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Hundreds of Pt-based metallic glass samples with diameters ranging from sub-100 nm to 100 um are subjected to
cryogenic rejuvenation and annealing above glass transition temperature before tensile loading at room tem-
perature. Shear-localized failure with no ductility is observed in large samples whereas the smaller diameter
specimens show ductile necking irrespective of the structural state of metallic glass. With decreasing sample
diameter, the fracture surface changes from vein pattern to featureless in the shear-localized samples and the
ductility increases in the necked samples. Despite similar size-dependent trends, the changes in deformation
mode and fracture morphology occur at different diameters in as-cast, rejuvenated, and annealed samples. The
critical diameters for transitions from shear localization to necking and from vein pattern to smooth fracture
surface shift to larger values in cryogenically rejuvenated samples whereas annealing has the opposite effect.
Rejuvenation promotes homogeneous-like flow and suppresses catastrophic tensile failure in nanoscale metallic

glasses.

Plastic deformation in metallic glasses (MGs) at room temperature is
localized in 10-20 nm thick shear bands due to strain softening [1-8].
While multiple shear bands can form and accommodate plastic strain
during the compression and bending of MGs, a single shear band results
in catastrophic failure in uniaxial tension [9-13]. Lack of ductility is the
major concern for applications that could benefit from the unique
properties and processing capabilities of MGs. Various approaches such
as ductile reinforcement [14-16], cold rolling [17], and structural
modification [18] have been studied to enhance the plasticity of MGs.
These strategies are effective in increasing the shear band mediated
plasticity under constrained loading conditions whereas the tensile
ductility remains negligible except in MG composites. Incorporating
ductile crystalline phase can mitigate the brittleness of MGs but it also
diminishes the attractive properties of monolithic MGs.

Numerous studies have shown that extreme shear localization can be
averted in nanoscale MGs [19-23]. Departure from shear banding re-
sults in necking and substantial ductility in tensile deformation of
nanoscale MGs [24,25]. Homogeneous-like plastic deformation in MGs
has generated significant interest due to potential applications and
advancement in understanding the plastic flow in amorphous solids [19,
21,22,26-33]. However, the existence and mechanism of size-dependent
plasticity in MGs have remained contentious because of
focused-ion-beam (FIB) sample preparation artifacts and limited
experimental data [25,27,29,32,33]. The sensitivity of glassy structure
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to cooling rate and irradiation further complicates the interpretation of
size-effects in MGs.

Recent studies have focused on the structural rejuvenation of MGs by
thermal cycling between the cryogenic and room temperatures to in-
crease plasticity [34-37]. It has been shown that with an optimal
number of cryogenic cycles, a significant enhancement in the plasticity
of some MGs can be achieved through the proliferation of shear bands
[34]. The structural rejuvenation is not monotonic, and excessive
cryogenic thermal cycling can result in embrittlement of certain MGs
[38]. The effect of rejuvenation has been mostly investigated on the
compressive plasticity and fracture toughness of MGs but results also
suggest potential benefits in tensile deformation [39]. Rejuvenation can
counter extensive strain localization by promoting multiple shear bands
in MG subjected to tension [39,40]. However, the effect of structural
rejuvenation on the tensile ductility of bulk samples is limited [39].
Therefore, it is intriguing to study if structural rejuvenation can be
combined with size-effects to improve the tensile ductility of nanoscale
MGs. Due to experimental challenges, structural rejuvenation has not
been applied to nanoscale MG samples. The present work investigates
the effect of structural rejuvenation on tensile fracture of small-scale MG
specimens. Annealing above the glass transition temperature (Tg) is also
studied to understand the overall role of the structural state in
size-effects in MGs.

Pt-based alloy Pts7 5Cuj4 7Nis 3P22 5 (at.%) was prepared by melting
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of high purity elements in a vacuum-sealed quartz tube. The crystalline
ingot was fluxed with B2O3 at 1000 °C followed by water quenching to
obtain a cylindrical MG sample with a 2 mm diameter. The glassy state
of the as-cast sample was verified by comparing the differential scanning
calorimetry results with literature values. Damage-free tensile speci-
mens from Pt-based metallic glass (Pt-MG) were prepared by thermo-
plastic drawing as schematically illustrated in Fig. 1. More details of
thermoplastic drawing setup and experimental conditions can be found
elsewhere [41]. In brief, the Pt-MG was pressed and pulled against mold
cavities at 265 °C (T = 230 °C). Silicon and aluminum molds with cavity
diameters ranging from 10 to 500 pm were used to draw MG wires with
controllable diameters from sub-100 nm to 100 um. The drawn samples
were cooled to room temperature which will be hereafter referred to as
“as-cast”. One set of the as-cast samples was subjected to 15 cryogenic
cycles between liquid nitrogen and room temperature to induce struc-
tural rejuvenation. Each cryogenic cycle consisted of submerging in
liquid nitrogen for 1 min followed by holding for 1 min at room tem-
perature. The bulk samples of Pt-MG exhibit maximum rejuvenation at
about 25 cryogenic cycles [42]. To avoid potential embrittlement due to
excessive thermal cycling, only 15 cryogenic cycles were selected for
nanoscale Pt-MG samples. Another set of as-cast samples was annealed
at 270 °C for 12 min which is shorter than the crystallization onset time
of 20 min reported in the bulk samples [43]. The transmission electron
microscopy (TEM) studies on samples of 120 nm and 20 pm diameters
showed no detectable crystals after annealing (Fig. S1). The as-cast,
cryogenically rejuvenated, and above-T, annealed MG samples of
varying diameters were fractured in tension at room temperature
(Fig. 1). Hundreds of fractured samples with three different structural
states were analyzed using SEM images to understand the effects of
structural state and sample size on tensile deformation. The fractured
specimens showed two distinct deformation modes: shear localization
and necking. The shear-localized mode is characterized by catastrophic
failure at an angle of about 50-55° with no ductility. The necked sam-
ples displayed a significant reduction in sample diameter accompanied
by large plastic strain. The size-dependent transition from shear locali-
zation to necking is affected by the structural state of MG.

Fig. 2 compares the size-dependent fracture morphology of repre-
sentative Pt-MG samples with different structural states. The samples
with large diameters fracture along a single shear band and the fracture
surface consists of a featureless area and vein-pattern. The veins
diminish with decreasing sample diameter while the plastic deformation
remains localized in a single shear band with no global tensile ductility.
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The fracture morphology changes from planar to rugged and subse-
quently to necking with decreasing sample diameter. Here, “planar”
morphology refers to catastrophic failure along a single shear band at an
angle of about 50-55° whereas “rugged” morphology characterizes the
zig-zag fracture surface due to failure along multiple planes at different
angles. The overall size-dependent changes in tensile deformation of Pt-
MG are similar for three structural states but the transitions occur at
different diameters. The fracture surface of the annealed sample with a
diameter of 10 pm is largely covered with veins whereas the as-cast and
the rejuvenated samples show significant fractions of smooth areas on
their fracture surfaces. The rejuvenated sample of diameter 5 pm dis-
plays a featureless fracture surface, but veins are clearly visible in the as-
cast and the annealed samples. A completely smooth fracture surface is
only observed at diameters below 2 pm and 800 nm for the as-cast and
the annealed states, respectively. Furthermore, the vein morphology in
annealed samples is different from the as-cast and the rejuvenated
specimens. The veins have no preferential orientation in the case of
annealed samples whereas the as-cast and the rejuvenated samples show
one central vein with nearly parallel branches. The formation of veins
and smooth shear-offset is the combined effect of normal and shear
stresses in the fracture of MGs. The fractographic features suggest that
the contribution of normal stress is higher in annealed samples with
large diameters compared to the as-cast and rejuvenated samples.

The tensile fracture morphology changes from planar to rugged with
decreasing sample diameter. The plastic deformation in MGs becomes
increasingly delocalized at smaller sample diameters as indicated by the
necking and permanent elongation. The size-dependent transition from
localized shear banding to homogenous-like deformation has been the
subject of size-effect studies in MGs [19,21,24-31]. The existence of
homogeneous flow in MGs at room temperature has been disputed due
to potential sample preparation artifacts such as FIB damage [25,32,33,
44,45]. The dimensional constraint perpendicular to the loading direc-
tion in nanoscale samples can result in multiaxial stress state as
demonstrated by the previous studies on notched specimens [31,46].

The current results from hundreds of FIB-free tensile samples confirm
that the necking in nanoscale MGs exists and the onset of necking
transition is affected by the structural state of MG (Fig. 2). The as-cast
sample of 400 nm diameter displays rugged fracture morphology
without noticeable plasticity whereas the rejuvenated specimen necks
down with significant plastic deformation. In contrast, the annealed
sample of the same diameter fractures along a dominant shear band. The
100 nm diameter samples in all three structural states show necking and
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Fig. 1. Schematic illustration of FIB-free fabrication and testing of MG tensile specimens with different structural states. The MG was pressed and pulled against a
mold heated above Tg resulting in a thermoplastic drawing of multiple dog-bone-shaped samples with controllable diameters ranging from sub-100 nm to 100 pm.
The drawn samples were subjected to cryogenic cycling and above-T, isothermal treatments to generate rejuvenated and annealed structural states, respectively. The
untreated samples referred to as “as-cast” were also studied for comparison. The samples with different structural states were fractured in tension at room tem-
perature. Multiple fractured samples were imaged in SEM to characterize the size-dependent deformation mode (shear-localized or necking) in three structural states
of MG. Representative SEM images of Pt-MG samples in as prepared state and after fracture are shown.
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Fig. 2. SEM micrographs of tensile fracture surfaces of as-cast, rejuvenated,
and annealed Pt-MG samples with varying diameters. Two types of fracture
morphologies are observed as a function of sample diameter: shear-localized
(planar) and necking. In shear-localized samples, the fracture surface changes
from vein-pattern to completely smooth with decreasing diameter but the
transition is affected by the structural state. The transition from planar fracture
to necking is also sensitive to the structural state of MG.

ductile failure but the rejuvenated sample displays a higher propensity
for necking with a longer neck length.

Multiple Pt-MG samples in different structural states were tested and
the tensile fractographic features were measured to quantify the size-
effects. The observed size-effects are divided into two categories: the
changes in fractographic features of shear-localized samples and the
change in the fracture mode from planar to necking. The fracture sur-
faces of shear-localized samples were analyzed by measuring the frac-
tions of smooth and vein pattern areas. The smooth part of the fracture
surface was estimated by shear-offset () projected on a plane perpen-
dicular to the loading direction as illustrated in Fig. 3a. The appearance
of rugged fracture morphology was marked as the transition from shear
localization. Fig. 3a shows the variation in normalized shear-offset (5 /d)
as a function of sample diameter (d). The 6 /d increases with decreasing
sample diameter for all three structural states. However, the § /d values
are consistently higher for the rejuvenated samples and lowest for the
annealed samples for each diameter. The transition from veins to a
completely smooth fracture surface (6§ /d = 1) is also affected by the
structural state of MG. Rejuvenation shifts the transition to a larger
diameter whereas annealing has the opposite effect (arrows in Fig. 3a).
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Fig. 3. Quantification of size-dependent changes in tensile fracture of Pt-MG
samples in different structural states. (a) The normalized shear-offset & repre-
sents the fraction of smooth area in the tensile fracture surface of shear-
localized samples. The appearance of a completely smooth fracture surface is
marked with arrows. (b) The transition from shear-localized planar fracture to
homogeneous necking. Rejuvenation shifts both transitions (veins to smooth
fracture and shear-localized to necking) to larger diameters while annealing has
the opposite effect.

The smooth region in the tensile fracture surface of MGs is attributed to
the cooperative sliding of two parts across a major shear band before the
final fracture occurs due to formation of liquid-like layer. The vein
pattern stems from the Saffman-Taylor instability of the liquid layer
formed due to heating [9]. Therefore, an increase in § /d indicates
suppression of heating and liquid layer formation with decreasing
sample diameter and structural rejuvenation.

The transition from shear-localized fracture to necking in Pt-MG
samples is plotted in Fig. 3b. The samples with a localized planar frac-
ture surface show no signs of macroscopic plastic deformation whereas
the necked specimens display a significant reduction in sample diameter
before fracture. The departure from single shear band mediated fracture
is observed below a critical sample diameter of about 430 nm in the as-
cast state. This critical diameter increases to 610 nm upon structural
rejuvenation and decreases to 220 nm after annealing. The extent of
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necking below critical diameter also varied with the structural state of
MG. To quantify the necking, true strain (er = In (dz/dnz)) values were
calculated as a function of distance (L/d) following the approach used by
Yi et al. [25]. Here dj, is the neck diameter at a distance L from the point
of fracture (Fig. 4a). The e values for samples of 300 nm and 150 nm
diameters with different structural states are plotted in Fig. 4a and
Fig. 4b, respectively. The SEM images of fractured specimens used for
the calculation of e are also shown in Fig. 4. The e remains zero for the
annealed sample of 300 nm diameter which failed along a dominant
shear band without necking (Fig. 4a). In contrast, the as-cast and the
rejuvenated samples exhibit clear necking with er gradually decreasing
to zero with increasing distance from the fracture point. The neck
half-length can be calculated from the L/d value at which e7 becomes
zero. The rejuvenated sample forms a longer and thinner neck indicating
higher tensile ductility compared to the as-cast sample. The same trend
continues for 150 nm diameter samples in which necking is observed for
all three structural states (Fig. 4b). The annealed specimen fractures
with a short neck (half-length ~ 375 nm) whereas the rejuvenated
sample forms a long neck (half-length ~ 900 nm). These results show
that structural rejuvenation by thermal cycling enhances the tensile
ductility in MGs.

The ability to suppress catastrophic tensile failure in large samples by
post-processing is desirable for MGs. Annealing typically results in
embrittlement due to structural relaxation or crystallization whereas
rejuvenation enhances plasticity in MGs [47]. Rejuvenated MGs show a
higher number of smaller shear bands resulting in improved compres-
sive or bending plasticity, but tensile ductility remains negligible due to
single shear band dominated failure [34]. In a recent study, Zhou et al.
showed that extreme structural rejuvenation achieved under triaxial
stress can avert catastrophic tensile failure along a single major shear
band [39,40]. A rugged tensile fracture surface was observed indicating
the activation of multiple shear bands in the rejuvenated samples [39].
The departure from the single shear band was attributed to structural
relaxation induced strain-hardening under tension. Strain-hardening
and rugged tensile fracture were also previously reported by Joo et al.
in Zr-based MG subjected to high-pressure torsion [48]. Despite the
suppression of runaway shear band, the full potential of structural
rejuvenation has not been realized in bulk samples of MGs, which fail
below 1 % plastic strain by shear banding. In contrast, the present work
shows that structural rejuvenation in nanoscale MGs can completely
suppress the major shear bands resulting in large plastic strain and
necking.

The results also indicate a clear synergy between the sample size and
the structural state in governing the tensile fracture of MG. Structural
rejuvenation and smaller sample size promote shear delocalization but
annealing and increasing sample size cause catastrophic failure along a
dominant shear band. These observations suggest a similarity between
the underlying mechanisms for the suppression of catastrophic tensile
failure by structural rejuvenation and reduction in sample size. While
the effect of rejuvenation has been explained by strain-hardening, the
origin of size-dependent change in deformation mode has remained
elusive. The shear band formation and propagation in MGs has been
associated with strain-softening [1,2,5]. The strain-softening is coun-
tered by structural relaxation in rejuvenated MGs but the mitigation of
strain-softening in as-cast nanoscale MGs is not understood. We hy-
pothesize that the shear localization in nanoscale MGs is prevented by
the lack of heating and enhanced atomic mobility. The results indicate
that the heat generated during plastic deformation of MGs is lower in
smaller samples as manifested by the shrinking vein pattern area on the
fracture surface. Below a critical sample size, the heat is not sufficient to
form a major shear band across the MG sample. Shimizu et al. proposed
that a critical length of the embryonic shear band and a rise in tem-
perature are required to nucleate a major shear band [49]. The amount
of heat generated during plastic deformation is expected to decrease
with structural rejuvenation because of a decrease in yield strength.
Therefore, both structural rejuvenation and reduction in sample size can
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Fig. 4. True strain ey values calculated (as depicted above) as a function of
normalized distance L from the point of fracture in necked Pt-MG samples in
different structural states for two diameters: (a) 300 nm and (b) 150 nm. The
SEM images of the fractured specimens with different structural states are
shown in the inset. The rejuvenated specimens form longer and thinner necks
for both diameters.

prevent major shear banding in MGs as observed in the current study. It
is worth noting that strain-hardening has been reported by Jang et al.
[24] and Tian et al. [50] in tensile testing nanoscale MGs however it was
not correlated to the suppression of shear localization. While
strain-hardening was not measured in the current study, further work is
needed to investigate the role of strain-hardening in the size-dependent
changes observed in the deformation mode of MGs.

In addition, the structural disorder generated by plastic deformation
is effectively annihilated in nanoscale MGs by higher atomic mobility
thus preventing the shear localization. Recent study showed that higher
atomic mobility in small-scale MGs can result in lower fictive temper-
ature [51]. It is important to note that structural rejuvenation alone is
not sufficient to induce tensile necking in bulk MGs where the final
fracture sill occurs through major shear bands [39]. In contrast, struc-
tural rejuvenation in combination with reduced sample size can sup-
press the localization in major shear bands resulting in necking.
Therefore, a combination of sample size and structural state can be
utilized to prevent catastrophic tensile failure in MGs.
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