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PROGRESS AND POTENTIAL

Revealing the inherent structure-

property relations in a broad class

of amorphous materials is crucial

for the design of metallic glasses

(MGs) with controllable

properties. Here, we show that the

deformability of MGs is inherently

determined by their structural

heterogeneity, using monatomic

Ta nanowires as an ideal platform.

The monatomic MG nanowires

largely eliminate the possible

interference from chemistry

heterogeneity. By applying
SUMMARY

Deformability of metallic glasses (MGs) is strongly influenced by
their thermomechanical processing history that governs their en-
ergy state and local atomic configurations. Here, we reveal that
monatomic tantalum MG nanowires, tailored by electropulsing,
can attain a remarkable range of deformability, manifesting as
either liquid-like flow or brittle fracture. Inherent structural hetero-
geneity on the level of atomic order dominates the plasticity and
deformation transition of monatomic MGs. By tracking atomic rear-
rangement during straining, we find the dispersive and sparse distri-
bution of local order is associated with necking, yet percolation of
medium-range order constrains the deformability and results in
brittle failure. This work sheds new light on the structure-property
relationships in MGs, which has important implications for the
design of nanoscale MGs with tunable mechanical properties.
nanosecond electropulsing inside

transmission electron microscopy,

the microstructure motifs and

structural heterogeneity of MGs

are tailored in a wide range, so

ductile and brittle fracture modes

are activated. Atomistic

simulations demonstrate

significant correlations between

the brittle-ductile transition and

the medium-range order in MGs.

These results provide a unique

perspective on manufacturing

amorphous nanomaterials with

enhanced properties for

engineering applications.
INTRODUCTION

Metallic glasses (MGs) possess unique mechanical properties, including ultra-high

strength and excellent elasticity.1 On yielding, however, MGs generally suffer from

poor ductility due to highly localized inhomogeneous deformation from the forma-

tion and propagation of a few dominant shear bands.1,2 Significant efforts have been

made to enhance the deformability and thus ductility of MGs by varying thermome-

chanical processing.3 Analogous to crystalline metals and alloys, changes in

fabrication and/or processing history, e.g., in terms of cooling rate, aging, or ‘‘en-

ergy injection,’’ can endow MGs with a wide range of inherent metastable states,3

corresponding to numerous metabasins in their potential energy landscapes. For

a given MG, specific variations in their processing history,4,5 a reduction in sample

size,6–8 and even irradiation9 can facilitate, to some extent, homogeneous plastic

flow to induce a brittle-to-ductile transition. Such a transition in deformation

mode has often been ascribed to the so-called ‘‘rejuvenation’’ of MGs,3 although

its microstructural origin remains largely elusive.

In classical theory,3 such history-dependent behavior of MGs has mainly been

ascribed to the formation of different metastable states with distinct atomic packing

and thus mechanical responses. Rejuvenation was believed to reduce the atomic

packing density and increase the free volume of MGs,10–13 thereby facilitating the

formation of shear transformation zones (STZs) and enhancing the ductility.14

However, previous studies merely presented the statistically averaged volume

information in bulk MGs via diffraction peak analyses,10–13 especially the first

sharp diffraction peak (FSDP, an essential structural characteristic and indicator of

amorphous density denoted as q1), which cannot represent the intrinsic difference
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between atomic configurations or their evolutions. At the atomic scale, MGs are

composed of numerous structural heterogeneities, including short-range order

(SRO) and medium-range order (MRO).15,16 Their spatial distributions and dynamic

evolution should directly correlate with the deformability of MGs, which have yet to

be elucidated. Both in situ17 and ex situ18,19 characterizations demonstrated that the

occurrence of local shear transformation and shear band formation in MGs is often

accompanied by a significant reduction in MROs. During this process, considerable

diversity in SROs/MROs is hypothesized to manifest as favored and unfavored local

atomic configurations,20,21 which, especially MROs, directly impact the mechanical

response of MGs.22 However, the impact of structural heterogeneities, particularly

the differences in SROs and MROs and their dynamic evolutions, on the deformabil-

ity and brittle-to-ductile transition of MGs remains an open question.

Here, we uncover the microstructural origin of the brittle-to-ductile transition of

monoatomic tantalum (Ta) MGs nanowires using in situ nanomechanical testing

and atomistic simulation. Monatomic MGs can largely eliminate the interference

from chemical heterogeneity on the configuration of atomic clusters10 and thus their

effects on deformation dynamics. By applying nanosecond electric pulses,23 we are

able to tailor the microstructure motifs of MGs to induce different deformation

modes (shear band or necking). By tracking the dynamic development of microstruc-

ture through selected-area electron diffraction (SAED) and high-resolution transmis-

sion electron microscopy (HRTEM), as well as large-scale molecular dynamics, we

reveal the significant roles of structural heterogeneity in controlling the brittle-to-

ductile transition in monatomic Ta MGs.

RESULTS AND DISCUSSION

Dynamic microstructural identification of plastic deformation of MG

nanowires

We first decouple the elastic and plastic behaviors of Ta MG nanowires, by quanti-

fying the FSDP via in situ SAED under tension. Ta MG nanowires with cylindrical (Fig-

ure 1A) and hyperboloidal (Figure 1B) shapes were fabricated and loaded (Figure S1

illustrates the initial morphologies). On loading, the cylindrical nanowire exhibited

fast fracture at the upper end (Figure 1A), presumably due to a high stress concen-

tration at the nanowire-substrate interface. In contrast, the interior of the nanowire

remained primarily elastic. As shown in Figure 1C, the position in momentum trans-

fer of the FSDP (q1) can be seen to gradually shift to a lower value with the tensile

strain, corresponding to a structural dilatation; immediately after fracture, the

peak promptly shifts back to its nominally original position (inset in Figure 1C), indi-

cating a full elastic recovery. The change in FSDP, consistent with the deformation

mode, provides benchmarks of essential transitions in our in situ straining experi-

ments. In the hyperboloidal sample (Figure 1D), the FSDP shifted slightly toward a

lower q similarly during the early stage of deformation; subsequently, the peak grad-

ually shifted back toward a higher q, in particular during the late stage of deforma-

tion, which suggests the occurrence of a densification process (relaxation) that pre-

dominates over the dilatation. With the strain localization in the necking zone, a

shear-dominated fracture occurred at the minimum cross-section of the sample (Fig-

ure 1B), leaving a rough fracture surface. After fracture, the FSDP further rebounded

toward a higher q, indicative of elastic recovery and the resultant densification in the

elastically-deformed regions. Interestingly, a secondary peak with large q1 ap-

peared after fracture (inset in Figure 1D), implying significant peak broadening

due to complicated microstructure changes induced by localized deformation and

inhomogeneous distributed residual stress in the fracture region.24 In both samples,

no crystallization appears throughout the entire deformation process (Figure S2). A
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Figure 1. Deformation behaviors of Ta MG nanowires

(A and B) TEM images showing the fracture morphology of two different samples. Diffraction information is acquired within the selected-area aperture

denoted by the white dashed circles.

(C and D) SAED profiles over time of these two nanowires obtained in situ during the deformation, focusing on the evolution of the first sharp diffraction

peak (FSDP). There are three stages for the cylindrical sample: elastic deformation (0–87 s), fracture (87–90 s), and elastic recovery (90–120 s); four stages

for the hyperboloidal sample: elastic deformation (0–27 s), plastic deformation (27–52 s), fracture (52–55 s), and recovery (55–85 s). Insets compare the

magnified features of the first diffraction peak between the initial (light color) and fractured (dark color) states.

(E and F) Deformation snapshots of two tension-loaded Ta MG nanowires with a similar size but different processing histories.

(G and H) Evolution of the azimuthally averaged one-dimensional fast Fourier transform (FFT) intensity of these two nanowires during deformation,

respectively. The dashed curves are provided as a reference for tracking the change in the peak positions. Scale bars: (A and B) 100 nm; (E and F) 10 nm.

ll
Article
comparison between the change in the FSDP during elastic and plastic deformation

clearly suggests the presence of two competing processes actively involved in the

deformation of the MGs: stress-driven structural dilatation and local atomic

rearrangement-mediated densification. Both processes are closely related to the

configurational evolution of atomic clusters, whereas the initial energy state of

the MGs appears to determine the predominance of the two processes and thus

the overall deformation behavior.

To further reveal the microstructural origin underlying the different deformation

modes, we attempted to tune the atomic structures of the monatomic Ta MG nano-

wires to various energy states through the use of electropulsing. Specifically, we

reduced the size of the test samples to enhance the current density passing through

them, in order to improve the extent of pulse-induced structural variations. With the

size reduction, an as-welded MG nanowire (�23 nm in diameter, obtained by single-

pulse nano-welding) exhibited interesting viscous flow from plastic (necking) insta-

bility under tension (Figure 1E and Video S1). This behavior is in stark contrast to

the shear localization seen in the larger-sized nanowires. Clear neck development

and viscous flow are an indication of an intense process of atomic rearrangement.25

An annealed Ta MG nanowire with fully amorphous structure (Figure 1F) was
1162 Matter 6, 1160–1172, April 5, 2023
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obtained by multiple small pulse processing after fabrication (see Experimental

procedures for details). Although this nanowire had a similar, or even slightly smaller,

diameter (�21 nm) than the samples described above, it displayed limited ductility

in terms of failure via a single significant shear band (Figure 1F) in contrast to the

severe necking in Figure 1E. The shear band formation is shown in Video S2, where

a small degree of plastic flow can be detected.

To evaluate the dynamic structural evolution during straining, we analyzed the fast

Fourier transform (FFT) patterns of sequential deformation images. For the nanowire

fractured by necking (Figure 1E), the position of the maximum peak (q1) fluctuated

throughout the tensile test, without any apparent directional shift (Figure 1G). This

feature of a dynamic equilibrium of the average atomic volume suggests that

the two processes of dilatation and densification are in balance in the deforming

nanowire. By contrast, the pulse-annealed nanowire that displayed a shear band

fracture exhibited an obvious peak shift during deformation toward the low q side

(Figure 1H, dilation predominated process). However, when the shear band formed,

the peak shifted back quickly, followed by a peak split (marked by the red arrows in

Figure 1H). These phenomena shown in Figure 1H in general are consistent with the

SAED experiment presented in Figure 1D; together they present a clear character-

ization of the microstructural dynamics during inhomogeneous plastic shear of

MGs. Specifically, a statistical dilation of the average atomic volume occurs first

under tension, associated with a continuous rearrangement of atomic clusters at

the atomistic scale; the subsequent formation of a shear band then effectively

releases elastic strain energy, to induce the relaxation of energetically unfavored

atomic clusters. Until failure occurred, shear band formation was accompanied by

a more evident peak broadening from inhomogeneous strain than necking (Fig-

ure 1H). These two nanowires had a similar size and were deformed under identical

conditions; accordingly, the contribution to the deformation from size- and surface-

induced atomic flow should be similar. Additionally, the two nanowires had almost

identical q1 (�25.4 nm�1) values, i.e., the same average atomic volume. These facts

strongly imply that the marked difference observed in their plastic deformation

behavior must have originated from another important structural characteristic,

specifically, the intrinsic structural heterogeneity in MGs.

Atomistic modeling of Ta MG nanowires from brittle to ductile

Accordingly, large-scale atomistic simulations were performed to explore the critical

role of structural heterogeneity on the deformation of the Ta MG nanowires. Two

samples with the same size but markedly different processing histories, including ag-

ing that creates a highly relaxed state corresponding to the pulse-annealed nano-

wire and rejuvenation that generates an ultra-fast quenched state corresponding

to the as-welded nanowire, were prepared for mechanical testing. In the aged nano-

wire (Figure 2A), the simulations show that local shear transformation events (STZs)

were activated upon deformation, which accumulated gradually to form an incipient

shear band at 16% strain. At the strain of 30%, a mature shear band was developed

through increasing activation and percolation of the shear transformation events. In

contrast, the triggered STZs in the rejuvenated nanowire spread uniformly at strain

level below 30%, which gave rise to an enhanced ductility accompanied by the

delayed necking localization at 50% strain (Figure 2B). The spatial and temporal

evolutions of local plastic strain demonstrate a clear brittle-to-ductile transition

from the aged nanowire (shear banding) to the rejuvenated one (necking-like

flow). Figures 2C and 2D provide further quantification of the dynamic variations

in the distribution of the atomic density, i.e., the inverse of atomic volume enclosed

by the Voronoi cell of the central atom (further discussion of this is provided in Note
Matter 6, 1160–1172, April 5, 2023 1163



Figure 2. Simulations of the deformation behaviors of aged and rejuvenated Ta MG nanowires

(A and B) The structural evolution of the aged (A) and rejuvenated nanowires (B) with straining, respectively. The atoms are (false) color-coded by the

atomic strain; only the atoms with atomic shear strain higher than 0.3 are shown.

(C and D) The evolution of the distribution of the local atomic density with strain in aged (C) and rejuvenated nanowires (D). The dashed black lines

indicate the peak position of the distribution.
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S1). In the aged nanowire, the peak position of the atomic density gradually shifted

to a smaller value prior to a 12% strain (Figure 2C), implying the occurrence of a

stress-induced dilation and free volume accumulation during elastic deformation.

Immediately after the yielding, at the formation of an incipient shear band at 16%

strain, the decreasing trend in the peak in atomic density appeared to reverse

with further increase in strain up to 40%, indicating that the applied strain had

been accommodated in the shear band to enable the relaxation of the elastically

deformed matrix. In contrast, for the rejuvenated nanowire, the peak in atomic den-

sity displayed no such variation with strain (Figure 2D), suggesting the existence of a

relaxation process that can densify the structure and compensate for any dilation. A

similar variation of peak profile with strain in aged and rejuvenated systems is also

observed in our molecular dynamics (MD) deformation simulations (Figure S3).

These simulation results are remarkably consistent with the experimentally

measured distributions in the peak in atomic density in Figure 1; this implies a strong
1164 Matter 6, 1160–1172, April 5, 2023



Figure 3. Short-range and medium-range order in aged and rejuvenated Ta MG nanowires

(A) Distributions of Voronoi polyhedra with a fraction greater than 1% in aged and rejuvenated nanowires, respectively.

(B) Evolution of the fraction of (0,1,10,2) distorted icosahedra (blue) and (0,0,12,0) perfect icosahedra (red) as a function of applied strain in aged (solid

circles) and rejuvenated (crosses) nanowires.

(C) 2D spatial distribution of the density of icosahedra (ICO) in aged nanowires at 0% strain (initial structure) and 25% strain (shear band formation).

(D) 2D spatial distribution of the ICO density in rejuvenated nanowires at 0% strain (initial structure) and 35% strain (necking formation).

(E and F) The corresponding distributions of medium-range order in these two nanowires, as illustrated by the 3D spatial distribution of ICO networks

connected by volume sharing. Only ICO networks with more than 10 atoms are shown; they are shown (false) colored by network size.
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correlation between local atomic structure and the overall deformation behavior of

MGs. Additionally, both nanowires possess a similar average atomic volume of 18.90

G 0.01 Å3, close to the same average q1 value in Figure 1. Given the completely

different deformation modes in these two types of nanowires, it is reasonable to

speculate that the atomic free volume per se, or the q1 value, should not be consid-

ered as the determining microstructural feature controlling the mechanical response

of MGs.

To elucidate the physical origin of brittle-to-ductile transition in the Ta MG nano-

wires with the same average atomic volume, the evolution of atomic structure based

on SRO and MRO was carefully analyzed. The SRO is characterized in terms of Vor-

onoi polyhedra (Figure S4), which represents the elemental building units that

comprise the amorphous structure.15 The connectivity of the polyhedra, via vertex,

edge, face, or volume sharing, reflects the medium-range arrangements in MGs16,26

(as discussed in Note S2 and Figure S5). Figure 3A presents and compares the sta-

tistical distributions of Voronoi polyhedra in the undeformed MG nanowires. The

aged nanowire has a more concentrated distribution with high fractions of certain
Matter 6, 1160–1172, April 5, 2023 1165
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groups of polyhedra (irrelevant to the volume of Voronoi cells, per Figure S6); in

contrast, the rejuvenated nanowire exhibits a relatively random distribution, sug-

gesting the thermal-induced propensity for structural homogeneity. In particular,

the dense icosahedron (ICO) (0,0,12,0) and icosahedral-like (0,1,10,2) atomic motifs,

which are the two most energetically favored local atomic configurations in the aged

nanowire, are appreciably reduced after rejuvenation; indeed, they are not the most

preferred form of SRO in rejuvenated nanowire. Given that themean atomic volumes

associated with polyhedral and their distribution are the same in these two samples

(Figure S7), the fluctuation in the proportion of specific polyhedra, as well as the

dynamic transformation between different types of Voronoi cells during straining

(Figure S8), should provide the root cause for the variation in atomic volume distri-

bution in the respective systems plotted in Figures 2C and 2D. Figure 3B shows the

fractions of energetically favorable icosahedral-like motifs, i.e., (0,1,10,2) and ICO

(0,0,12,0), as a function of the applied strain. Strikingly, the aged and rejuvenated

systems demonstrate distinct behaviors in the early stage of deformation: the former

involves a decrease in the fraction of icosahedral-like packing, yet the latter exhibits

an increase in this fraction. The strain-induced accumulation of energetically

preferred clusters in the rejuvenated nanowire indicates structural relaxation and

the resultant formation of lower energy clusters during mechanical loading.

Figures 3C–3F present the spatial evolutions of ICO clusters (SRO) and their net-

works (MRO) in response to the mechanical strain, with the objective to connect

them with the necking and shear band activities. In the aged system (Figure 3C),

the density of ICOs is appreciably reduced in the shear band region, indicating

that the local plastic deformation associated with shear banding formation would

destroy the ICO packing (Figure S9A and Video S3). Regarding the rejuvenated

nanowire (Figure 3D), however, the ICOs tend to nucleate throughout the whole

system, suggesting a strain-mediated homogeneous relaxation (Figure S9B). In

Figures 3E and 3F, we show the spatial evolution of ICO networks (MRO) that are

comprised of volume-shared ICOs. It is noted that the ICO networks are drastically

reduced along with the shear bands (right panel of Figures 3E and S10A and Video

S4). We further analyzed the statistical distribution of isolated ICO and connected

ICOs (Figure S11) in the aged and rejuvenated systems. Interestingly both nanowires

show nearly the same amount of isolated ICOs, but the aged system possesses more

ICO-connected clusters (network). During mechanical straining, the ICO networks

can be seen to be shrinking in the aged system, yet they are growing in the rejuve-

nated system, although the number of isolated ICOs remains essentially unchanged.

This signifies that the ICO networks (i.e., MROs) are primarily responsible for plastic

deformation and for the observed brittle-to-ductile transition; as such, we can

conclude that they dictate the deformability and mechanical response of the MG

nanowires. It is also important to note that thermal annealing could easily reduce

the energy of MGs at the rejuvenated state by the rearrangements of atoms.27,28

To differentiate the strain effect from the thermal effect, we tracked how the

distribution of ICOs and MROs was evolving in the rejuvenated sample during

thermal annealing. As shown in Figure S12, the thermal relaxation has a negligible

impact on the accumulation of MRO, compared with the ones in the uniaxially

loaded sample.

Considerable structural heterogeneity in monatomic MG nanowires

For amorphous materials, the topological structural order determines the configura-

tional potential energy29 where, with the accumulation of order, a hierarchical struc-

tural heterogeneity is generated. As a representative feature with 5-fold symmetry

and low potential energy, ICO ordering is prone to aggregate and connect to
1166 Matter 6, 1160–1172, April 5, 2023
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form long ICO chains and dense networks under slower cooling or thermal aging,20

reflecting a typical process of how SROs organize themselves into MROs. These

interlocked chains and networks build the backbone of stiff MGs, and their spatial

distributions should dominate the mechanical response of MGs. Meanwhile,

frustrated atomic clusters with higher configurational potential energy fill up the

space framed by the backbones and ‘‘glue’’ them together. The stiff ICO network

and its surrounding soft matrix respond differently to external loading, so the

structural heterogeneity spawns deformation heterogeneity. When the ICOs are

percolated to form highly connected stable MROs, as in a well-aged system, they

restrict or resist the structure relaxation of atomic clusters within or around them,

local shear transformation events break the ICOs, and the corresponding transfor-

mation of the polyhedra results in volume expansion; thus, MROs such as ICO net-

works provide an ideal location for free volume accumulation or STZ activation

and propagation. In contrast, if the ICOs are spatially isolated, the MROs become

fewer and looser, so their constraint on the mobility of atoms is weakened. Conse-

quently, when shear transformation and local rearrangement occur in extensive

soft regions, the formation of new ICOs or MROs results in relaxation and densifica-

tion. This MRO-controlled plastic deformation of MGs is consistent with our in situ

HRTEM observations (Figure S13), where crystal-like MROs are generated in the

necking sample but are broken down in the shear band sample. To summarize,

the structural heterogeneity, stemming from various relative fractions and spatial

distribution of SRO and MRO, which in turn depends on the processing history,

determines the deformation behavior of MG nanowires.

To further verify the dominance of structural heterogeneity on the deformation of

MGs, we further processed Ta MG nanowires to an extreme state of structural

heterogeneity, consisting of nanograins embedded in a glass matrix. Figures 4A

and 4B illustrate an example of this glass nanowire with crystal seeds. Both the FFT

pattern (inset in Figure 4A) and HRTEM observations (Figure 4B) clearly indicate

the extensive existence of numerous crystallographic lattices in the amorphous

matrix. Compared with its initial fully amorphous state (Figures S14A–S14D), the

partially crystalized nanowire exhibits a sharper peak on its azimuthal average FFT

profile (Figure 4C), associated with extensive but dispersed ordered regions (Fig-

ure 4B). Under tension, apparent brittle fracture occurred at a strain of 5.5% (shown

in Video S5 and the inset in Figure 4D), which implies insignificant strain-induced

relaxation processes, according to its FFT profile distribution (Figure 4D). Compared

with the nanowires in Figures 1 and S15, the shear fracture of the partially crystalized

nanowire further illustrates that structural heterogeneity should be the intrinsic factor

determining the plastic deformationmode ofMGs, in contrast to the widely believed

variation of averaged structural state.30 Figure 4E summarizes the deformation

behavior of TaMG nanowires with different average q1 values and sizes. The q1-inde-

pendent fracture modes validate that the deformation mode of MGs is not deter-

mined by the average q1 (free volume) but its inherent structural heterogeneity.

Note that as the q1 value represents an average structure parameter associated

with average atomic volume or free volume, it cannot reflect exactly the intrinsic

structural heterogeneity ofMGs,whichdetermines their deformationmodes. In other

words, samples with the same q1 values may possess different arrangements and

combinations of SROs/MROs. Furthermore, the degree of structural ordering is not

closely related to theq1 value, but rather the full widths at halfmaximum (or the sharp-

ness of peak). As an aside, it is important to note that the size-dependent brittle-to-

ductile transition in MGs has been widely studied,31,32 where smaller MG samples

have fewer flaws for the shear band initiation and thereby enhance the ductility via

uniform STZ or diffusion-controlledmechanisms.33–35 Our contention here, however,
Matter 6, 1160–1172, April 5, 2023 1167



Figure 4. Effect of structural heterogeneity on the deformation of Ta MG nanowires

(A) A Ta MG nanowire with crystal seeds. The FFT pattern confirms the existence of crystal seeds.

(B) HRTEM image showing visible nanocrystals in the amorphous matrix in the selected area of (A).

(C) Azimuthally averaged one-dimensional FFT profiles from the selected area of (A) at initial state and after multipulse process, respectively. Three

columns represent the corresponding color regions in (B), where their positions and heights correspond to lattice spacings and region areas,

respectively.

(D) Evolution of FFT profiles from the strain concentration area during the tension test. Inset is the fracture morphology of the nanowire.

(E) Distribution of fracture modes of Ta MG nanowires with different q1 values and sizes. The error bars are the standard errors of fitting parameters.

Inset (F) shows a mixed fracture of a larger specimen. Scale bars: (A) 20 nm; (B) 5 nm; (D) 20 nm; (F) 100 nm.
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is that the size effect inevitably works on the structural heterogeneity and promotes

the cluster rearrangement in our small samples; thus, the free volume is easier to

redistribute or escape (for an example, see Figure S15). Accordingly, our results on

the shear fracture of Ta MG nanowires sized less than 20 nm (Figure 4E) demonstrate

that the size effectmerely acts as a secondary factor on the brittle-to-ductile transition

of MGs, with the intrinsic structural heterogeneity of MGs playing the dominant role

in determining the deformation modes. This implies that it is feasible to use electro-

pulsing to tailor structural heterogeneity in amorphous materials to improve the

room temperature tensile ductility in larger MG samples (Figure 4F). Note that

though nanosecond electropulsing process provides a possibility of manipulating

the microstructural heterogeneity in MGs, the precise operation can be influenced

by several factors, including sample geometry, pulse parameter, and number of

pulses applied.

Conclusions

In conclusion, we reveal in this study the origin of the brittle-to-ductile transition in

monatomic Ta MGs, by tailoring the intrinsic structural heterogeneity via electro-

pulsing and tracking their dynamic evolution upon deformation. The structural het-

erogeneity is found to be an intrinsic factor in controlling the deformation modes of
1168 Matter 6, 1160–1172, April 5, 2023
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monoatomic MG nanowires, which provides direct experimental evidence of the or-

igins of the deformability of MGs, in contrast to the widely accepted averaged struc-

tural state criterion.3,30 Atomistic simulations further demonstrate that the origin of

the brittle-to-ductile transition in TaMG nanowires is more associated with the struc-

tural features of MRO rather than with SRO. These findings establish critical correla-

tions between the inherent structure of metallic glasses and their deformation

modes, which we believe advances the current understanding of structure-property

relations in a broad class of MG materials. Further, this study is of technological

importance for the future design of MGs with controllable mechanical properties.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, JiangweiWang (jiangwei_wang@zju.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data are available in the main text or the supplemental information.

Specimen preparation and in situ tensile straining

Two bulk Ta rods (99.9+ wt %), supplied by Alfa Aesar, with a 0.25 mm diameter,

were cut with diagonal-cutting pliers to form fresh fracture edges with plentiful trian-

gular nano-tips. To minimize possible contamination prior to cutting, the rods were

stored in a glove box filled with helium (with O2 and H2O levels both below 1 ppm)

after ultrasonic cleaning in absolute ethyl alcohol and drying overnight in vacuo at

120�C before cutting. Subsequently, two fractured Ta rods were mounted onto

the fixed end and to the probe side of a PicoFemto TEM-STM specimen holder

(Zeptools Co.). In situ nanofabrication and tensile straining of these Ta MGs were

then performed inside a Cs-corrected FEI Titan G2 60–300 transmission electron

microscope (TEM) operating at 300 kV. During nanofabrication, the Ta rod on the

probe side was moved via a built-in piezo-manipulator to approach the rod at the

fixed end of the holder in order to bring the two selected nano-tips into contact.

After applying a transient square electric pulse (1.0–3.0 V, 5 ns) by a Pulse Generator

(Agilent Technologies model 81110A), the Ta MG nanowires were subjected to

ultra-fast quenching after nano-welding of the tips. Tensile straining of the as-fabri-

cated TaMG nanowires was performed by retracting the Ta rod at the probe side at a

strain rate of �10�3 s�1. During deformation, SAED patterns were monitored in situ,

using a diffraction lens aperture holder of �200 nm. The TEM images, SAED

patterns, and associated videos were all recorded by a GATAN Model 994

charge-coupled device camera at an exposure time of 0.3–0.5 s (per frame). In

Figure 4E, nanowires with different q1 were fabricated by applying different electro-

pulsing treatments, specifically by changing the pulse parameters and number of

pulses applied.

As electron beam irradiation can influence the deformation of MGs, a low irradiation

dose of 100–200 eÅ�2 s�1 as well as beam blank experiment were applied to mini-

mize this possibility. For direct comparisons, the same beam condition was em-

ployed for nanowires of similar size, in order to reduce the possible contributions

from knock-on damage and surface diffusion to their deformation (see Figures 1E–

1H). It should be noted though that as Ta has a relatively large atomic weight, any
Matter 6, 1160–1172, April 5, 2023 1169

mailto:jiangwei_wang@zju.edu.cn


ll
Article
knock-on damage would likely be weak owing to its ultra-high knock-on thresholds.

Additionally, electron beam heating was deemed to be negligible because of the

high thermal conductivity of Ta and the fact that the e-beam dose was limited.
Structure analysis based on SAED and FFT

For SAED analysis, the magnitude of the scattering vector was defined as q = (4p/l)

sinq, where q is the scattering half-angle, and l is the electron wavelength. For

HRTEM analysis, the FFT results can provide statistical information on the atomic

arrangements, akin to diffraction patterns. The azimuthally averaged scattered in-

tensity (from SAED) and FFT intensity (from HRTEM) were computed using the

eRDF Analyser software.36 Specifically, two-dimensional (2D) FFT patterns were

acquired from sequential HRTEM images. Keeping the selected regions of FFT on

the minimum section of the samples (256 3 256 pixels), the real-time azimuthal

average variations of the FFT intensity were recorded. The azimuthally averaged

HRTEM-FFT profiles were then smoothed using the Savitzky-Golay method in the

OriginPro 2018 software.
Atomistic models and uniaxial tensile deformation of metallic glass nanowires

We used the embedded atom method37 potential, previously developed to model

amorphous Ta, for describing the interatomic interactions.23 The initial bulk glass

was simulated by quenching an equilibrated high-temperature liquid from 4,000 K

down to 1 K at a finite cooling rate of 0.25 K/ps. The as-quenched glassy block was

then tailored into cylindrical nanowires, 20 nm in diameter and 40 nm in length, con-

taining approximately 6.56 3 105 Ta atoms. Starting from this prepared nanopillar,

two independent simulations, for aging and rejuvenation, were instigated to

prepare aged and rejuvenated nanowires, respectively. Specifically, the nanowire

was relaxed at a temperature of 1,600 K (well below glass transition temperature of

�1,700 K), followed by slow cooling to 300 K, to generate the aged nanowire. The

rejuvenated nanowire was acquired by heating the nanowire to 2,500 K for 50 ps, fol-

lowed by fast quenching to 300 K. In order to eliminate the interference from the

thermally activated deformation,38 both nanowires were fully relaxed at 300 K before

uniaxial tension straining deformation at an engineering strain rate of 5 3 108 s�1.
Local ICO density and its strain evolution

The slabs (20 nm3 40 nm3 6 nm) containing regions of the shear band and necking

zone were extracted from the aged and rejuvenated nanowires, respectively, to

construct the relationship between structure and deformation mode. To create

the density map, we used a 2D Gaussian function to represent each ICO, defined

as Bðx; y; Xi; Yi;ux ;uyÞ = 1
2puxuy

exp
�
� ðx�XiÞ2

2u2
x

� ðy�YiÞ2
2u2

y

�
, where ðXi;YiÞ is the i-th

ICO atom coordinate, and ux = uy are the Gaussian width in the x- and y-directions,

respectively. The distribution of the local ICO density was estimated by fðx; yÞ =Pn
i = 1Bðx; y;Xi;Yi;ux;uyÞ, where i ranges from 1 to n, and n is the total number of

ICOs in the system. Based on the radial distribution functions (Figure S16A), ux =

uy = 2 was chosen to accurately capture each individual ICO atom and represent

the local environment (see Figure S16C). To construct a continuous density map, a

mesh-grid with unit size 131�A
2
was established across the sample, with the density

value fðx; yÞ at each unit grid center (x, y) calculated and averaged over the slab thick-

ness (6 nm). An example of the system containing five ICOs is presented in

Figures S16D–S16F. To clearly demonstrate the evolution of local ICO density

from the initial state in the figure, a fixed color bar range is used for each nanowire

at different strain states. The histograms of local ICO density for two nanowires at 0%
1170 Matter 6, 1160–1172, April 5, 2023
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strain are shown in Figure S16B, with the complete density evolution with respect to

strain shown, for example, in Figure S9.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.

2023.01.016.
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