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Reducing the size of metallic glasses (MG) to submicron or nanoscale levels improves their strength and
ductility. However, there is no clear consensus in the literature regarding their mechanical behavior in
the presence of a flaw or notch. In this work, quantitative tensile tests on notched submicron sized CuZr
MG specimens were conducted inside a transmission electron microscope to study their deformation
characteristics. Strength was found to be notch insensitive for shallow notched thick specimens, although
reducing specimen dimensions and increasing notch sharpness enhances it by 14%. It was reasoned that
the severity with which shear bands are geometrically constrained determines the strength and fracture
morphology of notched specimens. Softening, accompanied with a transition to necking failure, occurs
when the width of ligament that connects the notches is smaller than 80 nm. The competition between
shear band propagation and plastic zone growth-mediated homogeneous activation of shear trans-
formation zones was found to be responsible for this brittle to ductile transition. Current results provide
unique insights into the various design aspects to be considered for reliable engineering of small scale
components.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Metallic glasses (MGs), in addition to possessing an impressive
suite of mechanical properties like high strength, resilience and
wear resistance [1], are easily processable [2e6], which makes
them ideal materials for designing miniaturized components with
intricate shapes in nano electromechanical (NEMS) devices [3,6]. A
concomitant feature of designing intricate shapes is that the
fabricated components, accidentally or intentionally, contain
notches, incisions and sharp corners. These artifacts locally elevate
or concentrate stresses when the component is mechanically
loaded. Therefore, the applicability of MGs in NEMS devices will
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critically depend on their mechanical behavior, more specifically
their strength and plasticity, in the presence of notches.

It has been observed that the notch sensitivity of strength, for
most engineering materials, is a function of length scale. For
instance, the tensile strength of bulk sized crystalline components
is highly notch sensitive, wherein they become weaker in the
presence of notches [7,8]. However, when the component dimen-
sion is reduced to the nanoscale, the strength and toughness
become insensitive to notches or flaws [9e14]. This contrasting
behavior has been attributed to the differences in theway plasticity,
mediated by dislocations or grain re-alignments, interacts with the
internal microstructures (e.g., grain boundaries and twins) and
external geometry (sample dimensions), respectively, at the two
extreme length scales [13,15,16]. In the case of MGs, a clear
consensus on the notch sensitivity of tensile strength and plasticity
has not yet been established at these extreme length scales. While
experiments and simulations on bulk alloys by Kimura and Masu-
moto [17], Wang et al. [18] and Pan et al. [19] encourage the notion
of increased nominal strength with increasing notch sharpness,
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similar experiments by Flores and Dauskardt [20] indicate an in-
verse correlation between the two. Furthermore, Qu et al. [21,22]
assert that MGs are notch insensitive materials. At the submicron
and nano scales, molecular dynamics (MD) [23] and continuum
simulations [24,25] predict higher strength and ductility of notched
tensile MG specimens compared to their unnotched counterparts.
Conversely, experiments conducted by Gu et al. [26] suggest that
the strength and ductility of MG specimens decrease in the pres-
ence of notches.

One reason for this lack of consensus regarding notch sensitivity
of MGs, compared to the well-established trends in crystalline
materials, is the obscurity associated with the structure and
deformation mechanisms in the former. In crystalline materials,
owing to atomic periodicity, defects like dislocations, twins and
interfaces can be easily identified as the principal flow units of
deformation with well-defined characteristic length scales. How-
ever, inMGs, isolating flowunits is a non-trivial process as its atoms
are arranged non-periodically and the microstructure has no
distinguishable features. Therefore, although theories and models
involving shearing of loosely packed atomic clusters, also known as
shear transformation zones (STZs) [27], have been developed, it is
difficult to isolate or characterize them directly. Furthermore, the
strains in MGs localize rapidly during deformation and the STZs
develop into shear bands (SBs). To understand the notch sensitivity
of deformation from the perspective of STZs, free volume and SB
dynamics poses a unique challenge. This challenge is amplified by
the lack of systematic experimental investigations at the nano
scale, which is nevertheless difficult to perform in the first place. In
this work, we conduct notched tensile experiments, on a Cu-Zr MG,
inside a transmission electron microscope (TEM) using a quanti-
tative mechanical testing system. The specimen dimensions and
notch aspect ratios are systematically varied to examine subtle
changes in strength and plasticity. By incorporating key features of
the existing deformation models, the results are then analyzed and
compared with predictions in literature.

2. Experimental methods

A melt spun Cu49 Zr51MG was used in this study. Free-standing,
double notched tensile plate specimens were fabricated using
focused ion beam (FIB, FEI Nanolab 600). The final FIB trim and
notch cut were performed using the ultra-mild milling conditions
of 16 kV and ~1.5 pA. Since milling with the Ga ion beam can induce
structural changes, which in turn can also potentially influence the
mechanical behavior of the material, the composition of the spec-
imens at different points was determined using energy dispersive
X-ray spectroscopy (EDX) in the TEM. The Ga content in each
specimen did not exceed 1%, suggesting that the milling conditions
would have negligible influence on the results of this study. To
further eliminate the effects of FIB induced damage, a nano mill
(M1040, Fischione) was employed as a final step to slightly thin the
specimen. Thickness and cross section area of the gauge section for
each specimen was measured after fracture using a scanning
electron microscope (SEM). For more details on preparing free
standing tensile specimens, refer to Tian et al. [28,29]. The uniaxial
tensile tests were carried out using the quantitative capability of a
Hysitron PI95 TEM PicoIndenter. The tests were performed under
displacement control mode at a nominal strain rate of 1� 10�3/s.
The test specimen was gripped and aligned inside a JEOL 2100 F
TEM operating at 200 kV. Owing to the non-trivial nature of
designing and performing these experiments, only up to 3 tests
could be repeated for each specimen condition.

Since the electron beam can generate heat and potentially in-
fluence the results of the mechanical tests, imaging, inside the TEM,
was performed at an e-beam current density of 2� 10�2 A cm�2.
Previous tests on the same material, with similar dimensions as
used in this paper, have confirmed that the deformation charac-
teristics are unaffected by the e-beam, at or below this current
density [28,29]. In addition, since a large heat-conducting tungsten
grip is in intimate contact with the small specimen, heating effects
would be negligible. All the tests were recorded by a charge-
coupled device camera (Gatan 833 CCD), placed inside the TEM,
operating at a capture rate of 10 frames/s.

After conducting the tensile tests the fractured cross-section of
each specimenwas viewed inside the high resolution SEM. This was
primarily done tomeasure the dimensions (thickness and width) of
the unnotched ligament in each specimen. Note that since the
length of all the ligaments are of the order of 20e150 nm, variations
in their thicknesses are assumed to be negligible.

3. Results and discussions

3.1. Effect of specimen thickness

A representative image of a free standing double notched tensile
specimen is displayed in Fig. 1(a). The total width, wt, and gauge
length, L, of each specimen is 300 nm and 1700 nm, respectively. In
these tests, the notch height, r, and the notch depth, d, as illustrated
in Fig. 1(b), are both 75 nm, and the un-notched ligament length,
wu, is 150 nm for every specimen. Only the specimen thickness t
was varied from 200 nm to 400 nm. The schematic illustration and
the in situ TEM image of the specimen-grip assembly is provided in
Tian et al. [28,29]. The nominal stress, sn, is measured as the ratio of
applied load and the initial cross section of the ligament that
connects the notches, whereas the nominal strain, εn, is measured
as the change in gauge length, DL, divided by L. Fig. 2(a) displays the
representative stress-strain curves from tensile tests on the
notched specimens (individual curves have been shifted relative to
each other). Irrespective of the specimen thickness, the stress-
strain curves are characterized by an approximately linear elastic
portion, up to εn ~4.5e5%, followed by fracture.

Un-notched MG specimens with similar dimensions also exhibit
a similar stress-strain response under uniaxial tension [28,29]. A
higher strain to failure, εf ~4e5% in submicron sized specimens,
compared to εf ~2% in bulk MGs, is a consequence of the former's
smaller volume. Smaller volumes delay the onset of catastrophic
failure because an embryonic SB (formed from activated STZs) is
geometrically confined, thus preventing it from maturing into a
macroscopic SB [28,30]. This allows locally stronger regions in the
structurally heterogeneous MG to deform elastically even after the
strain exceeds 2%.

It was also observed that the peak nominal stress, ss, of 200 and
300 nm thick specimens are comparable, and are as high as
~3.92± 0.14 GPa (See Fig. 2(a)). However, when t is increased to
350 nm and 400 nm, ss reduces to ~3.72± 0.17 GPa. Previous
studies show that the strength of unnotched specimens with
similar dimensions is also in the range of 3.5e3.9 GPa [28]. There-
fore, the relative invariance in εf and ss, regardless of whether the
specimen contains notches, tentatively suggests that the mechani-
cal properties of submicron scale MGs are notch insensitive.

Next, we examined the fractured specimens to see if themode of
failure is also insensitive to the presence of notches. In unnotched
tensile specimens, fracture occurs when a dominant SB nucleates at
some surface undulation and propagates along a plane oriented at
an angle, q ~55-60�, to the loading axis [26,29]. While notched
specimens with t� 350 nm appear to fail in the same manner as
unnotched specimens, i.e. fracture occurs along a plane inclined at
some angle to the loading axis (See Fig. 2(b) and Video S1a), the
fractured side profiles of thinner specimens (t� 300 nm) are
perpendicular to the loading axis (See Fig. 2(c) and Video S1b).



Fig. 1. Experimental set up for tensile tests on notched specimens. (a) Representative TEM image of a notch tensile specimen. (b) Cartoon depicting the different dimentions of the
specimen.

Fig. 2. Tensile tests on shallow notched specimens with different tickness. (a) Representation nominal stress-strain curves for specimens with different t at a strain rate ¼ 1*10-3 s-
1. Curves have been shifted relative to each other for the sake of clarity. TEM images of the side profile of notch specimens with (b)t~350 nm and(c)t~200 nm, respectively, after
fracture.
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Clearly, there is a change in the mode of failure when the specimen
thickness changes, although in both cases, failure always occurs
within the ligament that connects the notches.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.actamat.2018.05.041.

To understand this transition, it is important to first examine the
mechanism of fracture in MGs. Irrespective of the specimen thick-
ness, when a notchedMG specimen is loaded, SBs nucleate ahead of
each notch tip, along trajectories described by Prandtl and loga-
rithmic spiral slip-line fields [31,32]. Tandaiya et al. suggested that
amongst these SBs, an incipient crack prefers to grow inside the SB
oriented in the direction of the maximum plastic strain. From
simulations, it was determined that the trajectory with the
maximumplastic strain is oriented at an angle of q¼± 69� from the
notch line [33,34]. Due to symmetry, SBs propagating from both
notches intersect and precipitate failure. Now, the plane along
which the surfaces separate, during fracture, depends on the di-
mensions of the specimen. In thinner specimens (t< 300), a plane
stress condition prevails due to the absence of constraint in the
thickness direction. Under this condition, failure is characterized by
the specimen surfaces separating in the out-of- plane (thickness)
direction, along an angle q with the loading axis (See Fig. S1 in
supplementary information (SI) for more details). Alternately,
when the specimen is sufficiently thick (See Fig. S2 in SI), it un-
dergoes failure in constrained plane strain mode and the surfaces
separate in the width direction along some other plane inclined to
the loading axis. Both these modes of failure are illustrated in
Fig. 3(a) and (b), respectively. This particular transition in failure
modes, with changing thickness, has also been previously noted by
Kimura and Masumoto in notched bulk MG specimens [17].

To understand the basis for this transition, we derived a
simplified, first order approximation of the plastic work done
during fracture in both these modes. Consider that the fracture
surfaces of the unnotched ligament (with width, wu and thickness,
t) separate by a distance, s, under the shear stress,t along a plane of
shear, oriented at q with the loading axis, as illustrated in Fig. 3(c).
Thework done on separating the surfaces along t under plane stress
conditions, WPl stress, is

WPI stress ¼
Z t
sin q

0

t:

�
t

sinq
� s

�
wu:ds (1)

Assuming that the shear stress is constant and equal to the flow
stress within the SB, on integrating Eq. (1) we get,

https://doi.org/10.1016/j.actamat.2018.05.041


Fig. 3. Modes of failure for different specimen thicknesses. Illustrations of (a) plane stress mode of failure for t< 300 nm, (b) plane strain mode of failure for t > 300 nm, (c) a
simplified model for failure for calculating the plastic work (d) effects of curvature and deviation of plane strain mode of failure from the model shown in (c).
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WPI stress ¼ 1
2
t:wu

�
t

sinq

�2

(2)

Similarly, if the specimen fails along the wu, the total plastic
work done under plane strain conditions, WPl strain, can be written
as

WPI stress ¼
Zwu
sin q

0

t:
�wu

sinq
� s

�
t:ds (3)

Before integrating Eq. (3), a subtle difference between failure in
the plane stress and plane strain mode needs to be considered. The
general shape of the failing section in our simplified model, which
corresponds to the ligament that connects the notches, has been
approximated as a parallelepiped (see Fig. 3(a) and (b)). Such an
approximation works for the plane stress mode as it accurately
models the ligament failure in the out-of- plane direction. However,
since the same approximation ignores the curvatures introduced by
notches on the in-plane vertical edges of the section, the integra-
tion pathway for failure in the plane strain mode is inaccurate. A
schematic illustration of the actual ligament, failing in the plane
strainmode is displayed in Fig. 3(d). The region bounded by the two
dotted vertical lines, with width wu and whose work of failure is
described by Eq. (3), corresponds to the part of the ligament
modelled in Fig. 3(c). However, since fracture occurs at an angle,
certain portions of the ligament, with widths X, also lie beyond this
bounded region. Note that the work of failure of these portions
have not been considered while formulating Eq. (3). Hence, the
actual work of failure in plane strain will be higher than what is
calculated from the model. To adjust for this difference, an empir-
ical factor, a, is multiplied toWPl strain in Eq. (3) after integration and
is now written as,
WPI stress ¼ 1
2
at:t

�wu

sinq

�2
(4)

Comparing eqs. (2) and (4) we get the ratio of the total plastic
work done under plane strain conditions, WPl strain, and the work
done under plane stress conditions,

WPl: strain

WPl: stress
¼ awu

t
(5)

Overall, this derivation is based on the assumption that the top
half of the specimen slides over the bottom half either along t or wu.
In such a scenario, beyond the peak load, the load should drop
linearly from peak value to zero with an attendant increase in the
load point displacement by t/tanq or wu/tanq. Since the post peak
portion of the stress-strain curves for each specimen in Fig. 2(a)
have been removed for aesthetic purposes, it appears that the load
abruptly drops to zero. However, a representative load-
displacement curve in Fig. S2a shows that the post peak displace-
ment indeed increases for all specimens, which validates the use of
the above-developed model. Additional evidence for sliding of the
two fracture surfaces over each other can be seen in Fig. S2b and
Video S1a.

From Eq. (5) it is clear that, for a fixed value ofwu (~150 nm), the
transition in the mode of failure from plane stress to plane strain,
which occurs when WPl strain¼WPl strain, depends on t and a. Our
experiments show that this transition occurs when
300 nm< t< 350 nm, implying that az 2. It appears that failure of
the exterior portions of the ligament, which are excluded from our
simplified model, contribute to about 50% of WPl strain. Such a high
proportion of contribution to WPl strain from ligament portions
whose net widths are much smaller than wu is not unusual. This is
because, although the integration paths of these portions are
smaller, the work done in fracturing them can reach high values as



1 In a cylindrical specimen with a circumferential notch, notch sharpness is
uniquely defined in terms of the ratio of the diameter of the ligament and the notch
root radius, d/r. However, for double notched plate specimens, wu/r, is used instead.
This modified equation was derived and verified with complementary finite
element simulations and experiments by Bai et al. [35].
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the value of t near the notch roots are at least twice as high as that
in the rest of the ligament. There are other factors that may affect
the exact value of a but have not been considered in the preceding
analysis. Some of these factors pertain to the broad assumptions
made while deriving Eq. (5), which are as follows.

First, the cross section of the ligament was assumed to be uni-
form in the calculations (see Fig. 3(a) and (b)). Therefore, the state
of stress, within the ligament, is also implicitly assumed to be
uniform. However, this is only an approximation because in reality,
the finite curvature of notches introduces stress concentrations and
gradients in the material, which implies that t no longer remains
constant, but will also vary as a function of s. Second, the degree of
stress triaxiality in the ligament that connects the notches pro-
gressively increases with increasing specimen thickness. Therefore,
although we assumed that the value of t in eqns. (2) and (4) is the
same, they might actually be different. Third, the material inside a
SB nucleus becomes soft and liquid-like and is often associated
with temperature excursions. However, we have not considered
temperature rise and frictional effects that can arise due to sliding
in our derivations. Finally, it was assumed that the fracture plane, in
both modes of failure, although separating in different directions, is
always oriented at q w.r.t. the loading axis. However, this aspect
could not be confirmed as it was quite difficult to determine the
exact angle made by the fracture plane, with the loading axis in the
plane stress failure mode.

Even though a more rigorous analysis would lead to slightly
different but more accurate equations for the works of failure in the
two modes, we believe that their ratios would be very similar in
spirit – at least in terms of the dependence on wu and t – to that
derived in Eq. (5).

While the preceding analysis establishes that changes in spec-
imen thickness can significantly influence the mode of failure, it is
interesting that the strength is relatively unaffected by it. Note that
for all specimens, including unnotched ones, the deformation
mechanism is primarily controlled by the dynamics of nucleating
and propagating SBs. Therefore, the effectiveness in confining SBs
decides the strength of submicron sized MGs specimens. To elab-
orate, notches constrain plasticity [18], which, by extension, should
confine SBs to a greater degree. However, it is possible that, at the
nanoscale, the constraint achieved with the hitherto employed
notch dimensions may not be significant enough to add to the
confining effects of the specimen volume. This argument is also
consistent with the observation that notched specimens with
t� 300 nm have the highest nominal strength (ss~ 3.92 GPa), even
though they have the same notch dimensions as thicker specimens.

3.2. Effect of notch sharpness

To examine whether modifying the notch dimensions can result
in different constraint levels we adjusted the notch aspect ratio in
thicker specimens (t� 350 nm). Free standing tensile specimens
with sharp notches were fabricated as shown in Fig. 4(a).

Owing to limitations of the FIB setup, the smallest achievable r,
with t ~350 nm, is 20 nm (See the illustration in Fig. 4(b)). The
nominal stress-strain response of specimenswithwu ~150 nm and r
~75 nm and 20 nm, on being loaded in tension, is shown in Fig. 5.
Like the specimens with shallower notches (see Fig. 2(a) and Videos
S1a and S1b), these specimens also display a steady approximately
linear elastic response until εn ~ 5% and then fail catastrophically
(See Video S2). However, note that for the same wu ~150 nm, ss
~4.16± 0.09 GPa for a notch with r~ 20 nm, while ss
~3.62± 0.07 GPa for r~ 75 nm. An increase in nominal strength,
purely facilitated by the change in notch shape, suggests that the
geometry of the notch influences the stress state in the ligament
connecting the notches (The 14% increase in nominal strength is
beyond acceptable scatter bounds and thus statistically significant).
To describe the stress state within the ligament, the stress triaxi-
ality, h, for plane strain flat notch specimens is derived from the
Bridgeman analysis of necking and is mathematically represented
as [35]:

h ¼ sm
seq

¼
ffiffiffi
3

p

3

h
1þ 2 ln

h
1þwu

4r

ii
(6)

where the ratio of the width of the ligament between the notches
and the notch root radius (wu/r) is designated as the notch sharp-
ness1; sm and seq are the hydrostatic stress and von Mises equiva-
lent stress, respectively. Note that the stress triaxiality, which
denotes the balance between hydrostatic and deviatoric stresses,
quantitatively describes the competition between void formation
and SB nucleation [7]. In Fig. 6(a), the variations in h are plotted as a
function of notch sharpness. As a reference, the data points corre-
sponding to specimens employed in this study have been high-
lighted in the figure. For a notch free tensile specimen (r ~∞), the
logarithmic term equals zero and h¼ 1/√3. With increasing notch
sharpness (or decreasing r), the stress triaxiality in the ligament
connecting the notches also increases. For the specimens tested in
the present study, the value of h increases to 1.303 from a modest
value of 1.04, when r is reduced from 75 nm to 20 nm. Since a high
degree of triaxiality will mitigate the nucleation of SBs, specimens
with sharp notches (r ~ 20 nm) will yield at higher stresses
compared to the ones with blunt notches (r ~ 75 nm).

In some circumstances, when the value of h exceeds a certain
threshold, the deformation mechanism transitions from shear
localization to void nucleation and coalescence. This threshold
value, characterized by the ratio of cavitation stress to the shear
localization stress, sc/ss, is dependent on the composition of the
material and is also highly sensitive to flaws. After conducting MD
simulations on a model Cu50Zr50MG, the critical value of sc/ss was
determined to be 2.6 [19]. Therefore, whenever h� 2.6 (marked
with a horizontal line in Fig. 6(a)), fracture will be mediated by the
growth and coalescence of cavities. Since h� 2.6 for all the speci-
mens employed in the present study, failure occurs via strain
localizationwithin nucleated SBs. Evidence of SB mediated fracture
can be seen in Fig. 6(b), where the surface of a fractured specimen is
inclined at q ~ 45� to the loading direction (cavitation would result
in fracture surfaces that are inclined at q ~ 90� to the loading axis).
Alternatively, cavitation could be precipitated by employing
sharper notches (r< 20 nm) or by designing specimens with
greater widths (wu> 400 nm; r ~ 20 nm). Attempts to prepare
specimens with sharper notches proved futile but we believe that
future advancements in specimen preparations may validate the
above-mentioned transition in deformationmechanisms. Similarly,
although it is possible to develop specimens withwu> 400 nm, our
load cell's inability to sustain large loads prevents us from per-
forming these tests.

It is however noteworthy that an increase in nominal strength,
as a function of increased notch sharpness, has also been observed
in bulk MG specimens [19]. Unlike the results of the present study,
where a strength increment of only 14% is observed, Pan et al. [19]
recorded a 2 fold increase in strength with increasing notch
sharpness. The reason for such contrasting degrees of enhancement
in strengths for bulk and sub-micron scale notched specimens is



Fig. 4. Experimental set up for tensile tests on specimens with sharp notches. (a) Representative TEM image of a sharp notched tensile specimen. (b) Cartoon depicting the different
dimensions of the specimen.

Fig. 5. Tensile tests on sharp notch specimens. Representative nominal stress-strain
curves for specimens with different notch root radius, r. Curves have been shifted
relative to each other for the sake of clarity.

Fig. 6. The effect of stress triaxiality as a function of notch sharpness (a) Variation of triaxial
banding to void growth occurs. Note that wu/r equals zero in a notch-free specimen. (b) TE
occurs at an angle q ~55� , implying that failure is mediated by a shear band and not by cavit
referred to the Web version of this article.)
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the following. In bulk MGs, the assured presence of flaws and stress
raisers within its volume promotes easy nucleation of SBs. There-
fore, the strength of bulk MGs is comparatively low (~2 GPa) and
any enhancement in strength can only be achieved by mitigating
the growth of SBs. Notches, by the virtue of introducing a stress
gradient, mitigate the growth of SBs and lead to a modest increase
in the strength. For instance, Qu et al. [21] reported that bulk MG,
with relatively blunt notches, are only a 1.14 times stronger than
their unnotched counterparts. However, Pan et al. employed an
extremely sharp notch, which severely constrains plastic flow; to
an extent that SB formation is altogether suppressed and cavitation
induced failure occurs. This complete suppression of shear medi-
ated plastic flow, in addition to the operation of a high stress
cavitation process, enhances the strength dramatically in bulk
specimens. In contrast, as mentioned earlier, in submicron MG
specimens, even in the absence of notches, SB nucleation is limited
by the reduced dimensions and absence of flaws. Therefore,
although the presence of notches assists in mitigating SB nucle-
ation, it is only marginally adds to the geometrical confinement
effect. Hence unless transition to cavitation induced failure occurs,
the limited strength elevation in sub-micron scale specimens with
increased notch sharpness is justified.
ity with wu/r. When h � sc/ss (indicated by horizontal blue line), transition from shear
M images of the side profile of sharp notch specimen after fracture. Fracture roughly
ation. (For interpretation of the references to colour in this figure legend, the reader is
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3.3. Effect of notch depth

Next, we investigate the influence of deeper notches on the
strength and deformation response of submicron sized MGs spec-
imens. While fixing t ~350 nm and r ~20 nm, specimens with wu of
77 nm, 80 nm, 95 nm, 100 nm and 150 nm are designed. Their
representative nominal stress-strain responses, on being loaded in
tension, are displayed in Fig. 7.

The lack of macroscopic plasticity remains a recurring theme
even in these specimens (also see Videos S3a and S3b). For speci-
mens with wu ranging between 150 nm and 95 nm, ss remains
invariant and lies in the range ~3.95e4.12 GPa (see Fig. 7). However,
when wu is ~77 and 80 nm, ss drops to ~2.62 and 3.05 GPa. It is not
clear if nominal strength would further drop if wu is reduced
because it was impossible to mill deeper notches in free standing
specimens using the present FIB setup. Alternatively, we were able
to make deeper notches in push-to-pull (PTP) tensile specimens.
The image and schematic of one such specimen is shown in Fig. 8(a)
and (b), and the details of how it was designed is provided else-
where [36]. Dimensions t and r were maintained as 350 nm and
20 nm respectively, whereas wt ~500 nm and L ~1000 nm (see
Fig. 8(c)). The strain rate employed for free standing specimens is
maintained by adjusting the loading rate accordingly. It was
determined that the specimen predominantly experiences tensile
displacements in the entire duration of the test (see Fig. S4 in SI).
The main disadvantage of this setup is that the load borne by the
tensile specimen cannot be measured. Therefore, although the
changes in ss cannot be measured, any other qualitative changes
associated with smaller ligaments that connect the notches can be
captured with this setup. To compare the qualitative aspects of
deformation in PTP and free standing tensile specimens, we first
tested a specimen with wu ~80 nm. Just like the free-standing
specimens hitherto tested, the PTP specimens also fail within the
ligament that connects the notches in a brittle fashionwith two SBs
intersecting at the notch tip (See Video S4 and Fig. 8(d)). However,
when a PTP specimen with wu ~60 nm is pulled in tension, the
ligament that connects the notches exhibits ductility before failing
by necking to a point (See Video S5).

Utilizing a series of snapshots captured from the video, we will
chronologically describe the events occurring during the test.
Fig. 9(a) shows an image of the specimen in the unstressed state.
When the strain in the ligament reaches ~5%, the edges of ligament
Fig. 7. Tensile tests on sharp notch specimens with different notch ligament widths.
nominal stress-strain curves for specimens with different widths of ligament between
notches, wu. Curves have been shifted relative to each other for the sake of clarity.
that connects the notches start thinning (see Fig. 9(b)). On further
straining, an incipient elliptical band (marked by red arrows)
resembling a SB nucleus forms at the notch edges and spreads into
the ligament that connects the notches (see Fig. 9(c)). Note that the
size of this elliptical band is slightly lesser in one edge compared to
the other. For perfectly symmetric notches, the growth of SB nuclei
should also be symmetric. However, despite our best efforts, minor
dimensional differences between the two notches (or surface ir-
regularities) can result in slightly different SB nuclei sizes. Once this
happens, the larger SB nuclei would grow at the expense of the
other, owing to the intrinsic strain softening nature of the material.
Finally, necking occurs when the elliptical bands from both notches
merge together, within the ligament (See Fig. 9(d) and (e)).

Up until now, the brittle-to-ductile transition (BDT) in notched
MG specimens has only been predicted byMD and FEA simulations.
Unlike in crystalline materials where the BDT is the result of
competition between cleavage fracture (brittle) and dislocation
activities (ductile) [37e39], the competing mechanisms of BDT in
MGs are SB-induced failure (brittle) and homogeneous activation of
STZs (ductile). To explain this transition, various mechanisms,
ranging from SB interactions to the geometric inability to sustain a
SB nucleus, have been offered in literature [23,24,40]. Deriving a
few key features from different constitutive models, a simplified
and qualitative explanation of the BDT in this study is as follows.
Notches in any material introduce a stress and strain gradient
ahead of them. Therefore, although the stresses and strains close to
the notch root are high enough to activate STZs and form an em-
bryonic SB, the rest of the ligament that connects the notches ex-
periences only elastic stresses and strains. This also generates a free
volume gradient ahead of the embryonic SB tip. Free volume is a
thermodynamic entity, which describes the local packing efficiency
of a MG [41]. In the context of deformation mechanisms, a higher
free volume content assists in activating more STZs [42,43]. Also,
since its content is directly related to interatomic stretching, highly
stressed regions tend to accumulate more free volume [18,42]. The
stresses arising due to the gradient in free volume has also been
interpreted in the form of a parameter known as the interaction
stress, m [44,45]. Typically, if m < 0, plastic straining is promoted,
whereas it is prevented if m > 0. Since m directly scales with free
volume content, an intrinsic material length scale, lc, which mea-
sures the distance up to which m > 0, is introduced to characterize
deformation inMGs [25]. This has the following implications on the
shear banding. A larger value of lc implies that m will be positive
over longer lengths or an incipient SB will grow stably and involve
more defects, which in turn, homogenizes deformation. Typically,
alloys having larger lc would have a composition that promotes
profuse activation of STZs.

In notched specimens, when a SB forms inside the plastic zones
in front of the notch tips, the free volume content increases and m >
0 within the SB. On the other hand, m < 0 at the outer edges of the
shear band, which tends to widen the SB [24]. The relative balance
and locations of the of positive and negative m will determine
whether the plastic zones will expand within the ligament or
facilitate early shear localization within SBs. For instance, Dutta
et al. [25] showed that when blunt notches are employed the stress
concentration at the notch tip will be low. A low stress concen-
tration implies that mwill be lower and more uniformly distributed
at the notch root which can then be effectively counterbalanced by
negative pockets of m. This leads to growth of the notch tip plastic
zones and widening of SBs. Alternately, in the presence of sharp
notches, the stress concentration is very high and the steep in-
crease of m inside SBs is not counterbalanced by negative m at the SB
edges. Therefore, plastic zones cannot advance further inside the
ligament and failure occurs via rapid strain localization along SBs.
The limited growth of plastic zones due to the imbalance in



Fig. 8. Tension tests on the push-to- pull (PTP) sample. (a) SEM image of a tensile specimen fabricated by FIB, before milling in notches. (b) Schematic illustration of the setup. (c)
Zoomed in TEM image of the notched tensile specimen with wu ~ 80 nm. (d) TEM image of the side profile of the specimen in (c) after fracture.

Fig. 9. Necking observed during the tensile test of a sample with wu¼ 60 nm. (aef) Snapshots extracted from the recorded movie inside the TEM. The red arrows indicate the
locations of the growing incipient elliptical bands at the notch edges. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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interaction stresses explains why specimens with r ~20 nm and
wu> 80 nm in our study fail by SB propagation. However, if the
value of wu is sufficiently lowered, even the small plastic zones at
either notch tip can overlap, mitigate strain localization within the
two SB nuclei and lead to net yielding of the ligament. We believe
that this overlap between plastic zones occurs in our PTP specimens
with wu ~60 nm, because of which, the ligament between the
notches undergoes necking to a point despite the formation of SB
nuclei at the notch tips.
The competition between shear localization within SBs and

homogeneous deformation mediated by overlapping of plastic
zones may reach a tipping point when wu ~70e80 nm. When this
happens, the plastic zones from opposing notch tips will only
overlap partially, leading to the interruption of shear localization by
homogeneous flow and subsequent ligament yielding (the same is
observed in one of the PTP specimens withwu ~ 75 nm in Video S6).
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The onset of homogeneous deformation in these specimens also
coincides with the reduction in their nominal strength. A similar
reduction in tensile strength was observed by Tian et al. [29] when
specimens with dimensions, t, wt ~ 80 nm, deformed homoge-
neously and exhibited necking.

However, a Zr35Ti30Co6Be29MG of similar dimensions pulled in
tension exhibits higher yield strength and undergoes strain hard-
ening in the homogenous deformation regime [46]. The underlying
origin of this discrepancy in deformation behavior for the two
compositions is probably related to the material length scale lc.
Although its exact behavior at themicroscopic level is not very clear
at the moment, the value of lc, which is a function of the free vol-
ume distribution and STZ character, may bemuch lower in Cu49Zr51
than that in Zr35Ti30Co6Be29. This would imply that SBs in the
former are much narrower and are more susceptible to strain
localization-induced failure than in the latter. There is additional
evidence to support the possibility that lc in Cu49Zr51MG is low. For
specimens with a notch acuity, 2r/wu ~1, Dutta et al. [25] suggest
that the deformation behavior transitions from ligament necking to
SB propagation when the value of lc/wu is low. Note that the above-
mentioned notch geometry and specimen dimensions are identical
to that of our blunt notch specimens (r ~ 75 nm and wu ~ 150 nm)
that failed by SB propagation. While this partially validates our
hypothesis that Cu49Zr51MGs have a low value of lc, there is a case
for conducting additional experimental investigations on speci-
mens with higher 2r/wu. With the current setup, however, it is
difficult to prepare and test specimens with wu< 100 nm.

From the preceding discussions, it is evident that m and lc play a
significant role in determining the BDT transition in notched MG
specimens. While the latter is a function of MG composition and its
thermal history, the former depends on the notch acuity of the
specimens. Further dedicated experimental studies on different
composition and varying notch dimensions can help in a compre-
hensive assessment of the theoretical models hitherto developed.
Moreover, our future efforts will be directed towards testing
specimens using a newly developed PTP setup by Bauer et al. [47]
that can provide a quantitative estimate of the nominal strength of
acutely notched specimens. Nevertheless, the present study is a
first of a kind experimental investigation on the effects of specimen
and notch geometry on the deformation response of MGs.

4. Summary and conclusions

By conducting real time in situ TEM tensile tests on notched
submicron scale specimens, we studied the different aspects of
notch sensitivity in MGs. It was found that the strength of MGs
indeed displays varying degrees of notch sensitivities with changes
in certain dimensions. While changing the specimen thickness only
mildly affects the nominal strength of the MG, it alters the mode of
failure. However, changes in notch sharpness and notch depth have
significant yet contrasting effects on the strength of MGs. This is
due to the different roles played by notch dimensions in con-
straining SB activity. Sharper notches promote material strength-
ening, as higher stress triaxiality reduces the resolved shear stress
in the ligament, which then delays the nucleation of SBs. On the
other hand, in the presence of deeper notches, can lead to overlap
of plastic zones that promotes homogeneous deformation of the
ligament. Depending on the composition and the internal state of
the MG homogeneous deformation can result in reduction or
enhancement in strength. Previous experimental studies have not
been able to identify most of these subtle transitions due to several
reasons. Gu et al. [26] were unable to report the nominal strength of
notched tensile MG specimens because their notch dimensions
were indeterminable. Only some simulation studies, which relied
on FEM [24,25] and MD [23] simulations, have partially predicted
some aspects of notch sensitivity and also alluded to the existence
of a brittle to ductile transition below a certain length scale.
Combining these theoretical investigations with the experimental
observations in this study, the transition was found to depend on
two parameters, a) an intrinsic material parameter that is related to
the distribution of free volume, and b) the notch geometry or
specifically its acuity, which is defined as 2r/wu. It should also be
mentioned that higher levels of strengthening was reported for
circumferentially notched bulk MG specimens, compared to that of
the double notched plate specimens [17,19]. Although investigating
this particular aspect remains outside the scope of the current
study, we believe that circumferential notches might also poten-
tially offer higher levels of plastic constraint, and hence higher
strengthening, at the submicron level.

In conclusion, our results show that intelligent design, which
involves optimizing the thickness and controlling the aspect ratios
of changes in cross sections and kinks, can enhance the endurance
and performance of submicron and nano scale components made
with MGs.
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