modified energy-balance model
to explain the stress–size relationship. The actual elastic
energy release during the load drop caused by the prop-
agation of shear band instead of total energy stored in
the sample is used in this model. It was interesting to
note that the resulting simple power law fits other pub-
lished strength data for a number of MG systems, too
(see Figure 3 [22]).

(a) (b) (c)

Figure 2. (Colour online) Stress–size relationship of different MGs. (a), (b) and (c) are reproduced from references [14], [20], and
[21] respectively.

Table 1. Size effects in MGs.

Strength size
References Composition Loading dependence Tested size range

Volkert et al. [20] Pd77Si23 Compression Dependence 140 nm − 8 μm
Schuster et al. [23,24] Pd40Ni40P20 Compression Dependence 250 nm − 20 μm
Wang et al. [25] Pd40Cu30Ni10P20 Tension Dependence 340 nm − 1.2 μm
Wang et al. [22] Al88Fe7Gd5 Compression Dependence 170 nm − 3 μm
Lai et al. [26] Zr-based Compression Dependence 0.7, 1 and 3.8 μm
Jang et al. [15] [10] Zr-based Compression Tension Dependence 100 nm − 1.6 μm
Bharathula et al. [27,28] Zr-based Compression Dependence 200 nm − 3.6 μm
Ye et al. [20] Zr-based Mg-based

Fe-based
Compression Dependence 500 nm − 10 μm

Dubach et al. [17] Zr-based Compression Independence 0.3, 1 and 3 μm
Kuzmin et al. [29] Zr-based Compression Independence 90 nm − 600 nm
Chen et al. [21] [30] Cu-based Compression Independence 70 nm − 645 nm
Kuzmin et al. [31,32] Al-based Compression Independence 110 nm − 900 nm
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Figure 3. (Colour online) A general model (based on shear
band initiation) is used to fit the experiment data and other
published data for size-dependent strength in various MG at
the micro- and nanoscale, giving a shifted-D−0.5 dependence.
The literature strength data used in this plot are all for sam-
ples that exhibited shear banding as the controlling mode for
yielding.[22]

Compared to crystalline materials, MGs have supe-
rior elastic limit.[33] If MGs indeed have size strength-
ening, one reasonable speculation is that much higher
elastic strain should be measured in micronanoscaled
samples, as predicted by the theoretical prediction.[34]
The micronanoscaled materials offer opportunities to
explore the elastic limit of MGs in experiment. However,
compression tests are not suitable for the study of elastic
behavior of MGs due to the imperfections of the exper-
iment setup. First of all, the pillars fabricated through
FIB usually have a tapered geometry, and round tops
instead of flat tops are always found for pillars with
smaller size. The tapered geometry and the round tops
will undoubtedly generate stress gradient and there-
fore strain localization (sometimes causing a mushroom
geometry [35]). All these geometry complications make
it difficult to ascertain the actual deformation stresses

and their distributions, which also significantly deviate
from the presumed uniaxial stress condition. Second,
the inevitable contact interface between the compress-
ing punch and the pillar sample often serves as the site
for heterogeneous nucleation of shear bands, resulting in
lower nominal stresses for yielding and data scattering.
Third, the friction and confinement applied by the punch
to the tested pillars can also affect the observed defor-
mation mode and the stress required to activate it.[10] In
order to rule out these experimental artifacts, there is a
pressing need to use in situ quantitative uniaxial tension
technique, which is a simple and informative method to
reveal the fundamental mechanical properties such as
elasticity, yield/flow stress and ductility even though it
is much more challenging to carry out in practice for
micronanoscaled samples.

Jang and Greer [15] was the first to report results of
in situ quantitative SEM tensile tests of micronanoscaled
MGs. The typical sample geometry used in their study is
shown in Figure 4(a). For the samples with their diam-
eter ranging from 1000 nm to about 500 nm, a weak
size strengthening trend can be identified (Figure 4(b)).
However, little attention has been paid to the stress
or strain limit achieved in their tests, perhaps due to
the slight taper in their sample design. In order to
reveal if theoretical high stress or elastic strain limit
can be achieved experimentally, Tian et al. [11] carried
out in situ quantitative TEM tensile tests on Cu49Zr51
MG. Different from previous tests, the samples were
carefully designed to achieve the following goals. First,
minimize or even eliminate the stress concentration.
Geometrically, this goal was achieved through finite-
element-analysis-assisted sample design and the follow-
ing very careful fabrication procedure; microstructurally,
the sample size was controlled to be in the range of 200–
300 nm to minimize the chance to contain growth flaws.
Second, measure the strain in the gauge part precisely.
This was the most challenging part for the uniaxial

(a) (b)

Figure 4. (Colour online) (a) SEM image of a tensile sample. (b)Tensile yield strength as a function of sample diameter.[15]
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(a) (b)

Figure 5. (Colour online) (a) Strength and strain limit of bulk and submicron-sized Cu-Zr MGs. (b) Engineering stress–strain
curve from the tension test. The average strain rate was about 2 × 10–3s–1. Mechanical properties extracted from the stress–strain
curve include Young’s modulus (E), σ y and εy (defined at the proportionality limit), fracture strength (σ f) and total elongation to
failure (εf), as well as the plastic strain (εplastic) remained in the gauge length. The inset is SEM image of the tensile sample. The
scale bar represents 1 μm.[11]

tensile tests of micronanoscaled samples. By creatively
using the e-beam-assisted carbon deposition, Tian et al.
successfully fabricated tiny carbon markers on their sam-
ples, which enabled them to track and measure the strain
with very high accuracy while at the same time avoid
affecting the intrinsic properties of the samples. Com-
pared to SEM, TEM has higher spatial resolution, which
is essential for acquiring accurate strain data. In the size
range of 200–300 nm, Tian et al. found that the elastic
strain limit and the corresponding strength of submicron-
sized MG specimens are about twice as high as the
already very impressive elastic limit observed in bulk
MG samples (Figure 5(a)). Figure 5(b) is a typical result
of a tensile test. Almost all the key parameters (including
Young’s modulus, proportional limit for both strain and
stress, fracture stress) can be deduced by combining the
tensile curve and the recorded sample gauge length evo-
lution. It is worth noting that even though the majority
of the deformation prior to the fracture is elastic, small
amount residual plastic strain (0.8%) was also confirmed
in the gauge section.

The gap between the strength of bulk and small
volume MGs can be rationalized by considering the
shear banding process. Since there are always unavoid-
able imperfections in bulk samples, the strength is gov-
erned by the heterogeneous nucleation of shear bands
at the strain concentrators such as casting pores/flaws
and surface notches.[34] In the micronanoscaled MG
sample, the chances of having a flawless sample largely
increase due to the limited volume in the sample. There-
fore the nucleation of shear bands in MGs will change
from heterogeneous to homogeneous.[34,36,37] Below
glass transition temperature Tg , the shear stress required
for the homogeneous nucleation of shear bands (upper
line in Figure 6) is always higher than that for hetero-
geneous nucleation (lower line in Figure 6). For given

Figure 6. (Colour online) Schematic showing the merging of
intrinsic strength and measured strength at Tg for a strain rate
of 10–3s−1. The space between the two curves is the strength
that can possibly be reached by suppressing the heterogeneous
nucleation of shear bands.[34]

temperature, the ideal elastic limit of certain MGs can
be estimated based on the homogeneous nucleation of
shear bands.[34] The great agreement between the the-
oretical predication and the experimental measurement
demonstrated that the elastic limit of submicron Cu-Zr
MG is indeed achieved for the given sample dimensions
and loading conditions [11].

It is a remarkable fact that the size-effect on strength
in micronanoscaled MGs (only about twice larger) is
quite weak compared to that in crystal materials (10–100
times).[38–40] This is probably because the strength of
bulk MG is already very high compared to their crys-
talline counterparts. Consequently, the gap between the
bulk value and ideal elastic limit is pretty narrow so that
the increase in strength may not obvious. In addition, it
is highly expected that the strength–size relationship will
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appear different in MGs with different composite, initial
condition (thermal history) and different size range.

Plasticity It has been well established experimentally
that most bulk MGs fracture in a brittle manner and
exhibit little plasticity. However, it was found that for
micronanoscaled MGs, not only the yield strength is size
aware, so is the deformation mechanism. Shear banding
is suppressed and homogeneous deformation is preva-
lent when sample size is reduced to submicron and
nanoscale.

Volkert et al. [14] first reported that once the
sample size was below ∼ 400 nm, considerable plas-
tic deformation will be observed for MG pillars under
compression tests. As can be seen from Figure 7(a),
for the pillar with its diameter of 3.6 μm, numerous
shear bands were observed after the compression tests.
However, for the pillar with its size of 140 nm, a
smooth mushroom postmortem deformation morphol-
ogy is observed (Figure 7(b). This size-related defor-
mation behavior change was attributed to a required
critical strained volume for shear band formation. Sim-
ilar phenomena were reported by several other research
groups.[14,23,24,26,41–43] However, because all these
studies were conducted using ex situ techniques and peo-
ple could only examine the samples before and after the
tests, the dynamic deformation process remains elusive.
In order to solve this puzzle, Shan et al. [35] first car-
ried out compression tests of MG pillars inside a TEM
by employing a state-of-the-art in situ TEM deforma-
tion device (Hysitron PI95 TEM holder [44,45]). It was
found that when the diamond flat punch was pushed
against the Cu-Zr-Al MG pillar sample, the MG began
to flow from the contact interface toward the root parts.
Two typical snapshots extracted from the recorded video
are shown Figure 7(c)–(d). Obviously, for pillars with
smaller enough size, the Cu-Zr-Al MG exhibited very
good plastic deformability. Similar phenomena were
reported later in other works [10,22,28–32] However, a
close examination on these works is ready to find that all
the tested samples had a tapered geometry which will
undoubtedly generate stress/strain gradient with their

magnitude determined by the taper angle and the initial
top diameter.[45] Therefore, it had been argued that the
observed plastic behavior of MGs during the compres-
sion tests might stem from the tapered sample geometry
and the imperfect contact interface.

In order to clarify if micronanoscaled MGs are
intrinsic ductile or the observed plastic behavior is sim-
ply an artifact resulting from the experimental setup,
Guo et al. [46] conducted confined tensile tests on
nanoscaled MG inside a TEM. As shown in Figure 8(a)
and 8(b), the sample experienced obvious necking prior
to the final fracture with the total elongation reach-
ing 23%, a typical characteristic of ductile deformation.
Based on their observation, the authors concluded that
at least submicron-sized MGs can deform in a ductile
manner. In addition, in order to convince the readers,
the in situ TEM compression testing results by Shan
et al. [35] (not published at that time) was heavily cited
by Guo et al. [46] in their paper. However, their con-
clusion was still questioned because of the existence
of the surrounding frame which has been suspected
to be able to suppress the sudden failure of the sam-
ples. Such debates continued till the publication by Jang
and Greer.[15] By carrying out tensile tests on free-
standing MG samples inside SEM, they demonstrated
that even without the confined frame, nanoscale MG
subjected to uniaxial loading can still experience sig-
nificant necking behavior, as shown in Figure 8(c)–(e).
Similar phenomena were later confirmed by Tian et al.
[12] through carrying out quantitative uniaxial tensile
tests on MG samples as small as 80 nm inside a TEM,
as shown in Figure 9(a)–(h). The corresponding engi-
neering stress vs. strain (Figure 9(h)) demonstrated that
at the strain of about 3.2%, the stress and strain curve
begin to deviate from linear relationship and localized
plastic deformation can be barely seen when the strain
reached about 4.6% (Figure 9(c)). Following this, the
stress was seen to drop obviously (Figure 9(h)) accompa-
nied by the elegant necking evolution (Figure 9(d)–(f)),
which indicates little strain hardening mechanism at
play for MGs. After the fracture, the sample showed
cup–cone geometry (Figure 9(i)) without any indication

(a) (b) (c) (d)

Figure 7. SEM images of deformed (a) 3.61 μm, (b) 140 nm diameter columns.[14] The deformation mechanism changes from
shear band formation to homogeneous deformation with decreasing column diameter. (c)–(d) In situ dark-field TEM observation
of the compression of a MG pillar. Due to the tapered geometry, the plastic deformation was gradually driven down from the top
(contact interface) of the pillar (d).[35]

67

D
ow

nl
oa

de
d 

by
 [

X
ia

n 
Ji

ao
to

ng
 U

ni
ve

rs
ity

] 
at

 2
0:

01
 0

7 
A

ug
us

t 2
01

6 



Mater. Res. Lett., 2016

(a) (b) (c) (d) (e)

Figure 8. (a)–(b) The virgin tensile sample and the fractured sample with strain to failure of 23%, and the area reduction ratio at
fracture as high as ∼ 80%.[46] (c)–(e) Snapshots of the tensile process of a free-standing sample.[15]

(a) (h)

(i)

(b)

(c)

(d)

(e)

(f)

(g)

Figure 9. Typical necking process observed during the tensile test of a sample with D = 80 nm. (a)–(g) Still frames extracted
from the recorded movie. (h) Engineering stress strain curve of this sample. (i) Magnified image of the fractured surface. The inset
is the selected area diffraction pattern of the fractured surface. There is no indication of crystallization.

for crystallization (inset in Figure 9(i)) for as-tested
samples.

With the reducing sample size, it has been argued
that the increased surface-to-volume ratio will increase
the total energy of the samples. Consequently, the
deformation participation rate [47,48] of the atoms of
nanoscale samples will be larger than that of relaxed
bulk MGs. This will in turn promote the homogeneous
deformation in small-sized samples. However, statistical

analysis found that the critical size for the deforma-
tion mode transition, that is, from brittle to ductile in
MGs, can be affected by many factors, such as sample
composition, loading conditions and thermal history. As
summarized in Table 2, even though most of the tested
MGs exhibit brittle–ductile transition, there are still only
a few that exhibit brittle behavior for the tested size
range. Pd77Si23 MG has the largest transition size so far,
reaching a value of ∼ 400 nm.[14] However, Wang et al.
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[22] found that under tension condition, Al-based MG
still behaved in a brittle manner even though the sample
size is ∼ 100 nm.

Tian et al. [12] are the first to report the strain rate
effect on the deformation behavior of nanoscale MG
samples. They found that small strain rate can facili-
tate the necking behavior of MG samples with their size
around 80 nm. Figure 10 is a spectrum of fractured sur-
faces resulted from different strain rate. As can be seen,
when the strain rate increased from 0.5 × 10−3 s−1 to

about 2.0 × 10−3 s−1, the deformation behavior of as-
studied samples will gradually change from necking to
shear band. Deformation through shear band will take
over for further increased strain rate. It is worth noting
that the variation range of the strain rate is less than
four times for the complete transition of the deforma-
tion mode. This is in sharp contrast with those observed
in crystalline materials, which usually need a few orders
difference of the strain rate to see the deformation mech-
anism transition. Presumably, the observed strain rate

Table 2. Various MGs’ critical size of deformation mode transition.

References Composition Loading Mode transition Tested size range Critical size

Shan et al. [35] Cu46Zr47Al7 Compression Yes 330 nm –
Wu et al. [49] Zr-based Compression No 150 nm –
Schuster et al. [23,24] Pd40Ni40P20 Compression No 250 nm − 20 μm –
Chen et al. [21] Cu-based Bending Yes 93 nm − 645 nm ∼ 200 nm
Chen et al. [30] Cu-based Compression Yes 70 nm − 640 nm ∼ 125 nm
Jang et al. [10] Zr-based Compression Yes 100 nm − 1.6 μm ∼ 100 nm
Bharathula et al. [27,28] Zr-based Compression Yes 200 nm − 3.6 μm ∼ 300 nm
Kuzmin et al. [29] Zr-based Compression Yes 90 nm − 600 nm ∼ 150 nm
Volkert et al. [20] Pd77Si23 Compression Yes 140 nm − 8 μm ∼ 400 nm
Kuzmin et al. [31,32] Al-based Compression Yes 110 nm − 900 nm ∼ 300 nm
Wang et al. [22] Al88Fe7Gd5 Compression Yes 170 nm − 3 μm ∼ 300 nm
Wang et al. [22] Al88Fe7Gd5 Tension No 100 nm − 400 nm –
Yi et al. [50] Pd40Cu30Ni10P20 Tension Yes 267 nm − 1.5 μm ∼ 500 nm
Tian et al. [12] Cu49Zr51 Tension Yes 70 nm − 112 nm ∼ 80 nm
Jang and Greer [15] Zr-based Tension Yes 100 − 875 nm ∼ 100 nm
Guo et al. [46] Zr-based Tension Yes 100 nm –
Deng et al. [51] Cu51Zr49 Tension Yes ∼ 200 nm –
Luo et al. [52] Al-based Tension Yes < 20 nm –

Figure 10. (Colour online) Strain rate effect on deformation mode and fracture morphology. Tensile samples tested with strain rate
of 2 × 10−3/s or higher failed with shear banding, whereas necking occurred when strain rate was lowered to 1.5 × 10−3/s or less.
Although all the ‘necking’ samples have stress–strain curves featuring gradual stress drop after the peak stress, the morphologies
of their fracture surfaces are not identical. Compared with the complete necking features in samples tested with lower strain
rate (0.5 × 10−3/s, 0.9 × 10−3/s and 1.1 × 10−3/s), the necking of samples tested at relatively higher strain rate (1.3 × 10−3/s,
1.4 × 10−3/s and 1.5 × 10−3/s) seem to end with shear-like fracture. The scale bars in all the TEM images are 100 nm.[12]
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Figure 11. (Colour online) Strength and deformation mecha-
nism of a MG as a function of sample size (adapted from [8]).

dependence is stemmed from the size-dependent diffu-
sion rate change.[53,54] A systematic study on the effect
of size and strain rate on the deformation mechanism
of micronanoscaled MGs pillars is carried out by Ton-
nies et al. [55] A size-dependent critical diameter for
the deformation mechanism transition is revealed and a
size-strain rate deformation map is proposed.

The deformation mechanism and strength of a MG
vs. the sample size is summarized in Figure 11.[8] For
samples with their size less than 100 nm or so (zone
A), with the decreasing sample size, the strength of
the MG will decrease because of the increasing influ-
ence of the surface diffusion. In zone A, strain-rate-
dependent necking behavior will begin to dominate, the
participation rate of the atom in the plastic deformation
increases gradually and result in significant plasticity.
For the samples with their size ranging from ∼ 100 nm
to a few micron meter (zone B), the strength of the
MG will increase with the decreasing sample size till
reaching the theoretical plateau because of the grad-
ually depletion of critical-sized flaws. In zone B, the
strength of the MG will be determined by the shear
band nucleation. For the sample with their size larger
than a few micrometer (zone C), the strength of the
MG is almost size-independent and samples always frac-
tured in a brittle manner. In zone C, it is the shear
band propagation that control the strength because of the
inevitable critical-sized flaws which can reduce the shear
band nucleation stress dramatically due to the stress
concentration.

Fatigue Properties of Micronanoscaled MGs So far,
it has been demonstrated experimentally that micro-
nanoscaled MGs not only impart ultrahigh strength
and elastic limit, but also exhibit considerable plas-
tic deformability. This indicates that micronanoscaled
MGs may have promising applications in MEMS and
NEMS. For instance, TiAl-based MG hinges which
allow the rotation of micro-mirrors have been used in
a digital light processor.[56] However, in order to have

reliable products with great performance, it is neces-
sary to study systematically the fatigue properties of
micronanoscaled MGs.

The very first reported research on the fatigue
tests of micronanoscaled MG was carried out by Jang
et al. [57] They found that in compression–compression
fatigue experiments, Zr-based MG pillar with its diam-
eter of 1.6 μm could sustain 40 × 106 cycles under a
load of ∼ 2 GPa (110% of bulk yield stress). In con-
trast, pillars with the same diameter fail immediately at
a stress larger than 2 GPa. In bending tests, they found
that no pillar fails below 10 × 106 cycles even at 90%
of bulk yield stress. Comparing to bulk samples, micro-
nanoscaled MGes have higher fatigue endurance limit
and better fatigue resistance. However, it is worth not-
ing that even for samples without catastrophic failure,
obvious fatigue damage in terms of small shear band
and plastic deformation can still be found at the free
end side of the pillars after the fatigue tests. Therefore, it
is necessary to study the fatigue damage mechanism of
micronanoscaled MGs.

Ye et al. [58] studied micronanoscaled MG pillar
samples through cycle loading with different frequency
with the aim to probe the microstructure of MGs. They
found that at a relatively low stress rate, 1.42 GPa/s,
the recorded displacement spectrum synchronized with
that of load, similar to that observed in quasi-static tests.
However, in high stress/strain rate test, the read out
spectra of displacement and load are out of phase and
exhibited a mechanical hysteresis loop. Based on above
observations, the authors speculated that MG pillars will
experience elastic response at low stress/strain rate but
will exhibit viscoelastic behavior at high stress/strain
rate. Further, the authors proposed a core–shell atomistic
model to rationalize the observed phenomena and con-
cluded that the liquid-like deformation of free-volume
zones is responsible for the hysteresis of the micropil-
lars under dynamic loading. However, our recent tests
on fused silica with same type of instrument found that
similar phenomena can also be achieved (Shan group,
unpublished work). Detailed analysis suggested that at
high loading rate, the instrument itself will generate a
rate-dependent shift of the real force and displacement
relative to the programed force. Therefore, it remains
for discussion if the phenomena observed by Ye et al. is
the intrinsic properties of the studied MG or phenomena
resulted from the instrument.

Wang et al. [59] were the first to reveal the fatigue
damage mechanism of micronanoscaled MG samples
inside TEM. They used pre-notched cantilevers to probe
the microstructure evolution of an Al88Fe7Gd5 MG in
response to cyclic bending tests. One typical exam-
ple of such cantilever is shown in Figure 12(a). The
notch was quite smooth prior to the cyclic bending tests
(Figure 12(b) and 12(c)). However, after 490 cycles,
the initial smooth surface of the notch got roughened
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(Figure 12(c)–(d)), similar to the extrusion phenomena
observed in bulk copper during the fatigue test, but no
such phenomena were observed for MG samples sub-
jected to monotonic loading. It was worth noting that
unlike that in crystalline materials, there are no long
range plastic carriers, for example, dislocations, in MG.
Further cyclic loading led to the nucleation and propaga-
tion of a crack at the root part of the notch (Figure 12(e)).
Interestingly, numerous tiny grains were observed in the
crack tip area. The growth and coalescence of these tiny
grains during cyclic straining were observed to impede
subsequent crack growth by bridging the crack. By the
end of 1960 cycles, a few large grains can be clearly
identified ahead of the crack tip in the bright-field TEM
image (Figure 12(f)) , as was confirmed by the selected
area diffraction patterns (inset in Figure 12(f)). With
the help of the molecular dynamics simulations, the
authors demonstrated that their findings can be rational-
ized by the accumulations of strain-induced nonaffine
atomic rearrangements that effectively enhance diffusion
through random walk during repeated strain cycles.

(a) (b)

(c) (d)

(e) (f)

Figure 12. (a) SEM image showing a cantilever fabricated
by a FIB. (b) Bright-field TEM image of the notch tip before
testing shows that the sample has a fully amorphous structure,
as evidenced by the SADP (Inset). (c)–(d) High-magnification
images of the notch-tip surface region for the untested and
cyclically strained (maximum strain ∼ 2.1%) samples. (e)–(f)
Fatigue crack morphology after 980 and 1,960 cycles, respec-
tively. SADP (Inset) demonstrated the existence of crystalline
phase ahead of the crack tip [59].

The studies on the fatigue properties and dynamic
behavior of micronanoscaled MGs are of great impor-
tance regarding the performance and reliability of MG
components in micro-and nanoscale systems. Therefore,
this field is becoming a research hotspot. These inter-
esting results not only enrich our knowledge on the
structure of MGs, but also provide insights on the fun-
damental damage mechanism of MGs and therefore
are very helpful in materials design and engineering
applications.

Effects from e-beam and Ion-beam For the studies
on micronanoscaled MGs, the majority of the samples
were fabricated through FIB and most of the tests were
carried out inside SEM or TEM. Therefore, the fre-
quently asked questions are that: what is the effect of ion
beam and what is the effect of e-beam on the measured
properties? Through in situ quantitative TEM compres-
sion tests, Wang et al. [60] demonstrated that with and
without the illumination of an e-beam, the flow stress
of amorphous silica spheres can be changed from 2.5
to 10 GPa. At the same time, the plastic deformabil-
ity of silica spheres can be improved dramatically by
the e-beam. Further studies (Shan’s group, unpublished
work) found that under normal illustration conditions,
e-beam has no obvious effect on the mechanical prop-
erties of materials with metallic bond, but may have a
dramatic effect on the mechanical behavior of materi-
als with ionic or covalent bonds. Tian et al. [12] studied
the e-beam effect on deformation behavior of MG sam-
ples. They carried out comparative trials on samples with
the same diameter of 80 nm to address the possible e-
beam effect by switching on and off the e-beam. They
found that in both cases, the samples failed with duc-
tile necking and no obvious difference was identified
between the samples tested under normal illumination
condition and those tested without e-beam. This simply
suggested that e-beam irradiation should not play a key
role for the observed tensile ductility of MGs.[12,46,52]
However, Tian et al. [12] also found that excessively
intense e-beam (orders higher in density compared with
those under normal testing conditions) could result in
obvious plastic deformation behavior in much larger
samples (e.g. 130 nm) since it could possibly increase
sample temperature or enhance sputtering and atom
displacement.

FIB milling is an effective method to fabricate
micronanoscaled samples and has been wildly used in
the study of mechanical behavior of micronanoscaled
materials. The FIBed samples are subjected to high
energy Ga + bombardment. Therefore, the microstruc-
ture of FIBed samples may be changed during fabri-
cation process. For MGs, FIB milling can introduce
free volume or chemical softening, and result in heav-
ily disordered glass structure.[61] The appealing duc-
tility in FIBed MG samples could be related to these
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changes. Therefore, it is necessary to study the FIB
effect. Magagnosc et al. [62] fabricated MG nanowires
with diameters ranging from 50 to 200 nm by thermo-
plastic molding. They compared the mechanical behav-
ior of nanowires irradiated by Ga + with as molded
nanowires. The results showed Ga + irradiation could
increase plasticity of the nanowires and further annealing
turned the samples back to brittleness. However, by con-
ducting tensile tests on nanoscale MG tensile samples
fabricated by electroplating, Jang et al. [63] found that
FIB free samples also display certain plasticity. These
results suggest the observed ductile behavior may be the
intrinsic properties of micronanoscaled MGs. The fact
that different processing methods, such that FIB cutting
and electroplating FIB processing, can lead very differ-
ent mechanical behavior of micronanoscaled MGs can
be rationalized as below: the processing routes can mod-
ify the structure, especially surface structure in materials,
and therefore result in MGs with different potential ener-
gies, which in turn result in different mechanical behav-
ior. To verify this speculation, it is of great importance
to study the subtle changes in MG structure and quantify
energy states in MGs produced in different ways.

Conclusions and Outlook Past decade has witnessed
profound progress in experimental methods and tech-
niques, which enable us to explore the micronanoscaled
world, that we could not reach before. The state-of-the-
art mechanical tests demonstrated that micronanoscaled
MGs are in general stronger and more ductile than their
bulk counterparts. Combined with theoretical calcula-
tions and computer simulations, a deformation mecha-
nism map with multiple dimensions on MGs has been
achieved, which is expected to provide guidance for
the design and application of micronanoscaled MGs.
However, there are still several unsettled problems that
need scientific and technological endeavors, including:
(1) it remains a puzzle experimentally on the local
atomic structure of the MGs and its dynamic evolu-
tion in response to applied stress. New characterization
devices with high spatial and time resolution and low
interference with the probing materials are necessary to
solve this puzzle. (2) The nature of STZ and free vol-
ume and their link with shear band. Even though STZ
has been widely cited as the dominant plastic carrier for
MGs, experimentally no one has imaged a STZ so far.
Consequently, the concept of STZ or free volume need
to be re-evaluated and improved to make it as physi-
cally acceptable as dislocation in crystalline materials.
(3) Life evaluation method of micronanoscaled MGs. So
far, only very limited data available on the fatigue prop-
erties of micronanoscaled MGs under the action of cyclic
force/stress. In order to make these promising materials
into reliable and durable devices, it is necessary to study
symmetrically the fatigue properties of micronanoscaled

MGs under the effect of multi-field coupling condi-
tions, such as thermo-electrical, thermo-mechanical or
electrical–mechanical.
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