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Deformation-induced medium-range order changes in bulk metallic glasses
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Bulk metallic glasses (BMGs) naturally have excellent strength and elasticity while structural rejuvena-
tion into higher energy glassy states is often required to improve ductility. However, our understanding of
the detailed atomic ordering changes that occur during rejuvenation processes, such as plastic deformation,
remains limited. This study utilizes nanobeam electron diffraction in a transmission electron microscope as
an effective method to reveal the structural changes that occur after deformation in two Zr-based BMGs.
Our findings indicate that heavy deformation from indentation or fracture causes an increase in the size of
fcc-like medium-range order (MRO) clusters in a harder icosahedral dominated matrix, which corresponds to
local softening of the BMGs. By examining the structure evolution at different points in the fracture process,
we reveal that the mechanism of growth of MRO clusters is likely driven by enhanced diffusion from local
temperature rise and/or free volume generation rather than deformation-induced nucleation and growth of new
MRO sites.
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I. INTRODUCTION

Bulk metallic glasses (BMGs) represent a class of metallic
alloys that are well known for a lack of long-range structural
order along with excellent strength and elasticity properties
[1–3]. However, achieving good ductility in BMGs remains
a challenge and extensive research has been undertaken to
understand how to control the glassy structures of BMGs
to achieve improved deformability. Structural relaxation of
BMGs to denser and lower energy states (e.g., by anneal-
ing below the glass transition temperature Tg) has long been
known to embrittle BMGs [4–11]; thus, research efforts have
focused on how to induce structural rejuvenation to higher
energy glassy structures to improve ductility and fracture
toughness [12]. Various methods to induce structural rejuve-
nation have been reported, such as elastostatic compression
[13–15], cryogenic thermal cycling (TC) [16–20], high-
pressure torsion (HPT) deformation [21–24], cold rolling
[25–31], and mechanical imprinting [32–34]. Other examples
of activating higher energy glassy structures are achieved
by forming nanoglasses by electrodeposition [35] or pulling
a BMG rod sample to apply strain during cooling [36].
While such studies have revealed clear connections between
increased relaxation enthalpy and softening of BMGs, macro-
scopic ductility and toughness are also thought to be related to
heterogeneities in the glassy structure at multiple length scales
[18,21,22,27–29,32,34,37]. Furthermore, our understanding
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of how detailed structural features at the atomistic scale, such
as short-range order (SRO) and medium-range order (MRO),
as well as features at the microscale control the deformation
response remains limited [38–40].

Recently, nanobeam electron diffraction (NBED) and fluc-
tuation electron microscopy (FEM) studies in a transmission
electron microscope (TEM) have revealed a linear relationship
between the local hardness of the BMG and the MRO cluster
size and volume fraction at the nanoscale [38]. While the
scaling of the relationship was found to be sensitive to BMG
composition, the linear relationship was identical for different
rejuvenation treatments that altered the local hardness such
as cryogenic thermal cycling, high-pressure torsion deforma-
tion, or cold rolling, i.e., a location with identical hardness in
both treated and untreated samples had identical MRO cluster
size and volume fraction regardless of the sample history
[38]. With this finding, we proposed a model that explains
how the volume fraction and size of the relatively soft fcc-
like clusters in a harder matrix dictate the local hardness of
BMGs. Thus, the analysis of MRO using the NBED-based
technique appears to be a viable method to further understand
deformation-induced structural changes that occur in BMGs
during much more severe deformation processes such as in-
dentation or catastrophic fracture.

Accordingly, in this study the same two zirconium-based
BMGs as in Ref. [38] were used to study the local MRO
changes induced by indentation and bulk fracture processes.
We first confirm the repeatability of our previous correlation
between local hardness and MRO using uniaxial compres-
sion samples that can be easily cross sectioned and hardness
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mapped. We then use NBED and FEM to examine TEM
samples taken from the plastic zones of indents and from
fracture surfaces to measure the local MRO and estimate the
amount of deformation-induced softening. Our findings indi-
cate that those heavy deformation processes cause an increase
in the size of fcc-like MRO clusters in a harder icosahedral
dominated matrix, which corresponds to local softening of the
BMG. This study helps to establish NBED-based MRO anal-
ysis as a viable method for examining deformation-induced
structural changes in BMGs and creating a better understand-
ing of BMG deformation mechanisms.

II. MATERIALS AND METHODS

A. Materials

The Zr63.78Cu14.72Ni10Al10Nb1.5 BMG used in this study
was prepared by suction copper mold casting in Ar (99.999%)
atmosphere as described in detail previously [18]. The ther-
mally cycled (TC) samples used in this study were treated by
alternatingly immersing the samples into liquid nitrogen and
boiling water for 1 min each for a total of 170 cryogenic ther-
mal cycles. Research grade Zr52.5Cu17.9Ni14.6Al10Ti5 (at. %)
BMG plates were procured from Liquidmetal Technologies
(USA). Annealing of the Zr-Cu-Ni-Al-Ti BMG was con-
ducted at 630 K for 2 h under an Ar atmosphere using a heat
flux calorimeter (DSC 204 F1, Netzsch).

B. Mechanical testing

Uniaxial compression testing was conducted for the as-cast
Zr-Cu-Ni-Al-Nb BMG samples using (N = 5) rectangular
specimens with nominal dimensions of 2×2×4 mm3 that
were cut from larger beam samples using a low-speed dia-
mond saw. The surfaces were ground flat and parallel prior
to testing using a computer-controlled servo-hydraulic testing
machine (Model 8872, Instron Corporation, Norwood, MA,
USA) with a calibrated 25-kN load cell. The displacement
rate used for the compression tests was 0.33 μm/s and the
true plastic strain (εt) was calculated to account for the cross-
sectional area change by εt = ln(1 + L/L0), where L0 and L
are the initial and final sample length, respectively. After the
compression test, samples were cut perpendicular to the length
and the cross section was polished for subsequent microhard-
ness mapping. Microhardness mapping with more than 1400
indents (Durascan-80, Struers, Denmark) was conducted on
the polished cross sections with an applied load of 0.05-kg
force and a dwell time of 10 s. An indent spacing of 40 μm
was selected to balance mapping spatial resolution with the
ability to map large areas while avoiding interference between
the indents that would occur if the spacing was too small, as
described in more detail in our previous studies [18,29,38].

To examine the effect of heavy deformation on the BMG
structure, two types of samples were used: (1) indent plas-
tic zones and (2) fracture surfaces. For the former case,
larger dimension microhardness indents were produced to
create a large plastic zone full of visible shear bands. Those
larger indents were prepared on polished surfaces for an
as-cast (AC) Zr-Cu-Ni-Al-Ti BMG sample and a thermally
cycled (TC) Zr-Cu-Ni-Al-Nb BMG sample using the same
microhardness tester with an applied load of 1-kg and 0.5-
kg force, respectively, and a dwell time of 10 s. These

indentation loads were 10–20 times larger than the loads
used in our microhardness mapping, and the plastic zone
radii of the large indents were calculated to be ∼35 and
∼50 μm for the Zr-Cu-Ni-Al-Nb BMG and the Zr-Cu-Ni-
Al-Ti BMG, respectively [41,42]. TEM specimens were then
lifted out from the heavily shear-banded regions of the plas-
tic zone, as shown in Fig. 2(e). Fracture surface samples
for both AC and TC Zr-Cu-Ni-Al-Nb BMG samples were
taken from a previous study [18]. In brief, 2×4×20 mm3

beam single edge notched bending samples were tested
in three-point bending using a 15-mm loading span on a
computer-controlled servo-hydraulic testing machine (Model
8872, Instron Corporation, Norwood, MA, USA) with
a 5-kN load cell and a constant displacement rate of
0.83 μm/s. For the AC and annealed Zr-Cu-Ni-Al-Ti BMGs
samples, plates were cut into 0.5×1×6 mm3 beam samples
that were micronotched to approximately half the sample
width. Three-point bending fracture toughness tests were con-
ducted using a 4-mm loading span on a screw-driven 2-kN
bending stage (Deben UK Ltd., London, UK) with a 150-N
load cell and a constant displacement rate of 0.55 μm/s.

C. Structural and chemical characterization

The TEM specimens were produced by a standard lift-
out method [43] using a xenon plasma focused ion beam
scanning electron microscope (PFIB-SEM, Helios G4 PFIB,
Thermo-Fisher Scientific, USA). The lifted-out sample with
Pt/C protection layer was thinned at 30 kV and 30–300 pA
for coarse milling and at 5 kV and 30 pA for fine milling. The
incident angle of the ion beam to the TEM lamella was re-
stricted within ±2° from the parallel angle to avoid a potential
damage from the ion beam. TEM experiments were conducted
using a JEM-2200FS (JEOL, Japan) at an acceleration voltage
of 200 kV. For pair distribution function (PDF) determination,
selected area electron diffraction (SAED) patterns were ac-
quired at an exposure time of 2 s using an energy slit of 5 eV
together with a selected area aperture (10 μm) and entrance
aperture (120 μm). The camera length was set at 300 mm
and calibrated in diffraction mode using {200} reflections
from gold nanoparticles standard sample to avoid any artefacts
caused by the microscope settings. The diffraction pattern col-
lected using these settings was from a selected area of around
200 nm in diameter, meaning the signal contains both the
ordered clusters and the less ordered matrix. The PDF was
calculated using in-house developed software called EDP2PDF

to extract an azimuthally integrated diffraction pattern from
the SAED pattern and to convert it to the structure function
and PDF, as described elsewhere [44–47]. The background in
the integrated diffraction intensity was detected and removed
using a sensitive nonlinear iterative peak clipping algorithm
[48]. The range of the scattering vector to obtain the PDF was
∼1.1–8.1 Å–1 extracted from the SAED profile. Nanobeam
electron diffraction (NBED) experiments were carried out
using a condenser aperture size of 40 μm and the nanometer-
size electron beam diameter R (R = 0.7–1.6 nm) as full width
at half maximum of the Gaussian intensity distribution. A
fixed semiconvergence angle around 2.75 ± 0.11 mrad was
calculated by the diameter of the transmitted beam (2.19 ±
0.09 nm–1). The probe current density for the beam sizes of
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FIG. 1. (a) Hardness histogram before and after mechanically loading as-cast Zr-Cu-Ni-Al-Nb BMG in compression to ∼1.5% true plastic
strain. The histogram bin size was 0.033 GPa and the curves represent a normal distribution fit to the data. The inset is a photograph of the
deformed sample. Microhardness maps taken (b) before and (c) after testing.

0.7, 1.0, 1.3, and 1.6 nm were 4.3, 5.7, 7.5, and 10.2 pA/cm2,
respectively. A raster of 15×15 NBED patterns was recorded
using an energy slit of 10 eV at different exposure time
(3–0.5 s) at binning 4 (1024×1024 pixel size) for each
sample, and fluctuation electron microscopy (FEM) [49]
was used to extract the MRO cluster size, as described in
Refs. [38,50–52]. The annular integrated variance and mean
variance were calculated on a pixel by pixel basis [53] as a
function of the k value using PASAD tools [54] and custom
script in DigitalMicrographTM [55]. The MRO cluster size W
and characteristic length scale � (� = W/

√
10) were calcu-

lated from the slope and intercept of linear Q2/V versus Q2

plots using nanobeam diameters R ranging 0.7–1.6 nm. The
function of

√
10 is to estimate the average size of clusters,

assuming their shape is a spheroid as described in Ref. [49].
V (k,Q) is the normalized variance of the diffracted intensity
from NBED experiments, and Q (=0.61/R) is the radius of
the virtual objective aperture used during FEM [50–52]. The
first two peak positions of V (k,Q) were read at approxi-
mately 3.6 and 4.5 nm–1 using a custom MATLAB script and
the error analysis for the MRO cluster size is explained in the
Supplemental Material [56]. The explanation of these param-
eter selections can be found in our previous study [38].

The atom probe tomography (APT) measurements were
conducted using a LEAP4000XSi system (CAMECA, USA)
equipped with a 355-nm laser and ∼57% detector efficiency.
The atom probe tips lifted out via SEM-FIB (Auriga, Zeiss,
Germany) were cooled to ∼40 K and the measurements
were run in the 10−11 − 10−12 Torr range in the analy-
sis chamber. The laser power, laser pulse repetition rate,
and detection rate were 75 pJ, 160 kHz, and 3%, respec-
tively. Three-dimensional (3D) reconstructions were carried
out using the commercially available IVAS® software (ver-
sion 3.8.4 and AP Suite 6.0). Reconstruction parameters
used for the analysis were a field factor of 3.3, an im-
age compression factor of 1.65, and a field evaporation of
29 V/nm.

III. RESULTS

A. Softening during compression deformation

Figure 1 shows microhardness results for an as-cast (AC)
sample of the Zr63.78Cu14.72Ni10Al10Nb1.5 (at. %) BMG that
was compressed to ∼1.5% true plastic strain [inset in
Fig. 1(a)] to introduce structural changes throughout the sam-
ple. Here, we refer to the global applied true strain that
considers the changing cross section of the sample (see the
Methods section) while recognizing that the strain inside and
outside of shear bands is not constant. The maximum true
plastic strain to failure for various compression samples we
made from this BMG ranged from 4 to 10%, and we arrested
the deformation at a compressive strain that ensured failure
would not occur. Hardness distributions taken from cross sec-
tions before and after compression are compared in Fig. 1(a),
revealing a shift in the hardness distribution to lower values.
A similar decrease in the average hardness after compression
testing was confirmed for four samples. Cross sections of the
exact same sample are compared in Fig. 1 before and after
compression testing since the initial hardness deviates slightly
from one sample to another. Hardness maps are shown in
Figs. 1(b) and 1(c) to allow visualization of the 2D hard-
ness distribution on the sample cross sections. The average
hardness of the compressed samples decreases approximately
∼0.05 GPa, and considerable overlap remains in the hardness
distributions measured before and after compression. Thus,
for relatively mild deformation processes there are many lo-
cations within a sample with identical hardness, and thus
identical MRO size and volume fraction determined by NBED
[38], both before and after deformation.

B. Structural changes after deformation

A broad range of samples was examined in the TEM,
including polished cross sections of known hardness as well
as fracture surfaces and shear band regions in the plastic
zones around indents. For the fracture surfaces, any locally
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FIG. 2. (a) Hardness versus medium-range order (MRO) cluster size. Solid symbols represent new data from this study with known
hardness, open symbols represent MRO measurements from indent plastic zones or fracture surfaces with unknown hardness, and the dashed
lines are the trendlines determined in Ref. [38]. The error bars represent standard deviation for the hardness value and standard error for
the MRO cluster size. The hardness values of indent plastic zones or fracture surfaces were estimated based on the measured MRO values
and the extrapolated linear relationships determined in Ref. [38]. (b)–(d) Microhardness maps and micrographs of fracture surfaces for the
Zr-Cu-Ni-Al-Ti and Zr-Cu-Ni-Al-Nb BMGs and (e) micrograph of the plastic zones around an indent for the Zr-Cu-Ni-Al-Ti BMG. The TEM
lamella was taken from the area of the dashed rectangular region within the indent plastic zone.

melted regions on fracture surfaces were avoided and regions
∼200 nm deep below the heavily deformed fracture surface
were examined in this study. Table S1 of the Supplemental
Material [56] gives a list of the samples used in this study and,
when known, their average hardness. Figure 2(a) compares the
MRO cluster sizes for the various deformed and undeformed
samples summarized in Supplemental Material Table S1. The
dashed lines in Fig. 2(a) represent the linear relationships
between the MRO cluster size and the local hardness of

the Zr63.78Cu14.72Ni10Al10Nb1.5 and Zr52.5Cu17.9Ni14.6Al10Ti5

(at. %) BMGs found in our previous study [38]. For the uni-
formly compressed samples, where hardness mapping was
conducted on the sample cross sections, we selected TEM
samples from locations between four indents whose hardness
variation was minimal (the standard deviation of hardness
values from four indents is ∼0.02 GPa) to make sure that
the MRO cluster size accurately reflects the local hardness.
Indeed, Fig. 2(a) shows an excellent agreement between the
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compression samples measured in this study and the rela-
tionship between local hardness and MRO determined in
Ref. [38]. It is important to note that the sampling volume
of the MRO measurements was many orders of magnitude
smaller than that of the hardness measurements. Thus, a key
aspect for connecting the nanoscale nature of the MRO mea-
surements and the micro/mesoscale nature of the hardness
mapping was having regions of uniform hardness over tens
or hundreds of micrometers where both hardness and MRO
sampling could be performed in the same location, as was
confirmed in Ref. [38]. We do not anticipate this relationship
would be easy to determine in the presence of steep hardness
gradients where it would be difficult to accurately assess the
hardness at the location of MRO sampling.

TEM was used to evaluate the nearest neighbor dis-
tances from PDF that were calculated from SAED patterns.
Figure S1 of the Supplemental Material [56] shows that the
PDF analysis reveals no clear correlation of average nearest
neighbor distances with known hardness values, and no dis-
cernable trend for the heavily deformed fracture surfaces and
indent plastic zones. While it is possible that localized SRO
changes are outside the resolution of our TEM based PDF
measurements, there was no easily measured structural signa-
ture of deformation in the PDFs that we measured. Using atom
probe experiments we also confirmed that neither nanocrystals
nor chemical segregation occurred on the fracture surfaces of
the HPT deformed samples as shown in Fig. S2 (see the Sup-
plemental Material [56]). Thus, NBED-based MRO analysis
provides an effective method to discern structural changes that
are otherwise unobservable using TEM-based PDF analysis.

Samples taken from fractured beam specimens or from in-
dent plastic zones [Figs. 2(b)–2(e), open symbols in Fig. 2(a)]
had unknown local Vickers microhardness values because
the hardness on uneven surfaces (e.g., on the shear bands
or fracture surfaces) is not reliably measurable and accurate
microhardness measurement requires a flat, well prepared sur-
face. In those cases, the estimated hardness values are plotted
in Fig. 2(a) based on the measured MRO values and the ex-
trapolated linear relationships determined in Ref. [38] (dashed
lines). Since all new data in this study with known hard-
ness matches the previous relationship [i.e., comparing the
closed symbols in Fig. 2(a) to the dashed lines], we have high
confidence in the robustness of the linear relationships. For
cryogenically thermally cycled Zr63.78Cu14.72Ni10Al10Nb1.5

samples, the MRO cluster sizes (∼1.5–1.8 nm) for the pol-
ished sides of the samples (closed triangles) fall in the same
range as found in Ref. [38]. In contrast, the range of MRO
cluster sizes for the deformed region around an indent (open
diamond) or for a fracture surface (open triangle) greatly ex-
ceeds (∼2.2–2.8 nm) the range observed for polished samples
with the same thermal history [closed triangles in Fig. 2(a)
and data in Ref. [38]]. Such results suggest that a large
amount of structural change, consistent with softening, oc-
curs due to these heavy deformation processes, i.e., much
more than could be achieved by uniaxial compression (solid
squares). Comparing the solid and open symbols for the
Zr52.5Cu17.9Ni14.6Al10Ti5 BMG reveals a similar trend for
both BMGs, where the fracture surfaces and indent plastic
zones exhibit much larger MRO cluster sizes than the polished
side of the as-cast and annealed samples [Fig. 2(a)].

The feature sizes on the fracture surfaces of the an-
nealed and embrittled Zr52.5Cu17.9Ni14.6Al10Ti5 BMG sam-
ples [Fig. 2(c)] are much smaller than for the as-cast samples
[Fig. 2(b)], as is expected from the literature [57]. After the
fracture process was completed, the annealed samples still
show a smaller MRO cluster size compared to as-cast samples,
suggesting that some of the initial difference in hardness was
retained even after the heavy deformation processes that occur
during fracture [Fig. 2(a)]. To further understand the evolution
of structural changes in MRO during the fracture process,
TEM lamellae were taken from three distinct regions, R(I)–
R(III), that commonly define the fracture process of ductile
BMGs [34,58,59]. In Fig. 3(a), crack propagation was initi-
ated in a thermally cycled Zr63.78Cu14.72Ni10Al10Nb1.5 sample
from the end of a fatigue precrack (left side) and proceeded
to the right side, as indicated by the arrow. R(I) is seen as a
relatively smooth region of the fracture surface immediately
adjacent to the fatigue precrack with multiple intersecting
shear bands and is produced by a quasistatic crack tip blunting
process. R(II) is the so-called Tylor meniscus instability zone
that represents the first crack initiation process caused by the
separation of a dominant shear band, while R(III) is associ-
ated with the dynamic fast fracture process. Figure 3 shows
the different features on the fracture surface of the thermally
cycled Zr-Cu-Ni-Al-Nb BMG and compares their associated
MRO cluster sizes. The results reveal that the MRO cluster
size fluctuates between 2.5 and 2.8 nm [Fig. 3(b)], including
for different locations within R(I), and there is no clear trend
for the different fracture surface regions. Thus, the quasistatic
versus dynamic nature of the different fracture surfaces has a
negligible effect on the observed changes in MRO.

IV. DISCUSSION

The mechanistic correlation between lower hardness and
a larger size and higher volume fraction of MRO clusters
was previously explained by a nanocomposite model of softer
fcc-like MRO sites acting as shear transformation zone (STZ)
nuclei within a harder matrix where icosahedral structure
dominates [38]. In the present study, structural changes in
deformed regions of two BMGs indicate an increase in MRO
cluster size, which is associated with material softening. Fur-
thermore, the present results highlight the need to carefully
consider the amount of deformation and the location of sam-
ple collection when interpreting MRO changes. For heavy
deformation (i.e., fracture surfaces or indent plastic zone), the
MRO size shifts significantly to 2.5–2.8 nm and is unmistak-
ably larger compared to the MRO size at any location in the
undeformed sample. In contrast, for a more moderate amount
of deformation (i.e., for samples compressed uniformly to
∼1.5% true plastic strain), the hardness range overlaps con-
siderably before and after deformation [Fig. 1(a)]. Thus,
choosing TEM samples from random locations in the het-
erogeneous microstructure may lead to erroneous conclusions
(e.g., no MRO change), or could be inconclusive (e.g., random
MRO change). In this case, observing the trend of MRO
increase with deformation would require either sampling re-
gions of known hardness, or conducting a broad statistical
sampling and averaging from many samples.
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FIG. 3. (a) Fracture surface of a thermally cycled Zr-Cu-Ni-Al-Nb BMG. (b) MRO cluster size at different types of the fracture surface.
The arrow in (a) indicates the direction of crack propagation from the left side to the right side. The error bars represent standard error for the
MRO cluster size.

While it must be recognized that the quantitative accu-
racy of the linear relationship between the hardness and the
MRO cluster size is less certain when extrapolated to the
larger MRO size ranges observed after heavy deformation, the
concept of structural rejuvenation due to plastic deformation
is well established and thus the qualitative correlation here
is clear, i.e., heavy deformation causes an increase in MRO
cluster size which can be correlated with local softening.

The mechanism for the MRO size increase during defor-
mation remains unclear thus far. Hilke et al. [39] have also
demonstrated that the MRO cluster size in a shear band re-
gion is larger than that in the adjacent matrix and suggested
that either frictional heat dissipation combined with enhanced
diffusion [60–62] or shear-induced nucleation and growth
[63] may account for the increases in the MRO cluster size.
For the latter case, Mura et al. described a mechanism of
shear-induced transport of atoms to crystal nuclei in liquids
and deduced that the shear flow rate significantly affects the
nucleation rate [63]. When considering the results of the
present study, despite the varying fracture surface morphology

of the sample shown in Fig. 3 and the variation from slow
quasistatic deformation of R(I) to fast deformation in R(III),
a trend in MRO cluster size is not evident. Thus, during the
fracture process, quasistatic crack tip deformation appears
equally effective in inducing MRO structural changes as dy-
namic fracturing, and this lack of rate dependence suggests
that shear-enhanced nucleation of MRO sites is not the likely
mechanism. Additionally, Ding et al. [64] have demonstrated
that large amounts of rejuvenation and structural rearrange-
ment can occur by shock compression of BMG samples over
time scales of <400 ns, further suggesting that nucleation
processes are not involved in the mechanism.

For the case of heat dissipation and enhanced diffusion, it
was argued that shear localization and shear banding cause a
local temperature rise [60,61,65,66]. While there is no general
agreement regarding the magnitude of the temperature rises
that are induced during deformation, nearing or exceeding the
glass transition temperature during fracture is well accepted
[65,67,68]. Furthermore, irrespective of any possible temper-
ature rise, tracer diffusion experiments after deformation is
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completed have shown increased diffusivity up to eight orders
of magnitude for deformed samples containing shear bands
due to the local increases in free volume creating short-circuit
diffusion paths [62,69]. Recently, Shen et al. [70] revealed
the formation of discrete nanocavities as a mechanism gov-
erning the fracture process of various glasses, and it was
suggested that the nanocavities are nucleated by enhanced
atomic diffusion. Thus, enhanced diffusion may arise from
both a temperature rise and free volume generation and overall
it is likely that there is capacity for atomic rearrangements
to facilitate the growth of MRO clusters during deformation.
Furthermore, this effect need not be limited to the interior
of the shear bands but may extend into the shear band af-
fected zone. Indeed, nanoindentation studies have shown a
softened zone extending tens to hundreds of micrometers
from shear bands [71]; a recent x-ray photon correlation
spectroscopy study suggested structurally effected zones ex-
tending tens of micrometers [72], while a recent TEM study
has reported MRO changes extending several micrometers
from shear bands [73]. Furthermore, enhanced transport may
also be expected in regions containing embryonic shear bands
where only partial percolation of STZs is achieved but a fully
developed shear band is unable to form. Finally, it is possible
that residual stresses between the shear bands may relax after
deformation and mechanically induce structural changes. Un-
covering the exact mechanisms for structural changes outside
of the shear bands, and understanding how far those structural
changes extend, will require significant, further research.

While this study focuses on the rationales behind the
growth of fcc-like MRO clusters with deformation, it is worth
noting that another report shows that a deformation process
caused an overall reduction of MRO symmetry. While at first
glance these results might seem in contradiction, they can
be rationalized as follows. In situ NBED experiments have
suggested that plastic deformation degrades the degree of
twofold and fourfold symmetry in a Zr-Cu-Al BMG [74];
however, such experiments are only able to measure a net
effect of the changes in all nanoscale structures containing
those symmetries. In other words, in a glassy nanocomposite
where softer fcc-like MRO clusters sit in a harder icosahedral
dominated matrix [38], it would be impossible to deconvolute
how deformation separately affects the different nanostruc-
tures simply by tracking the twofold and fourfold symmetry.
Furthermore, molecular dynamics (MD) modeling of the same
Zr-Cu-Al BMG showed that the decrease in twofold and
fourfold symmetry was likely associated with a disordering
of icosahedral structures [74]. More recent experiments used
4D-scanning transmission electron microscopy (STEM) with
a PDF analysis of a Zr52.5Cu17.9Ni14.6Al10Ti5 BMG to reveal
that geometrically favored icosahedral short-range order mo-
tifs decrease in shear bands and shear band affected zones
[75]. Similarly, other MD studies of binary Zr-Cu BMGs
have reported deformation to induce a disordering of fully
icosahedral SRO sites [76,77]. Feng et al. further found that
relatively softer SRO clusters (as compared with fully icosa-
hedral clusters) tend to connect with each other to form larger
MRO aggregates and networks [77]. Thus, it is reasonable to
assume that the disordering of icosahedral sites in the harder

matrix could account for the loss of twofold and fourfold
symmetry observed in Ref. [74] even if the fcc-like MRO
clusters simultaneously grow in size.

Finally, the structural changes caused by both moderate
and heavy deformation did not result in measurable shifts in
the TEM-based PDF nearest neighbor peak positions, which
suggests that MRO measurement is a more robust way to
measure deformation-induced structural changes. While the
recent 4D-STEM results of Mu et al. suggest that changes
indeed occur at the first and second nearest neighbors, those
measurements were highly localized at shear bands and in
shear band affected zones [75]. Similarly, Liu et al. observed
the first TEM diffraction pattern ring to shift in peak position
inside the shear band relative to the matrix [78]. Since the
present study did not specifically compare the interior regions
of shear bands to the matrix, it is not surprising that such
changes in SRO were not observed.

V. CONCLUSIONS

This study focuses on the nanostructural changes of the
medium-range order (MRO) in BMGs after various deforma-
tion processes. Our findings suggest that the size of relatively
soft fcc-like MRO clusters increases in deformed samples in
proportion to the severity of deformation, with samples taken
from the plastic zones of indents and fracture surfaces of
broken samples exhibiting much larger increases in the MRO
cluster size than were seen in our previous work. The col-
lective information suggests that a complicated deformation
process involves phenomena including local heat generation,
enhanced diffusion, growth of fcc-like MRO clusters, and
disordering of icosahedral motifs. In this scenario, we suggest
that shear localization generates local heat and free volume
increases, and enhanced diffusion promotes growth of fcc-like
MRO clusters. This is also thought to occur simultaneously
with the destruction of geometrically favored icosahedral
motifs in the harder, surrounding matrix. TEM-based MRO
analysis using nanobeam electron diffraction and fluctuation
electron microscopy appears to be an excellent tool to mea-
sure and monitor BMG structure changes that are induced to
improve the ductility and fracture toughness and build mech-
anistic models for structure property relationships in BMGs.
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