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Abstract
Ion irradiation of thermoplastically molded Pt57.5Cu14.3Ni5.7P22.5 metallic glass nanowires is used to study the relationship between
glass structure and tensile behavior across a wide range of structural states. Starting with the as-molded state of the glass, ion ﬂuence and
irradiated volume fraction are systematically varied to rejuvenate the glass, and the resulting plastic behavior of the metallic glass nanowires probed by in situ mechanical testing in a scanning electron microscope. Whereas the as-molded nanowires exhibit high strength,
brittle-like fracture and negligible inelastic deformation, ion-irradiated nanowires show tensile ductility and quasi-homogeneous plastic
deformation. Signatures of changes to the glass structure owing to ion irradiation as obtained from electron diﬀraction are subtle, despite
relatively large yield strength reductions of hundreds of megapascals relative to the as-molded condition. To reconcile changes in
mechanical behavior with glass properties, we adapt previous models equating the released strain energy during shear banding to a transit through the glass transition temperature by incorporating the excess enthalpy associated with distinct structural states. Our model
suggests that ion irradiation increases the ﬁctive temperature of our glass by tens of degrees – the equivalent of many orders of magnitude
change in cooling rate. We further show our analytical description of yield strength to quantitatively describe literature results showing a
correlation between severe plastic deformation and hardness in a single glass system. Our results highlight not only the capacity for room
temperature ductile plastic ﬂow in nanoscaled metallic glasses, but also processing strategies capable of glass rejuvenation outside of the
realm of traditional thermal treatments.
Ó 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Since their discovery in 1960, metallic glasses (MGs) have
garnered signiﬁcant interest due to a suite of attractive properties [1]. In particular, the combination of metallic bonding
and the absence of long-range order has produced materials
with superior mechanical properties compared to their
crystalline counterparts. MG alloys have demonstrated high
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elastic strain limits, high strengths, potential for high
fracture toughness, good wear resistance and low mechanical dissipation [2,3]. Coupled with versatile processing
through thermoplastic molding, the mechanical properties
make MGs appealing for many structural applications,
particularly at miniature length scales, such as those in
microelectromechanical system (MEMS) devices [4–6].
Despite this promise, widespread applications of MG
alloys as structural materials have been hampered by poor
plastic performance and a tendency towards catastrophic
failure at room temperature. Speciﬁcally, deformation in
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metallic glasses at room temperature is characterized by a
deleterious propensity for localized plastic shearing into
thin bands, known as shear bands, that progress in a selfcatalytic fashion and are incipient to ﬁnal fracture [7]. Prior
to such macroscopic level shearing, plastic deformation is
understood to be accommodated by the activation of shear
transformation zones (STZs) [8]. An STZ is a local collection of atoms that undergoes a cooperative shear rearrangement, the operation of which is biased under an
applied shear stress [9]. While STZs have been shown to
carry plasticity over all temperature ranges, the ensuing
plastic response of MGs strongly depends on temperature
and strain rate [10]. At temperatures close to the glass transition temperature (T g ), plastic deformation is homogeneous and can be adequately described by Newtonian
ﬂow [11]. At low temperatures relative to T g and high strain
rates, STZ operation leads to strain localization and the
formation of shear bands [7].
However, such propensity for shear localization and its
ubiquity in plastic deformation at room temperature have
not been deﬁnitively linked to speciﬁc structural or compositional features. Many theories rely on order parameters, such as free volume [8,11] or eﬀective temperature
[12], to predict deformation modes. For instance, Argon’s
seminal work on STZs related deformation to the generation and annihilation of free volume during STZ operation [8]. During low-temperature deformation, the MG
structure is unable to relax suﬃciently rapidly and the free
volume persists (or its rate of generation increases). As
deformation proceeds, the strain rate localizes in the
softer, dilated regions. However, free volume and eﬀective
temperature are often experimentally intractable or
strongly sensitive to the measurement approach [13–17],
thereby limiting their predictive capability for macroscopic
experiments. Instead, a large portion of glass development
has focused on improving intrinsic glass performance
based on empirical evidence guided by semi-physical analytical modeling [18–21]. One example of a common strategy is the synthesis of MGs with high Poisson’s ratio (or
low l=B), which has been linked to a large capacity for
plastic deformation via facile shear band nucleation and
propagation coupled with large resistance to cavitation
and fracture [22,23].
However, within a given alloy, the properties and deformation mode depend strongly on processing conditions
[24–26]. The loading modality also inﬂuences the mechanical response. Both yield stress and capacity for plasticity
increase in conﬁned loading geometries (i.e. compression
or bending) as compared to uniaxial tension [27–29]. The
increased plasticity is a result of the arrest of shear bands
due to conﬁnement. Various heat treatments inﬂuence the
plastic response as well. Sub-T g annealing has been shown
to relax the glass structure. Structural relaxation leads to
embrittlement in normally ductile glasses due to a reduction in shear band activity [25,30]. Subsequent annealing
above T g rejuvenates the structure and the glass regains
its capacity for plastic deformation.

Recently this transition in mechanical behavior was
rationalized by considering the ﬁctive temperature (T f ) of
the glass following distinct thermal treatments [31]. Fictive
temperature is deﬁned as the temperature at which the frozen-in liquid structure is at equilibrium [32]. By performing
bending tests on MG samples prepared at diﬀerent T f s, an
alloy-dependent critical ﬁctive temperature (T fc ) was
observed. A specimen prepared above T fc exhibited plastic
deformation in bending while a specimen prepared below
T fc responded in a brittle manner [31].
Similar to the thermal treatments mentioned before,
mechanical deformation was shown to induce structural
relaxation or rejuvenation of MGs. For instance, cyclic
loading within the elastic regime was observed by Packard
et al. [33,34] to lead to hardening of metallic glasses.
Molecular dynamics simulations have provided insight into
the observed hardening, with the hardening being attributed to relaxation of the glass structure and annihilation
of free volume [35–37]. Interestingly, this indicated that
plastic deformation occurred at the atomic scale, while
the macroscopic behavior remains seemingly elastic. Conversely, severe plastic deformation was shown to rejuvenate
MGs, leading to softening [28,38–42] as a result of large
cumulative plastic shearing. The large strains required for
such reported changes were achieved in MGs through conﬁned loading techniques that accumulate large shear deformations, such as high-pressure torsion (HPT) [43].
Rejuvenation of MGs manifested as increased free volume,
increased stored enthalpy, and reduced elastic modulus and
hardness [39,41,42]. Furthermore, examining the indents of
these severely deformed MGs showed a suppression of
shear bands relative to the undeformed glass [42]. Similar
changes have been reported following shot peening of
MGs, producing a severely deformed surface layer on the
order of 100 lm thick [44–46]. When measured parallel to
the surface, the hardness was observed to decrease closer
to the shot-peened surface, where the damage was expected
to be most pronounced [44]. The softening due to shot
peening was also associated with structural rejuvenation,
as measured by increased stored enthalpy during calorimetric studies [46]. Thus, provided a given MG alloy, mechanical properties may be altered by various treatments (both
thermal and mechanical); in some cases, a transition in
plastic deformation mode was possible.
The structural changes created by thermal processing
and severe mechanical treatments were remarkably similar
to the bombardment of MGs with energetic particles [47].
Recent molecular dynamics studies of simulated ion irradiation in metallic glass have demonstrated a persistent, yet
subtly diﬀerent, amorphous structure as well as signiﬁcant
changes in mechanical response [48–50]. Mayr observed an
increase in free volume and reduction of yield stress in irradiated MGs as compared to a more relaxed sample [48].
Xiao et al. observed a reduction in the fraction of icosahedral clusters coupled with a softening and delocalization of
deformation in MG samples prepared by simulated casting
[49]. A similar study by Avchaciov et al. also reported
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changes in chemical and topological short-range order, as
observed in the packing polyhedra; however, shear band
suppression was not observed [50]. Experimental studies
corroborate these atomistic simulations [51–54]. Softening
due to ion irradiation was explicitly studied by Raghavan
et al. in heavily irradiated micropillars [51]. In this study,
a 30% reduction in yield stress was observed in heavily irradiated MG pillars. Liu et al. probed the inﬂuence of the
focused ion beam (FIB), commonly used for the preparation of small-scale testing specimens, on the inhomogeneous to homogeneous transition by irradiating and
indenting MG thin ﬁlms [53]. This study demonstrated a
suppression of shear banding and a reduction in the hardness of MG thin ﬁlms subjected to FIB milling [53]. This
indentation result was supported by Raghavan et al. in a
Zr-based bulk MG subject to high-energy Ni+ irradiation
[52]. Furthermore, we recently reported a reversible transition between brittle-like and ductile-like states in Pt-based
MG nanowires produced by a thermoplastic molding technique (without the FIB) [4,54]. By irradiating a pristine
nanowire, tensile ductility was induced. Subsequent annealing under conditions known to fully relax the Pt-glass
returned the nanowires to their initial brittle-like state.
Our observation of increased tensile ductility due to FIB
irradiation was recently supported by Chen et al. in a study
of electroplated MGs [55]. A comparison of electroplated
(FIB-free) tensile bars to FIB-fabricated specimens
revealed an increase in plastic strain when the FIB was
employed. Taken as a whole, ion irradiation appears to
act as an agent for glass rejuvenation, resulting in enhanced
plastic deformation and reduced strength and hardness
reminiscent of the eﬀects of employing an ultrahigh cooling
rate from the molten alloy.
In contrast to the documented sensitivity of MGs to
their processing history, such irradiation eﬀects have been
largely overlooked in recent micro- and nanoscale mechanical testing of MGs. The majority of micro- and nanomechanical testing has been performed on FIB-prepared
specimens [56–65]. As the sample size decreased, a transition from heterogeneous to quasi-homogeneous deformation was observed [57,60,62]. While the behavior was
rationalized based on energetic arguments for the size
dependence of shear banding in analogy to Griﬃth crack
propagation [60], the possible inﬂuence of the FIB on glass
structure has not been considered. Yet, as was previously
discussed, there is emerging evidence that irradiation
strongly inﬂuences the mechanical response of MGs
through structural changes, manifested as a decrease in
yield stress. Furthermore, a recent report by Tian et al.
showed that even electron irradiation used for imaging during in situ tensile experiments of MGs at high current densities enhanced the measured tensile ductility [65].
However, while attempts have been made to account for
the eﬀect of structural state in microscale MGs [61], no
study to date has systematically investigated structure–
property relationships under diﬀerent ion irradiation
conditions. Small volumes of MGs present a unique oppor-
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tunity for such a study as the penetration depth of ions is
relatively limited, precluding precise studies in bulk materials with small volume fractions of irradiated material.
Moreover, the outcome of such a systematic study could
provide insight to guide new processing strategies for tailoring of MG properties.
In this paper, we report on changes to the mechanical
response of molded MG nanowires subjected to Ga+ ion
irradiation using FIB. By systematically varying the irradiated volume fraction and ion ﬂuence, a transition from
originally brittle-like to ductile-like tensile behavior was
measured, a direct result of changes to the structural state
of the glass. Above a threshold of ion ﬂuence and
irradiated volume fraction, the plastic response was
characterized as more ductile, deformation became quasihomogeneous and a reduction in yield stress was measured.
The observed increase in ductility and reduction in yield
stress are understood by changes in the ﬁctive temperature
of the MG caused by ion irradiation. Finally, we present a
uniﬁed model for the scaling of yield strengths in MGs that
is capable of describing the variety of structural states
available to a given MG.
2. Experimental materials and methods
Nanomechanical testing was performed in situ on
Pt57.5Cu14.3Ni5.7P22.5 nanowires. The Pt-glass nanowires
were fabricated through thermoplastic molding, previously
described in Ref. [4]. Brieﬂy, the nanowires were molded in
a nanoporous alumina template at 270 °C under an applied
pressure of 130 MPa. After molding, the alumina template
was etched in KOH to leave free-standing nanowires. The
resulting nanowires had diameters between 90 and
160 nm, with nominal testing gage lengths of 3 lm.
The Pt-glass nanowires were subsequently mounted on
specially prepared atomic force microscope (AFM) cantilevers. Using the FIB, the cantilever end was removed and
trenches were milled parallel to the cantilever axis to aid
in nanowire alignment. Using a nanomanipulator (Kleindiek) in a scanning electron microscope (SEM; FEI Quanta
600 FEG Mark II), nanowires were harvested and secured
to the prepared cantilever using a Pt-based electron beam
induced deposition (EBID) material.
Quantitative uniaxial tension nanomechanical tests were
performed in situ in a dual beam SEM/FIB (FEI Strata
DB235) using a custom testing platform, as described in
Ref. [54]. The platform consisted of a closed-loop six degree
of freedom nanopositioning (6 DOF) stage (SmarAct
GmbH), a stiﬀ linear piezoelectric actuator (Physik Instrumente) and a MEMS-based load cell (FemtoTools). The 6
DOF stage allowed for alignment of the sample and load
sensor with nanometer accuracy. The actuator provided
displacement control with a displacement range of 60 lm
and sub-nanometer resolution. The load cell was capable
of measuring forces up to 100 lN, with <10 nN noise under
a high vacuum. Fig. 1 shows the nanowire harvesting
process and the nanomechanical testing platform.

168

D.J. Magagnosc et al. / Acta Materialia 74 (2014) 165–182

Fig. 1. (a) Example of a nanowire being harvested. (b) A harvested nanowire mounted on a prepared AFM cantilever using Pt-EBID. (c) A nanowire
gripped at both ends and ready for tensile testing. (d) The nanomechanical testing platform, with the translational and rotational degrees for freedom
indicated; a quarter is shown for scale. The inset shows an expanded view of the load cell and sample mount.

To perform a tensile test, the sample was placed on the
linear actuator and aligned with the load cell using the 6
DOF stage. The wire was secured to the load cell using
the Pt-based EBID. The nanowire was then strained at a
nominal strain rate of 5  104 s1 while simultaneously
recording the load and images of the test. After testing, digital image correlation (DIC) was used to extract strain measurements from the image sequences. Markers placed on
the grips were tracked to determine the strain [66,67].
Nanowires were irradiated under a variety of conditions
in a dual-beam SEM/FIB to vary the irradiated volume
fraction and ion ﬂuence. The irradiated volume fraction
was controlled by changing the Ga+ accelerating voltage
of the FIB. To this end, accelerating voltages of 5, 15
and 30 kV were used. Stopping range of ion calculations
(SRIM.org) were performed to determine the ion range
and damage distribution at each accelerating voltage. Each
simulation used 10,000 ions and full damage cascades were
calculated. Fig. 2c–e shows the calculated ion range and
damage distributions, as well as the irradiated volume fraction calculated using an assumed damage cross-section
shown in Fig. 2b. The ion stopping ranges were calculated
to be 2.4, 4.7 and 7.6 nm for 5, 15 and 30 kV, respectively.
To irradiate a nanowire, the electron and ion beams were
aligned well away from the sample to ensure that the beams
were focused at the same point with the electron beam perpendicular to the nanowire. The sample was then located
using the electron beam, and a reduced scan was placed
on the gage length such that approximately 1 lm was
exposed. Using a low beam current (10–30 pA), the ion

beam was rastered over the nanowire a controlled number
of times. This process is shown schematically in Fig. 2a.
The experimental ion ﬂuence (f) was calculated according to
f ¼

INt
qApxl npxl

ð1Þ

where I is the ion beam current, N is the number of times
the ion beam was rastered over the sample, t is the ion
beam dwell time, q is the elemental ion charge (i.e. for
Ga+ q ¼ 1), Apxl is the real area of a pixel and npxl is the
number of pixels. As a result, the ion ﬂuence was controlled
by varying the number of times the ion beam was rastered
over the sample. Ion ﬂuences ranging from 0 ions=nm2 to
 300 ions=nm2 were used. These values were determined
based upon the Ga ion current measured by a Faraday
cup in the ion column at the time of each experiment and
monitored during the irradiation process, which showed
that the standard deviation of the beam current had an
upper limit of 1 pA. In addition, the eﬀect of structural
relaxation annealing on irradiated wires was considered.
Selected nanowires were irradiated with ﬂuences between
115 and 145 ions nm2 and subsequently annealed at
0.96T g for 70 min – conditions we previously showed to
reverse the eﬀect of ion irradiation on deformation mode
[54].
Irradiated nanowires were characterized by selected area
electron diﬀraction (SAED) to conﬁrm the amorphous
structure. Wires were mounted to transmission electron
microscope (TEM) lift-out grids to eliminate possible
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Fig. 2. (a) A schematic of the nanowire irradiation process. In the dual-beam SEM/FIB a portion of the gage length is irradiated by a beam with an
incidence angle of 38° with respect to the nanowire axis. The assumed cross-section used to calculate the irradiated volume fraction is illustrated in (b). The
red region represents the irradiated material and the white area indicates the unirradiated volume. Results of ion stopping range calculations showing (c)
the ion implantation range and (d) the distribution of primary knock-on damage. (e) The calculated irradiated volume fraction for each accelerating
voltage. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

background from carbon grids, using the same harvesting
process that was used to prepare the tensile specimens. Diffraction patterns were obtained using a JEOL 2100 TEM
with an accelerating voltage of 200 keV. Using SAED, a
central portion of the nanowire was selected such that the
lift-out grid and Pt-EBID did not contribute to the diﬀraction pattern. To analyze the diﬀraction patterns, the radial
intensities were integrated. The limits of integration were
selected to avoid contributions from the beam stop, and
the same limits of integration were used for all diﬀraction
patterns.
Atom probe tomography was used to quantify the Ga
content in both irradiated and as-molded nanowires. In
the atom probe, the nanowire is subjected to a high electric
ﬁeld, which is used to ionize and remove single atoms from
the surface, which are then captured on a 2-D detector and
identiﬁed by their time-of-ﬂight. This allows for precise
compositional analysis of very small volumes of material.
For this purpose, nanowires were manipulated via the same
methods used to prepare wires for tensile testing and
welded with Pt-based EBID onto a support structure for
analysis [68]. The ends of the nanowires, which often
showed structural irregularities, were cut oﬀ using a Ga
FIB with an energy of 30 keV. As the atom probe data
set was collected from this near-tip region, this implied that
the Ga content measured systematically represented the
upper limit of the actual Ga composition in tensile

specimens. After processing in the FIB, some wires were
then annealed before atom probe analysis under the same
conditions used to structurally relax wires for tensile
testing. The atom probe experiments were carried out in
a Cameca LEAP 4000 Si instrument using 90 pJ laser
pulses to trigger the ﬁeld evaporation. The base temperature used was 60 K.
3. Experimental results
3.1. Structural characterization
To verify that the nanowires remained fully amorphous
and to attempt observations of changes in structure, irradiated wires are examined using a TEM. Fig. 3 shows diﬀraction patterns of as-molded nanowires and irradiated
nanowires for two diﬀerent ion ﬂuences. No crystal diﬀraction spots are observed in the unirradiated or irradiated
diﬀraction patterns, indicating an amorphous structure.
However, subtle changes in the second diﬀuse scattering
ring are observed. The integrated intensities and corresponding diﬀerence curves (Fig. 3e and f) show that the
wires irradiated at 123 and 221 ions nm2 undergo a structural change which induces a detectable change in the
second ring. Before irradiation, the second diﬀraction ring
is relatively broad (Fig. 3c) and shows signs of splitting, as
evidenced by the integrated intensities (Fig. 3e and f). After
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Fig. 3. Selected-area transmission electron microscopy diﬀraction patterns of nanowires irradiated at diﬀerent ion ﬂuences. (a and c) Diﬀraction patterns
from two individual wires before irradiating. (b) A diﬀraction pattern of the wire in (a) after irradiation at 123 ions nm2. (d) A diﬀraction pattern of the
wire in (c) after irradiation at 221 ions nm2. In all patterns, no obvious crystal diﬀraction spots are observed. (e and f) Integrated intensity proﬁles of the
second peak for patterns (a) & (b) and (c) & (d), respectively, with the diﬀerence between the two patterns shown. The intensities are normalized by the
intensity of the ﬁrst peak and oﬀset for clarity.

irradiation, peak splitting is no longer detectable in the second diﬀraction ring. This subtle change may be indicative
of changes in the mid-range order and points to a more
liquid-like structure, as corroborated by recent molecular
dynamics (MD) simulations showing reductions of icosahedral cluster populations owing to ion irradiation [49],
though systematic quantiﬁcation proved challenging.
Results from atom probe analysis of nanowires in the
as-molded state give a composition of Pt56.0Cu16.7Ni7.3P20.0,
which agrees very well with the composition of the starting
MG materials, conﬁrming that the molding process does
not signiﬁcantly alter the composition of the resulting
nanowires. Analysis from both the irradiated and irradiated plus annealed states indicate that there is a measurable
decrease in Ga content beneath the surface of the wires
after annealing. For the volumes analyzed, the total
amount of Ga found 15–30 nm below the surface was
2.0 ± 0.4 at.% before and 0.25 ± 0.05 at.% after annealing.
As previously discussed, these values represent the upper
limits of the Ga concentration (relative to irradiated tensile
specimens) owing to the preparation of atom probe tips.
The ends of the wires prepared for the atom probe had
been trimmed with the 30 kV ion beam, thus the ion
implantation proﬁle was expected to be close to equilibrium [69]. However, since the exact equilibrium shape
was unknown, we could not quantify the precise Ga dose
or account for variations in dose from wire to wire due
to diﬀerences in sample preparation. Therefore it was not
possible to precisely quantify the reduction in Ga concentration for the nanowires used for mechanical testing.

Nevertheless, we were able to qualitatively conﬁrm that
the Ga concentration in the sub-surface regions is reduced
after annealing.
3.2. Tensile response of irradiated nanowires
Whereas any major structural changes are virtually
undetectable by the scattering methods used here and the
extent of Ga incorporation was shown to be minimal, the
amorphous structure was retained following all ion irradiation treatments, and clear changes in mechanical response
were measured as a function of the diﬀerent irradiation
treatments. Fig. 4 shows representative stress–strain curves
of MG nanowires irradiated at 5 and 30 kV for diameters
ranging from 100 to 160 nm. We ﬁrst describe our reference
behavior, which is that of the as-molded nanowire, which
shows linear elastic loading followed by abrupt failure.
This is characteristic of metallic glasses tested in tension
at room temperature [2]. In contrast, the irradiated nanowires show an increasing amount of plastic strain and a
decreasing apparent yield stress (deﬁned as the stress at
which the response clearly deviates from linear elasticity)
as the ion ﬂuence is increased. These general trends appear
to be relatively insensitive to the ion accelerating voltage
(and thus the irradiated volume fraction), as shown for
the stress–strain curves corresponding to 5 kV (Fig. 4)
and 30 kV (Fig. 4b). We note that the appearance of inelasticity occurs at relatively low ion ﬂuence levels
(30 ions nm2) for both accelerating voltages. The
nanowires irradiated at 30 kV (and to a lesser extent those
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Fig. 4. Representative stress–strain curves for nanowires irradiated at (a)
5 kV and (b) 30 kV, with increasing ion ﬂuences.

irradiated at 5 kV) show signiﬁcant scatter in the apparent
Young’s moduli, which we attribute to the compliance of
the gripping materials that contributes to the measured
strain [67]. While the DIC techniques used to measure
strain yield a noise ﬂoor (De) of  4  104 , the strain is
measured from markers placed on the grips. Thus the
strain measured is the total strain in the nanowire-EBID
grip system. Using the elastic modulus of the bulk [23],
we estimate the nanowire stiﬀness to be within an order
of magnitude of the EBID grip stiﬀness. Therefore, the
uncertainty in any modulus measurement is roughly 10–
20% from the grip compliance alone [67]. This uncertainty
is typically greater than that due to other factors (i.e. force
and cross-section measurement), and is much higher than
the expected change in modulus due to modiﬁcation of
the glass structural state [25]. Thus, despite the reported
correlation between glass structure and elastic modulus
that supports our observations of lower modulus with
increasing ion damage, the resolution and scatter of our
elastic modulus measurements prove inconclusive.
3.3. Eﬀect of ion irradiation on tensile ductility and yield
strength
To systematically demonstrate the eﬀect of ion ﬂuence
and irradiated volume fraction on the amount of plastic
deformation observed, we compile a deformation mechanisms map showing both the plastic strain normalized by
the total strain to failure (color) and the failure mode as
a function of ion ﬂuence and irradiated volume fraction
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(Fig. 5a). In the map, the triangles indicate failure characterized by shear banding, the circles indicate wires the
deformation of which was characterized as ductile (quasihomogeneous) and the diamonds indicate nanowires which
failed in a mode that was neither a shear band nor ductile,
which we describe as “intermediate”. The type of deformation is determined based on the force–time curves and
images of the fracture surface that showed a diversity of
morphologies, as shown in Fig. 5b–d. Representative and
normalized force–time curves are shown alongside corresponding fracture morphologies to facilitate comparison
between the diﬀerent deformation modes. The brittle-like
mode with signature shear-band-mediated failure is characterized by a force–time curve with a constant slope up until
failure (black curve in Fig. 5) and a sharp-angled fracture
surface indicative of a shear band. In contrast, the ductile-like mode is indicated by a clear change in slope of
the force–time curve (yellow curve in Fig. 5d) before failure
and a fracture surface that shows clear evidence of plastic
deformation (e.g. rounding of the fractured edges). The
“intermediate” mode is characterized by a less distinct
change in slope of the force–time curve (as indicated by
the deviation of the red curve in Fig. 5c from the dashed
blue line) and fracture surfaces that cannot clearly be delineated as shear band mediated or ductile; rather, they show
signatures of both behavior simultaneously.
The deformation map for plastic strain shows two
trends. First, there is a clear trend in the mode of deformation (indicated by the data marker symbol type in Fig. 5).
At low ion ﬂuence and irradiated volume fraction, the
deformation mode is characterized as shear band mediated,
similar to the as-molded case. At high ion ﬂuences and
irradiated volume fractions, the deformation mode is characterized as ductile. Between the shear band and ductile
regimes an intermediate regime is observed. Some plastic
deformation is detected in this region, but the fracture surface is not clearly a shear band or ductile mode. The dashed
lines in Fig. 5 show the transition between the deformation
modes.
The other trend apparent in our data is a general
increase in the amount of plastic deformation with increasing ion ﬂuence and irradiated volume fraction. The correlation between plastic strain and ion irradiation conditions is
not as pronounced as in the transition in deformation
mode. Some nanowires characterized as intermediate
showed more plastic deformation than nanowires characterized as ductile. These observations suggest that the
extent of ductility in a glass, much like that in crystalline
materials, is not a deterministic parameter but instead is
governed by the stochastic nature of local inelastic rearrangements (e.g. STZs) and the evolution of plastic damage
in disordered materials.
Similar to the amount of measured plastic deformation,
the decrease in yield stress shows a trend with ion ﬂuence
and irradiated volume fraction, as shown in the yield stress
deformation map of Fig. 6. At low ion ﬂuence and
irradiated volume fraction, the yield stress is similar to
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Fig. 5. (a) Deformation map showing the inﬂuence of ion ﬂuence and irradiated volume fraction on the amount of plastic strain. The plastic strain is
normalized by the total strain to account for diﬀerences in grip compliance. The dashed lines are to guide the eye to the transition between deformation
regimes. (b–d) Typical force–time curves and fracture morphologies for the shear band, intermediate and ductile-type deformation, respectively. The
force–time curves are normalized by the maximum force, which is indicated on the plot, and time at failure in order to facilitate comparison of the diﬀerent
deformation modes. The colors of the curves match the color scale of (a), marking the approximate extent of plastic strain. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

the previously reported mean yield stress of 1.6 GPa for the
as-molded Pt-glass nanowires [54]. As the ion ﬂuence and
irradiated volume fraction increase, a decrease in yield
stress is observed. To determine the predominant factor –
irradiated volume fraction or ion ﬂuence – linked to
changes in yield stress, we examined the correlations individually, as shown in Fig. 6b and c. The plot of yield stress
vs. irradiated volume fraction (Fig. 6b) shows no clear correlation in the range of volume fractions sampled. The plot
of yield stress vs. ion ﬂuence (Fig. 6c), however, shows a
trend towards decreasing yield stress with increasing ion
ﬂuence. A linear ﬁt is shown in Fig. 6c to emphasize the
trend towards lower strength. In addition, the linear ﬁt
shows good agreement with the as-molded strength. From
these analyses, it is clear that ion ﬂuence (thus, extent of
displacement damage) plays the dominant role in changing
glass structure and concomitant mechanical behavior in
our study despite the diﬀerence in ion energies (and hence
range). The importance of extent of damage is further
bolstered by measurements of the tensile behavior of ionirradiated nanowires subsequently subjected to structural
relaxation annealing. Five irradiated wires, subjected to
ion ﬂuences between 115 and 145 ions=nm2 , were administered structural relaxation annealing before measuring the
tensile response. The yield strength of the irradiated and
annealed samples returned to the as-molded level or even
higher, as shown by the open symbols in Fig. 6c.
In order to highlight the diﬀerences in glass structure
and the corresponding eﬀect on strength more clearly, we
also show the measured strength grouped by treatment in
Fig. 7. In Fig. 7, the average strength of the as-molded,

heavily irradiated, and irradiated and subsequently
annealed samples are shown as a bar, with an error bar corresponding to the standard deviation of the group. Here
the heavily irradiated condition is considered to be the
top third of the ion ﬂuences used, which corresponds to
ion ﬂuences greater than 200 ions=nm2 . As previously
reported, the as-molded nanowires showed a mean yield
strength of 1.6  0.4 [54]. The mean yield strength and
standard deviation of the heavily irradiated and irradiated
then annealed groups are 1.25  0.2 and 1.8  0.26 GPa,
respectively. This strongly indicates that the behavior of
the heavily irradiated samples is distinctly diﬀerent from
that of the as-molded and irradiated then annealed samples. We note that the apparent trend in strength as a function of ion ﬂuence contains a stochastic character, which is
presumably due to the probabilistic nature of the ion collision cascade process. Indeed, atomistic simulations on ionirradiated metallic glasses [49] suggest a more deterministic
relationship between yield strength and potential energy
per atom, which is unfortunately not easily measured in
our experiments.
The insensitivity to the irradiated volume fraction over
the range studied can be reconciled by considering the distribution of damage created by ions at diﬀerent accelerating
voltages. Despite the diﬀerent damage distributions, the
peak damage occurred within 5 nm of the surface irrespective of ion accelerating voltage (Fig. 2c). Nevertheless, it is
interesting to note that substantial diﬀerences in mechanical
behavior can be detected even with irradiated volume fractions as small as 2%. Taken as a whole, the yield strength
changes measured as a result of ion irradiation (decreasing
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Fig. 6. (a) Deformation map showing the inﬂuence of ion ﬂuence and irradiated volume fraction on yield stress. The dashed lines are to guide the eye to
the transition between deformation regimes. (b) Yield stress plotted vs. irradiated volume fraction. No clear trend with irradiated volume fraction is
observed. (c) Yield stress as a function of ion ﬂuence. The average yield stress of the as-cast nanowires is indicated by the green triangle. Closed circles
represent irradiated nanowires while open circles represent irradiated nanowires subjected to a relaxation anneal. Yield stress appears to decrease with
increasing ion ﬂuence and this trend is emphasized by a linear ﬁt to the data. The horizontal line indicates the as-molded yield stress and the sloped line is
the linear ﬁt which agrees well with the as-molded yield stress. The error bars for the unirradiated state in (b) and (c) are the standard deviation of 10
tensile tests, while those for the irradiated and irradiate + annealed states are estimated errors based on experimental uncertainty. Error estimates for ion
ﬂuence are also included in (c) based on the measured ion beam current standard deviation of 1 pA. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

strength) and subsequent annealing (increasing strength)
suggest the ability of our treatments to strongly modify
the glass structure so as to manifest as substantial changes
in the plastic behavior of our nanowires. In the sections that
follow, we discuss this correlation between glass structure
and mechanical strength and propose a universal model
capable of predicting the yield strength of a metallic glass
across a wide range of structural states.
4. Discussion
4.1. Size-independent transition in plastic deformation owing
to ion irradiation
To explain the observed changes in mechanical behavior
of our MG nanowires, we consider glass parameters that
could contribute to our experimentally measured increases

in ductility and decreases in yield stress. Possible factors
include changes in structure, chemistry, free volume and
the corresponding elastic constants. However, detecting
site-speciﬁc structural changes in our nanowires through
electron diﬀraction have proven to be elusive due to limited
resolution. Measuring changes in free volume in an irradiated nanowire would be similarly challenging. Free volume
is often directly measured through positron annihilation
spectroscopy. However, the high energies and large spot
sizes are mainly suited for probing bulk structures and
not single nanowires [70]. Other possible metrics for evaluating irradiation-induced changes in the glass are the elastic
properties. While a high Poisson’s ratio (or low l=B) is
often associated with more ductile metallic glasses, recent
work by Kumar et al. has shown the elastic properties to
be insensitive to diﬀerent structural states, as evidenced
by measurements of ﬁctive temperature T f [25,26,31].
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Fig. 7. Direct comparison of the eﬀect of diﬀerent Ga ion treatments on
the average measured strength. Here the as-molded strength (1.6 GPa) is
directly compared to the highest third of ion ﬂuences employed (1.25 GPa)
and the irradiated and subsequently annealed treatments (1.8 GPa). The
error bars are the standard deviation of each treatment group. This
comparison emphasizes the signiﬁcant decrease in strength due to ion
irradiation and the subsequent recovery due to relaxation annealing.

However, glasses prepared in diﬀerent structural states
show a transition from brittle to extended plastic behavior,
casting doubt on the use of Poisson’s ratio alone as a predictive metric for ductility. Furthermore, the changes in
elastic properties demonstrated by Kumar et al. are small
compared to the resolution of our nanoscale experiments
[25,31]. We thus focus our attention on other glass
parameters with known sensitivity to glass processing
and, correspondingly, structural state, which may explain
the dramatic changes in plastic response that we have
measured.
4.2. Revisiting kinetic and thermal phenomena in amorphous
materials below the glass transition
We consider kinetic and thermodynamic physical
properties of MGs, namely, glass transition and ﬁctive temperatures, respectively, as descriptors of structural state
and thus changes in mechanical behavior. We begin our
discussion by brieﬂy reviewing the conceptual notions
and experimental considerations that underlie the use of
glass transition and ﬁctive temperatures to connect to
inelastic mechanical behavior. The glass transition is a
kinetic phenomenon [71,72]. As the liquid is quenched (or
the solid is heated), a temperature – the glass transition
temperature – is reached at which structural relaxation
times are on the order of  100 s as the material changes
from a supercooled liquid to a kinetically frozen glass (or
vice versa) [71,73]. Measurements of T g are often performed using calorimetric means, with T g depending on
the cooling or heating rate used to make the measurement.
Higher cooling rates result in higher T g s, but orders of
magnitude changes in rate produce relatively small changes
in T g [74]. However, asymmetric cooling and heating (i.e.
cooling faster than heating) results in a diﬀerent measured
T g on heating vs. cooling. As a result, to obtain a consistent

and reproducible T g , the glass should be cooled and heated
at the same rate and as close to equilibrium as possible
while still avoiding crystallization [71]. For experimental
practicality, within the metallic glass community T g is typically reported on heating at approximately 20 K=min.
In addition to the eﬀect of cooling rate, small changes in
T g can be induced through processing treatments such as
annealing. For instance, changes in the glass transition
due to aging of an MG can be measured [75–77]. Aging
an MG at temperatures below T g has been shown to relax
the structure, reducing the free energy and free volume.
Changes to T g due to aging are typically less than 10 K
even for complete relaxation of the glass, although the
amount varies for diﬀerent glass compositions [75–77].
Mechanical treatments such as severe plastic deformation
have also been reported to have little eﬀect on T g despite
reports of large changes in hardness, elastic modulus and
calorimetrically measured exothermic peaks prior to the
glass transition [41,42].
Whereas T g is insensitive to cooling rate, annealing and
severe plastic deformation treatment, T f can vary widely
[78–81]. In contrast to T g , the ﬁctive temperature is a thermodynamic variable describing the temperature at which
the kinetically frozen structure is at equilibrium with the
liquid [32], and is qualitatively related to structural descriptors like free volume [72]. A given ﬁctive temperature does
not specify a unique glass structure; rather, many possible
structures may result in the same observed ﬁctive temperature [82]. Importantly, T f can be greater than or less than
T g , and varies semi-independently of T g . While T g typically
changes by less than 10 K for a fully relaxed glass, the ﬁctive temperature has been observed to change by more than
20 K for shorter relaxation times [80]. Hyperquenching
oxide glasses has also resulted in glasses with a T f as high
as 1.22 Tg, yet T g was reported to change little after relaxing
the quenched glass [79]. Finally, the large excess enthalpies
observed in glasses subjected to HPT indicate a high ﬁctive
temperature, yet T g was observed to be invariant [41,42].
These results collectively point to T f as a much more sensitive predictor of the structural state of a given glass, as supported by systematic calorimetric measurements in the
literature [83,84], which suggests a correlation between T f
and the concentration of ﬂow defects [84]. In the discussions and analysis that follow, we assume T g to be relatively
constant for our metallic glass experiments and attribute
the observed change in material response owing to ion irradiation and subsequent structural relaxation annealing to
changes in structural state as reﬂected in T f .
4.3. Correlations between T f and plastic deformation, and T g
and yield strength
We next examine correlations between the thermodynamic and kinetic properties of a metallic glass with its
mechanical behavior. A recent report by Kumar et al.
showed that increasing T f in several MGs increased the
capacity for plastic deformation in bending [31]. Thus,
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the increase in plastic deformation that we measured could
similarly be justiﬁed through an increase in T f due to ion
irradiation. Analogously, the increase in tensile ductility
could be attributed to an increase in liquid-like states or
higher free volume [85,86]. In the case of yield strength,
the observed changes could be rationalized through
changes in T g , as recently proposed. Yang et al. and Liu
et al. reported uniﬁed predictions of yield stress entirely
as a function of a given MG’s molar volume and
T g  T o , where T o  T g is the testing temperature (the
details of this prediction will be presented in greater detail
in the following analysis) [87,88]. Brieﬂy, a glass with a
higher T g or lower molar volume would be expected to
exhibit a higher yield strength (and elastic modulus). Based
on this prediction, we can examine the eﬀect that irradiation has on the expected change in yield strength of our
MG nanowires. Assuming that irradiation eﬀectively shifts
our MG along Yang et al.’s universal scaling curve, our
measured reductions in yield stress owing to ion irradiation
would indicate a decrease in T g of  40 K (changes in
molar volume are estimated to be negligible). Such a reduction of T g estimated by this yield stress prediction is the
opposite of what one would expect for a more ductile glass.
Rather, a reduction of T g indicates a more relaxed glass
state (analogous to a relatively slow cooling rate), which
would be expected to be more brittle in comparison to
the as-molded condition. This failing of the uniﬁed strength
scaling to describe our experimental results suggests that
the structural state of a given MG system is not described
by this relationship. Thus, in order to properly account for
the observed changes in ductility and yield stress, we propose the incorporation of a structural state descriptor given
by T f , which can capture the processing dependence of a
given MG.
4.4. New analytical model for universal strength scaling
dependent on glass structural state
To understand the inﬂuence of T g and T f on yield
strength, we begin by revisiting the universal MG yield
strength predictions presented by Yang et al. [87] and Liu
et al. [88]. Both models are predicated on equating the
change in internal energy as a glass is taken through the
glass transition into the supercooled liquid regime to
the work performed to initiate a mature shear band. Mechanistically, this equality is rooted in the similar structural
signatures associated with local plastic shearing and the
glass transition, with dilation and free volume production
occurring in both cases, as quantiﬁed by decreases in viscosity. Two analytical models have been proposed that
result in the same scaling but with subtly diﬀerent
approaches, with Yang et al.’s prediction [87] implicitly
assuming a free volume-mediated mechanism to formulate
their theory. Liu et al. [88], on the other hand, developed
their model on simple thermodynamics without recourse
to an assumed deformation mechanism. Despite these
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diﬀerences, the net results and scaling behavior are equivalent as the latter model recovers the former.
Liu et al. assumed the plastic yield process to be volume
preserving. Thus the work done can be written as
dW ¼ V s c0 ds, where V s is the volume undergoing a transition due to plastic ﬂow, c0 is the critical strain for shear
instability and s is the applied shear stress [88]. Furthermore, for a constant volume system, the change in internal
energy can be written as dU ¼ qV s C v dT . By assuming that
the heat released during yield is much less than the work
done by the applied stress (i.e. dQ  dW ), an expression
was derived equating the work done to changes in internal
energy (Eq. (2)) [88].
Z sy
Z Tg
V s c0
ds ¼ V s
qC v dT
ð2Þ
0

T o T g

The integration bounds represent a transit through the
yield point and, equivalently, from room temperature
(T o ) through the glass transition.
While Liu et al. assumed the Dulong–Petit limit of heat
capacity, Yang et al. adopted the Debye model for heat
capacity [87,88]. By integrating the Debye heat capacity,
the yield stress was related to the glass molar volume and
T g as


6Nk T g  T 0
ry 
ð3Þ
c0 V
where N is Avagadro’s number, k is Boltzman’s constant,
c0 is the shear disordering strain, which is assumed to be
of order unity, and V is the molar volume. This scaling
of yield strength is equivalent to Liu et al.’s prediction
[88]. Such universal scaling between stress and temperature
(and thus viscosity) in an MG and the physics underlying a
stress-induced glass transition is also supported by MD
simulations of a Zr-based MG [89].
However, we observe that this prediction does not
account for the state in which the glass is kinetically frozen,
which would suggest that a given glass’s yield strength and
capacity for plastic ﬂow at a given temperature are insensitive to the processing route and thermomechanical history.
This is in stark contrast to experimental evidence, including
ours, showing substantial changes in strength and hardness
of a given MG system in diﬀerent structural states
[40,44,46,90]. In fact, if we assume the maximum change
in T g to be  10 K, as measured previously in other glass
systems [75–77], we ﬁnd that the predicted yield stress
would change by only  70 MPa, which is inconsistent
with our results. Therefore, we propose a revised model,
which explicitly accounts for the wide structural spectrum
in which a given MG can exist. Glasses are well known
to store excess enthalpy, with the magnitude of such
enthalpy depending on the cooling rate, aging/rejuvenation
annealing treatments [91] and degree of severe plastic
deformation [42]. Therefore, by noting that the T g used
as an integration bound is measured via the consistent measurement method (and is therefore constant), we include an
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additional term representing the excess enthalpy with
respect to a known reference state, such as the as-quenched
glass, normalized by the molar volume. This excess
enthalpy allows glasses prepared in diﬀerent states to be
distinguished – a feature not captured in previous uniﬁed
strength models. Accordingly, we propose a new yield
prediction:
 DH gg0
6Nk 
Tg  T0 
ry 
ð4Þ
c0 V
V
where DH gg0 is the excess enthalpy with respect to a glass
reference state such as the as-quenched glass (g0 ). The presence of such excess enthalpy would add to the stored elastic
energy during deformation, which is consequently balanced
by the internal energy of the system, and thus could be considered as an excess defect energy. In our experiments, the
defect energy would be incorporated via ion irradiationinduced changes in the glass structure and could be reduced
through subsequent structural relaxation annealing as we
have performed.
To compare with experimentally tractable properties, we
relate this additional excess enthalpy term to T f by considering the measurement and analysis of T f . From Moynihan
et al. [78], T f is determined according to
Z T eq
Z T eq




ð5Þ
C p  C pg dT ¼
C pl  C pg dT
T0

Tf

where C p is the measured heat capacity, C pg is the equilibrium glass heat capacity extrapolated to high temperatures,
C pl is the equilibrium liquid heat capacity extrapolated to
low temperatures, T 0 is any temperature well below the
glass transition and T eq is any temperature well above the
glass transition where the heat capacity has reached its
equilibrium liquid value. To obtain an expression for T f ,
we adapt the method described by Yue et al. [79], where
the left-hand side of Eq. (5) is simply the enthalpy diﬀer0
encebetween
 the glass state at T and the liquid state at
T eq DH lg . From Adams and Gibbs [92], C pl  C pg is
assumed to be constant close to the glass transition.
Indeed, if we consider the heat capacity diﬀerence for the
Pt-glass used, C pl  C pg varies by less than 30% over
T g  50 K [93]. Therefore a simple expression to estimate
T f can be developed by integrating the right-hand side of
Eq. (5) and solving for T f (Eq. (6)). Since DH lg is a measurable quantity, T f can be estimated from calorimetric
measurements.
DH lg
Tf ¼
þ T eq
ð6Þ
C pl  C pg
Next, we consider two glasses prepared in diﬀerent
states, denoted a and b. The two glasses therefore have distinct values of DH gg0 and DH lg , and consequently the difference in T f between the two states can be related to the
enthalpy diﬀerence of the two states as given by
DT f ¼

DH ab
C pl  C pg

ð7Þ

Taking the diﬀerence in yield stress between two states
provides the energy diﬀerence between the two states as
Eq. (8):
Dry ¼ 

DH ab
V

ð8Þ

Finally, Eqs. (7) and (8) are combined to relate the yield
stress diﬀerence to a change in ﬁctive temperature (Eq. (9)):
DT f ¼ 

Dry V

C pl  C pg

ð9Þ

Here, we have developed the relationship between T f
and yield stress based on the assumption that T f changes
to a much greater extent than T g . However, it is important
to note that this assumption is not central to the expressions developed, as it is similarly eﬀective to begin with
the observation that the uniﬁed yield stress models of Yang
et al. and Liu et al. incorrectly predict changes in T g .
Indeed, one could simply add the excess enthalpy term to
Eq. (4), where the T g term is taken to be a known reference
state. In this case, the as-quenched glass state would be the
appropriate choice, and subsequently the ﬁctive temperature changes could be introduced again using the asquenched state as the reference. Finally, by equating the
enthalpy diﬀerences, we recover Eq. (9) without considering the relationship between T g and T f , but instead simply
comparing all yield stresses and T f to a known reference
state.
Using Eq. (9), the changes in T f due to glass processing
(in our experiments, ion irradiation) can be estimated from
changes in yield stress. From Fig. 7, the yield stress
decrease is approximately Dry ¼ 350 MPa, based upon
the processing groups. The heat capacity diﬀerence is estimated to be 30:6 J=mol K at T g [93], and V is calculated
based on a linear rule of mixtures to be 8:76 cm3 =mol
[23]. The resulting maximum change in ﬁctive temperature
is thus  100 K or 0.2T g . Achieving such changes in T f
through cooling rate variation in a typical MG would
require rates approximately ten orders of magnitude higher
than for the standard as-cast state [94]. Taken as a whole,
our experimental measurements of yield strength changes
and modeling strongly suggest that ion irradiation dramatically inﬂuences the structural state of our glass by the
incorporation of large defect energies (rejuvenation) that
can be recovered via structural relaxation annealing treatments. This latter point also implies that any chemical
changes to our MG nanowires as a result of ion implantation cannot, to ﬁrst order, explain the large changes in
mechanical behavior or their inherent reversibility.
To test the validity and robustness of our new model, we
also applied our analytical formulation and analysis to
HPT results from the literature, where both changes in
hardness and excess enthalpy as a function of cumulative
plastic deformation were reported [42]. Meng et al. performed HPT on a Zr-based glass and measured its hardness
and elastic modulus via nanoindentation, correlating such
changes to calorimetric measurements of relaxation
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enthalpy as a function of number of rotations and subsequent relaxation annealing [42]. As the number of rotations
increased, the hardness decreased from 6.1 GPa for the ascast glass to 4.9 GPa for 50 rotations; concomitant changes
in relaxation enthalpy were approximately 1960 J=mol.
Furthermore, HPT induced a change in indent morphology. In the as-cast state, clear shear bands were observed
around the indent. As the number of rotations increased,
a decrease in shear banding was observed. At 50 rotations,
no shear bands were observed. Additional samples subjected to 50 rotations were annealed at 0.97 T g for 1 h,
which recovered the as-cast hardness, elastic modulus and
indent morphology. As a whole, these HPT experiments
show remarkable similarity to the ion irradiation experiments presented here in terms of the trends in yield stress,
deformation behavior and reversibility, making the HPT
results an apt test bed for the yield stress model presented
here.
To apply our analytical model, we estimate the yield
strength to be one-third the hardness [95]. We then apply
Eq. (8) to estimate the energy diﬀerence between the as-cast
and HPT (50 rotations) samples. The yield stress decrease
is estimated to be 400 MPa for 50 rotations, which indicates an energy change of 4600 J=mol according to our
model. From Eq. (7), and substituting DH , we then estimate DT f to be 154 K. Based on the experimentally measured enthalpy relaxation, DT f is estimated to be 65 K
and Dr is estimated to be 170 MPa. Finally, structural
relaxation annealing following HPT treatments recovered
the hardness values of the as-cast MG.
Fig. 8a shows the experimentally measured [42] and calculated changes in yield stress as a function of number of
HPT rotations (i.e. cumulative plastic strain), as well as
the predicted yield stress from Yang’s model [87]. The calculated annealed yield stress was determined by assuming
complete relaxation (i.e. zero excess enthalpy in the system). In all cases, the approximated and calculated yield
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stresses are well below the predicted yield stress. Fig. 8b
shows the changes in enthalpy and ﬁctive temperature
due to HPT determined using our newly developed analytical model. From these calculations we observe that the
values determined from the hardness measurements are
roughly three times greater than those estimated from the
enthalpy relaxation measurements (Fig. 8b). We attribute
this apparent discrepancy to the radially varying plastic
strain inherent to the HPT disks; indeed, the center of
the disk is less deformed than the edge. Thus, the enthalpy
relaxation measurements probe the average change of the
whole sample while the hardness measurements probe only
a highly deformed region. However, the nominal shear
strain gradient can be estimated as c ¼ 2pNr=t [39,41],
where N is the number of rotations, r is the radial position
and t is the thickness of the disk.
pﬃﬃﬃ The von Mises strain can
then be estimated as e ¼ c= 3 for small shear strains
( K 0:8). However, in Meng et al.’s work, c  0:8 even
for one rotation. As a result, an upper and a lower limit
of accumulated strain will be considered. Two common
strain
for materials
 estimates
h
i subject to HPT are
1=2
e ¼ p2ﬃﬃ ln ð1 þ c2 =4Þ þ c=2 and e ¼ ln ðcÞ, which we
3

consider as an upper and a lower estimate of strain, respectively [43]. In light of the reported complexity of the strains
incurred by HPT in polycrystalline materials, we note that
the absence of microstructure and strain hardening mechanisms in metallic glasses greatly simpliﬁes the picture and
thus such modiﬁcations to the accumulated strain can be
ignored. Then, by ﬁtting the reported yield stress data as
a function of number of rotations (and hence strain), the
yield stress at each radius can be estimated. By applying
Eqs. (8) and (7) and integrating over the disk radius, the
total enthalpy and yield stress diﬀerence can be calculated.
Fig. 8b shows the enthalpy and ﬁctive temperature diﬀerences determined from the measured yield stress, calorimetric measurements and integrated estimate using the high

Fig. 8. HPT results [42] analyzed using the yield stress relationship to ﬁctive temperature. (a) Changes in the yield stress (approximated as one-third of the
hardness) determined from mechanical testing and calculated from the enthalpies of relaxation. The calculated yield stresses were determined using Eq. (8)
using the as-cast glass as a reference state. The results after structural relaxation annealing (indicated by the arrow) are shown as open symbols. (b) The
enthalpy diﬀerence between the HPT samples and the as-cast sample were determined from the approximated yield stress, directly measured by calorimetry
and integrated from the yield stress assuming a linear relationship between the von Mises strain and yield stress. The green band is determined from the
high- and low-strain estimates for HPT [43]; see the text for details. Enthalpy diﬀerences were calculated from Eq. (8) and ﬁctive temperature changes were
determined from Eq. (9). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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strain and low strain estimates as the upper and lower
bounds, respectively. It is observed that the integrated estimate agrees well with the enthalpy diﬀerence as measured
via calorimetry, providing additional validation of our
model. This analysis thus shows that our revised model
connecting plastic yielding in MGs is not only capable of
describing strength diﬀerences between diﬀerent glass systems, but can also successfully capture the continuum of
structural states within a given glass system brought about
by distinct treatments. We expect this approach to be applicable to various processing routes that either structurally
relax or rejuvenate glasses.
4.5. Eﬀect of Ga implantation on the observed mechanical
response
From the atom probe results, it is clear that a nonnegligible amount of Ga is incorporated in the nanowire
during irradiation. In the irradiated wire, up to 2 at.% Ga
was observed. However, it is important to note that this
concentration was measured in the near-surface region,
where the wire was cut using the FIB. As a result, this concentration may be taken as an approximate upper limit of Ga
incorporation. However, dilute Ga will be incorporated into
the nanowires at all ﬂuence levels. Therefore, the possible
eﬀect of Ga on the mechanical properties is considered here.
Ga incorporation may alter the observed mechanical
response through several mechanisms: induced residual
stresses, compositional eﬀects or the formation of a composite structure. Ion implantation leads to structural damage from collision cascades, but could also induce residual
stress, with a gradient resulting from the ion range distribution. Recently the eﬀect of residual stress on the observed
mechanical response of MGs was studied via shot peening
[44]. While shot peening could result in large compressive
residual stresses at the surface, the measured yield stress
was not signiﬁcantly changed relative to unpeened samples.
This contrasts with our results showing substantial and
recoverable reductions in yield strength, which we thus
ascribe to structural changes in the glass.
With regard to chemical shifts from ion implantation,
results from the literature also suggest that small compositional changes should not signiﬁcantly aﬀect the properties
of the Pt-based glass employed in this study [96]. Over a
range of Pt compositions between 42.5 and 60 at.%, T g
and Vickers hardness showed only small changes of less
than 3%. As a result, the substantial changes in both tensile
ductility and yield strength measured in our irradiated
nanowires are not commensurate with diﬀerences associated with the inclusion of small amounts of Ga and thus
minor chemical shifts. The impact of residual stresses and
composition is likely further diluted by the relatively small
aﬀected volume in the nanowire. In this work, the largest
irradiated volume fraction was less than 10%. As a
result, the majority of the nanowire is unaﬀected by irradiation, though the net mechanical response changes
signiﬁcantly.

Finally, it is conceivable that the irradiation process
may create a composite structure consisting of a rejuvenated skin and a largely unaﬀected core. We believe that
both our measured yield strength and the plastic deformation mode are largely controlled by the irradiated volume
of the specimen, whereas the measurement of ductility is
only weakly so. We hypothesize a mechanistic view of this
as follows. First, ion irradiation clearly leads to softening
of the material. Therefore the ion-damaged region is likely
to commence yielding before the undamaged core, thereby
controlling the measured yield point. Upon yield, the previously supported load is relaxed in the irradiated region
due to plastic deformation and the majority of load bearing
must now be borne by the core, which has a smaller crosssectional area. Thus the stress rises rapidly in the core. Provided this increase in stress exceeds the elastic limit of the
as-molded value, this event likely gives rise to yielding of
the core, which follows in quick succession. As a result,
we believe it reasonable to assume that our measurements
of yield stress are predominately governed by the damaged
zone of our irradiated specimens. This picture is supported
by simulations of ion irradiation and mechanical properties
in MGs [49], where ion collisions near the surface create a
damage gradient from the surface to the core. This ion
damage was also associated with a reduction in strength,
in excellent agreement with our results.
In contrast, the quasi-isostrain conﬁguration makes
interpretation of ductility in such a composite structure
complex. Plastic strain must be accommodated in both
the rejuvenated skin and the unaﬀected core. Therefore,
the achievable plastic strain is controlled by both regions.
However, the undamaged core region is more susceptible
to plastic instabilities or fracture, as shown by the brittle
failure we observed in as-molded nanowires, which likely
dominate the failure strain. Taken as a whole, we conclude
that the measured changes from ion irradiation are primarily due to changes in the glassy structural state, as quantiﬁed by ﬁctive temperature, and not due to stress or
compositional eﬀects.
5. Conclusions
Drawing connections between fundamental thermodynamic and physical parameters of glassy materials and
their mechanical resistance to plastic deformation is a tantalizing goal. This is a notion that has long eluded predictions of plastic deformation in crystals, where structural
descriptions of defects and obstacles are more apt. The
non-equilibrium nature of MGs and its special property
of kinetic frustration at low temperatures, leading to glass
transition, apparently correlates with destabilization by
means of mechanical energy. The broad spectrum of structural states in which a glass can exist, which is a result of its
structural heterogeneity and rugged potential energy landscape, is a unique characteristic that allows for a wide
range of mechanical behavior. This tunability is appealing
from a structural materials perspective, in which a given
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glass chemistry can be designed, for instance, for formability or environmental concerns, and the mechanical
behavior could be subsequently varied by relatively low
energy processing approaches.
In this paper, we have shown that Pt-based MG nanowires subjected to ion irradiation and annealing treatments
embody these principles and can be taken to extreme structural states, from well relaxed to heavily rejuvenated,
approaching a liquid-like state. Our systematic experimental study using quantitative in situ tensile testing shows the
inﬂuence of irradiation conditions on inelastic response,
which is captured well by a uniﬁed analytical model that
incorporates the structural state of the glass. Speciﬁcally,
we draw the following conclusions:
Pt-based MG nanowires produced by thermoplastic
molding using nanoscale templates exhibit high
strengths, brittle-like tensile behavior and failure mediated by shear banding. Ion irradiation of these nanowires changes the structural state by further
disordering the glass, leading to signiﬁcant tensile ductility, quasi-homogeneous plastic deformation and measurable reductions in yield strength. Sub-T g annealing
of ion-irradiated nanowires elicits structural relaxation
and returns the glass state to its as-molded condition
and corresponding mechanical behavior. Our systematic
study over a range of ion ﬂuences (0–300 ions nm2) and
irradiated volume fraction (0–0.1) suggests that ion ﬂuence and consequent damage show stronger correlations
with yield strength reductions over the ranges studied.
Structural characterization by selected-area transmission
electron microscopy diﬀraction shows subtle changes in
the integrated intensity proﬁles, suggesting a more disordered or liquid-like state in ion-irradiated nanowires.
Despite very small diﬀerences in scattering signatures,
the yield strength reductions are as large as 0.5 GPa.
Whereas previously reported universal scaling laws linking the yield strength of a given MG and T g cannot adequately describe the changes in yield strength as a result
of ion irradiation and annealing, our newly developed
analytical model incorporating the structural state enables
predictive capability and captures our results well. We estimate that ion irradiation at high ﬂuence levels (300 ions/
nm2) lead to changes in T f of over 100 K, which corresponds to approximately ten orders of magnitude in cooling rate in bulk MGs. We demonstrate the robustness of
our model by applying it to literature reports of hardness
reductions from severe plastic deformation of MGs, and
show that the changes in mechanical properties can be
used to adequately predict the excess enthalpies of the
glass subjected to varying plastic strain.
Our results not only show that the mechanical properties and plastic deformation mode of small-scale MGs
can be varied substantially within a given glass system,
but also demonstrate the diversity of processing routes that
can be used to tailor the structural properties of MGs. Our
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results and analysis could potentially be used to design new
processing treatments that lead to a broader library of
properties and more graceful failure modes in glassy
materials.
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