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• Electropulsing-assisted surface severe
plastic deformation (EP-SSPD) treat-
ment increased plasticity from 0% to
2.03% ± 0.29%.
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nanocrystals retard shear band
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Using either electropulsing (EP) or surface severe plastic deformation (SSPD) to process metallic glasses can im-
prove their plasticity, however, the moderate improvement in plasticity does not warrant a commercial usage.
This work, for the first time, demonstrates the integration of electropulsing and surface severe plastic deforma-
tion ismuchmore effective in improving the plasticity of metallic glasses than EP or SSPD treatment alone, open-
ing a newavenue towards an unprecedented combination of strength and plasticity inmetallic glasses. It is found
that SSPD can generate microstructure heterogeneity featured by a mixture of matrix and plastically displaced
regions with increased atomic volume. When applying EP and SSPD simultaneously, a synergistic effect occurs
to produce a hybrid network with excess free volume and nanocrystals uniformly embedded in amorphous ma-
trix.Molecular dynamics simulation and fracture surface analysis further reveal that the hybrid network is able to
effectively reduce shear band localization, and therefore delay the fracture of metallic glasses.

© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The history of bulkmetallic glasses (BMGs) can be traced back to the
1960s, when Duwez and his co-workers fabricated the first melt-
quenched metallic glass in their laboratory [1]. Since then, metallic
glasses have received significant scientific attention for their unique
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properties as compared with their crystalline counterparts. Due to
their disordered atomic structure, metallic glasses possess many supe-
rior mechanical properties including high hardness [2], large elastic
strain range [3], high wear resistance [4] and corrosion resistance [5].
As a double-edged sword, however, the amorphous structure of BMGs
also leads to extremely lowductility for the lack ofwork-hardening dur-
ing plastic deformation. During plastic deformation of BMGs, shear
bands are nucleated to accommodate plastic strain. Because there are
no dislocation-like barriers, the shear bands can readily be localized,
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2019.107581&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.matdes.2019.107581
ydong@uakron.edu
Journal logo
https://doi.org/10.1016/j.matdes.2019.107581
http://creativecommons.org/licenses/by-nc-nd/4.0/
Unlabelled image
http://www.sciencedirect.com/science/journal/02641275
www.elsevier.com/locate/matdes


2 C. Ma et al. / Materials and Design 165 (2019) 107581
and this often leads to a catastrophic failure of BMGs. The durability
issue becomes a roadblock for the widespread use of BMGs. The first
well-known commercialization trial was pioneered in the early 1990s
by Johnson's team and the partner company, Liquidmetal Technologies,
Inc., to use BMGs in the production of golf clubs [6]. Despite the BMG
golf club gave rise to superior performance and was highly rated by
golf players, the product failed to earn commercial success for its dura-
bility issue.

The efforts to seek methods to improve the ductility of BMGs have
not ceased since their invention. Because fracture tends to initiate
from the surface of a material, surface engineering is viewed as a prom-
ising technology in combating the fracture of BMGs [7–17]. Especially in
recent years, surface severe plastic deformation (SSPD) techniques such
as shot peening [18], laser shock peening [19–21], and surface mechan-
ical attrition treatment [22] have been applied to treat BMG surfaces,
and improvements in plasticity have been observed after SSPD treat-
ment. These SSPD techniques modify the treated surface in two benefi-
cial ways. First, compressive residual stress is produced to slow down
the propagation of shear bands [18]. Second, microstructural heteroge-
neity featured by a mixture of matrix and severely plastically displaced
region induced by SSPD also plays a significant role in delaying fracture
[15,22,23]. Ultrasonic nanocrystal surface modification (UNSM) is a re-
cently developed SSPD method that utilizes simultaneous ultrasonic
striking to induce microstructure change and compressive residual
stresses on ametal surface. Comparedwith traditional SSPD techniques,
UNSM is more controllable and can achieve higher quality of surface
finishing [24–30]. We should point out that while UNSM was firstly
coined in the context of crystalline metals [27,31], the concept of grain
refinement to nanoscale is inapplicable to metallic glass. In one of our
previous works [32], we have demonstrated that UNSM can improve
the fracture strain of BMGs. Through molecular dynamics simulation,
we further reveal that shock wave resulted from SSPD can induce pre-
displaced atoms (whose position is deviated from initial configuration)
with an increased atomic volume [33], which can promote and delocal-
ize shear bands.

In parallel with the exploration of SSPD treatment, attempts to use
electropulsing (EP) to treat BMGs were also made [34–41]. The most
striking effect of EP treatment is the generation of crystalline phases in
BMGs [34–38]. The second phase if introduced during solidification
could significantly improve the ductility of BMGs [42–50]. However,
this is not the case for EP-treated BMGs [34–41]. The ductilitywas either
moderately improved or became worse [41,51]. One possible reason is
that EP treatment also causes structure relaxation [37,39–41] and thus
reduces free volume, which is detrimental to ductility. It is thus not sur-
prising that EP treatment garnered little attention from the BMG indus-
try because of the disappointing gains in ductility. However, it inspires
thiswork to combineEPwith SSPD to fully use its advantageswhile sup-
pressing its shortcomings.

In this work, we will demonstrate that the plasticity of BMGs can be
remarkably improved by EP-assisted SSPD,muchmore effective than EP
or SSPD treatment alone. To the best of our knowledge, this is the first
time to combine EP and SSPD to treat BMGs, and more importantly
the combined effect is remarkably significant, leading to an outstanding
combination of strength and plasticity in BMGs. As a newly developed
method, there is little knowledge about microstructure change induced
by EP-SSPD. To fully use the potential of EP-SSPD, it is essential to estab-
lish the process–structure-performance relationships. A collaborative
effort through experimental characterizations and molecular dynamics
(MD) simulation is made to have a fundamental understanding of EP-
assisted SSPD treatment of BMGs. The unique microstructure produced
by EP-SSPD is revealed by experimental characterizations. The effect of
microstructure on improving the plasticity of metallic glasses is eluci-
dated through MD simulation as well as the analysis of fracture surface
morphology. The research will advance our fundamental understand-
ings of EP-SSPD on BMGs, enabling a low-cost and scalable surface engi-
neering technology to increase the plasticity of BMGs. The fundamental
understanding can be used to guide the design of BMGs with surface
modification strategies and optimal process parameters.

2. Methodology

2.1. Materials

AVit 1b BMG (44%Zr, 11% Ti, 10% Cu, 10%Ni, 25% Be, atomic percent-
age), belonging to the Vitreloy family fabricated by Materion, Inc., was
used in this study. It was prepared through vacuum induction melting
of commercially available purest elements under argon atmosphere.
The as-received material had the dimensions of 121 by 100 by 5 mm
in length, width and thickness respectively. The samples were cut into
rectangular shapewith the volume of 5 by 2.5 by 2.5 mm3 using electric
discharge machining.

2.2. Electropulsing-assisted UNSM

Ultrasonic nanocrystal surfacemodification (UNSM)was used to in-
duce surface severe plastic deformation (SSPD). Therefore, the two
terms, UNSM and SSPD, are interchangeable in this paper. As shown in
the schematics in Fig. 1, the UNSM tipwith a diameter of 2.4mmgener-
ated 20 kHz ultrasonic vibration to strike the surface while at the same
time, it scanned over the surface at 500mm/min following the designed
track with 10 μm interval. Static load 2 kg and dynamic loadwith 16 μm
vibration amplitude (corresponding to free vibration) were simulta-
neously applied on the tip. Electropulse was applied to sample through
an in-house electropulse generator. The characteristic pulse width was
100 μs, and the frequency can be adjusted from 100 Hz to 800 Hz. The
maximum current density was controlled at ~70 A/mm2. For 150 Hz
and 450 Hz electropulsing treatments, the surface temperature was
measured as 338 K and 473 K respectively by a K-type thermocouple
(see Fig. S1 in Supplementary material). When UNSM was applied, be-
cause oil was applied to lubricate and cool the surface, no significant
temperature risewas observed. One objective of thework is to differen-
tiate the effect of electropulsing-assistedUNSM (EP-UNSM) from that of
EP and UNSM alone. Therefore, four groups of samples were prepared
including untreated (control) samples, UNSM-treated samples, EP-
treated samples and EP-UNSM samples.

2.3. Microscope observation

The generated nanocrystals after treatment were characterized by
transmission electron microscope (TEM), and the fracture surfaces
after compression test were observed by scanning electron microscope
(SEM). TEM samples were prepared using the focused ion beam (FIB)
lift-outmethod. For 450HzEP-treated sample, the TEM samplewas fab-
ricated by FEI Helios Nanolab 650with Ga ion beam and observed in FEI
Tecnai F30with 300 kV operating voltage. For 450 Hz EP-UNSM sample,
the sample was prepared by FEI Versa 3D LoVac FIB-SEM system and
characterized in FEI Talos F200Xwhich is a scanning transmission elec-
tronmicroscope (STEM) at 200 kV. For each treatment, one sample was
prepared for the TEM characterization. The fracture surfaces of all sam-
ples were observed using an FEI Quanta 200 scanning electron micro-
scope operated at 30 kV.

2.4. Differential scanning calorimetry (DSC)

Thermal stability and free volume were measured by differential
scanning calorimetry (DSC) tests [52–54]. The scanning temperature in-
creased from room temperature to 810 K which is above crystallization
temperature (739K). The heating ratewas 0.33K/s and cooling ratewas
1.66 K/s. Two scans were conducted and their difference was the
sample's heat flow during the process of structural relaxation and crys-
tallization. A thin layer was first cut and then gradually polished using



Fig. 1. Schematics of electropulsing-assisted UNSM process.

Fig. 2.Compressive stress-strain curves of control, 450HzEP, UNSM, and 450Hz EP-UNSM
samples (each with three repetitions).
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600 grid sandpapers. The final dimensions of measured sample were
controlled around 3.5 by 2.4 by 0.3 mm.

2.5. In-depth hardness

All sampleswere first cut andmounted in epoxy. To acquire clear in-
dentations, polishing via SiC paper and 3 μm colloidal silica suspension
was conducted on the cross-sections. A hardness tester, Wilson Tukon
1202, was used to measure in-depth hardness ranging from 0 to ~120
μm. 100 g load and 10 s indent duration were applied.

2.6. Compression test

An Instron 5582 universal testing machine was used to carry out
compression test at room temperature. A loading rate of
0.025 mm/min (corresponding to a strain rate of 8.33 × 10−5/s) was
used to carry out all compression tests. The applied external load was
recorded to calculate engineering stress and the displacement was
used to calculate engineering strain.

2.7. Molecular dynamics simulation

In one of our previous studies [33], we have employed MD simula-
tion to reveal that SSPD can induce pre-displaced atoms with an in-
creased atomic volume, which promotes and delocalizes shear bands.
In this work,MD simulationwas conducted to elucidate how the hybrid
microstructure (composite microstructure with nanocrystals, extra free
volume, and amorphousmatrix) induced by EP-SSPD affects shear band
formation and propagation during the plastic deformation of metallic
glass. A binary metallic glass composite Zr71Cu29 containing Zr2Cu
nanocrystals was constructed to mimic the EP-SSPD treated BMG Vit
1b. The interatomic potential of zirconium (Zr) and copper (Cu) atoms
was simulated by an embedded atom method (EAM) potential [55].
The system was firstly equilibrated at 2200 K with NPT ensemble (P
= 0 bar) at a time step of 1 fs to reach the amorphous liquid state. A
fast cooling process at a rate of 1 K/pswas applied to reduce the temper-
ature to 300 K. For metallic glass matrix composites, spherical Zr2Cu
nanocrystals (3 nm in diameter) were randomly inserted by deleting
overlapped amorphous matrix atoms. After equilibrium at 300 K, the
final metallic glass matrix composite with dimension of 12 (x) by 12
(y) by 30 (z) nmwas prepared. Tension testswere conducted at a strain
rate of 1 × 108/s with NVT ensemble (T=300 K). Free boundary condi-
tions were applied on all surfaces. Large-scale atomic/molecular mas-
sively parallel simulator (LAMMPS) was used to conduct molecular
dynamics simulation [56] and the Open Visualization Tool (Ovito) was
adopted for post visualization process [57].

3. Results

3.1. Brittle to ductile transition

We first conducted compression tests of samples with three types of
treatment, namely, EP, UNSM, and EP-UNSM, alongwith control sample
without any treatment. Fig. 2 shows the compressive stress-strain
curves measured by the Instron 5582 universal testing machine at
room temperature. An initial non-linear region is observed for all

Image of Fig. 1
Image of Fig. 2
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samples [18,58,59], which is caused by the process of getting solid con-
tact between sample and loading plate (see Fig. S2 in Supplementary
material for one representative stress-strain curve of UNSM-treated
sample). The control samples only show elastic regime and fracture at
a stress of 1.69± 0.10 GPa, manifesting the brittle nature of the studied
material. For the EP-treated samples, a marginal increase of plastic
strain (the strain after 0.2% offset yield point) of 0.16% ± 0.18% is ob-
served while the ultimate fracture stress is decreased to 1.58 ±
0.006 GPa. The EP treatment alone does not give rise to a significant im-
provement in plasticity, which is consistent with the literature [41].
After UNSM treatment, the samples do exhibit a plastic strain of 0.63%
± 0.15%. More importantly, thematerial strength (maximum stress be-
fore fracture) increases to 1.77 ± 0.04 GPa. In our previous works
[32,33], we have elucidated that UNSM can induce pre-displaced
atomswith an increased atomic volume, which promote and delocalize
shear bands. Therefore, instead of catastrophic fracture observed in the
control samples with localized shear bands, UNSM samples contain
more shear bands and their propagation is suppressed due to the inter-
action of shear bands, which leads to increased material strength [32].
When combining EP and UNSM together, the material strength de-
creases to 1.53 ± 0.05 GPa and the improvement of plastic strain be-
comes significant, 2.03% ± 0.29% compared with that for the control
samples and EP-treated samples, and 0.63% ± 0.15% for the UNSM-
treated samples. In addition to the improved plasticity, the fracture
fashion of the EP-UNSM samples is also fundamentally altered,
i.e., there is an alleviated stress drop before fracture, indicating the tran-
sition from a sudden brittle fracture to a plastic one. To the best of our
knowledge, this is the first report to show the remarkable effect of EP-
UNSM treatment on improving plasticity of BMGs. As a newly devel-
oped method, there is little understanding about how the hybrid EP-
UNSM process alters the microstructure of BMGs, and how the micro-
structure change dictates mechanical properties. Towards that, in the
following sections of the paper, we will establish the process–
structure relationship through experimental characterization, and
bridge structure modification and property enhancement through MD
simulation and experimental investigation.

3.2. Process-structure relationship

3.2.1. Nanocrystals characterization
In this section, TEM measurement was carried out to reveal the mi-

crostructure change, especially crystallization, after EP-UNSM treat-
ment. Metallic glasses without any treatment exhibit complete
Fig. 3. Bright field TEM images of (a)–(c) the EP sample and STEM images of (d)–(f) the EP-UNS
aggregated in the EP sample. (c) is from the sparse region. (e) and (f) are two random regions
amorphous structure [9,60,61]. UNSM treatment and other surface se-
vere plastic deformation techniques do not alter amorphous nature of
metallic glasses, which has been approved in the literature [23,62] in-
clude including ours [32]. For EP treatment, it has been well recognized
that EP induces crystallization in metallic glasses [34–38]. The funda-
mental question we want to examine here is what is the difference be-
tween EP induced crystallization and EP-UNSM induced one. To this
end, TEM characterizations were carried out on the cross section near
the treated surfaces of EP and EP-UNSM samples. The first row of
Fig. 3 shows the characteristic of nanocrystals induced by EP at different
magnifications, while the second row is from EP-UNSM sample. From
the low magnification images (Fig. 3a and d), the striking difference is
the spatial distribution of nanocrystals. The EP-induced nanocrystals
tend to aggregate, and the closer to the surface the aggregation is
more severe. In constrast, the nanocrystals induced by EP-UNSM are
uniformly distributed in the subsurface. The size of nanocrystals can
be obtained from high magnificantion images. Fig. 3b is a high magnifi-
cation image at a dense region of Fig. 3a, and Fig. 3c is from the sparse
region of Fig. 3a. It can be seen that the size of EP-induced nanocrystals
is around tens of nanometer, for example, 41 nm for crystal “1”marked
in Fig. 3b. For nanocrystals induced by EP-ENSM, however, their size
varies significantly. In addition to the nanocrystals (32 nm for crystal
“2” marked in Fig. 3e) comparable to EP-induced ones, it also contains
many smaller nanocrystals (some of them are smaller than 10 nm, for
example, “3” in Fig. 3e). The quantitative analysis is provided in Fig. 4.
Firstly, a region of 3.48 by 3.48 μm2 was selected from Fig. 3a and b re-
spectively and then they were converted to grayscale images as
shown in Fig. 4a and b. The area of each black region (one nanocrystal)
was calculated and the radius was obtained by assuming spherical
nanocrystals. For the EP sample, the nanocrystal fraction (the ratio of
area of all the black regions to that of the whole region) is 3.9% while
the nanocrystal fraction of EP-UNSM sample is 4.1%. For the EP sample,
the nanocrystal radius ranges from2.58 to 140.82 nmand there are 1.9%
nanocrystals (number ratio) with radius over 80 nm. For the EP-UNSM
sample, the size is from 2.51 to 64.50 nm. Fig. 4c shows the radius distri-
bution fromwhich it can be clearly seen that EP-UNSM generates more
small-size nanocrystals. At present, TEM characterization was con-
ducted near surface. Within the surface layer, both the spatial distribu-
tion and size spectrum of nanocrystals fabricated from EP-UNSM are
different from those exhibited in EP samples. Compared with EP treat-
ment, the microstructure produced by EP-UNSM contains more small-
size nanocrystals, and more importantly, the distribution of
nanycrystals are more uniform. While properties of crystalline phase
Msample at different magnifications. (b) is from the dense region where nanocrystals are
near surface in the EP-UNSM sample.

Image of Fig. 3


Fig. 4. Processed grayscale images of the 3.48 by 3.48 μm2 region for the (a) EP sample and (b) EP-UNSM sample. (c) Distribution of nanocrystals' radius in EP and EP-UNSM samplewhen
assuming spherical shape.
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affect composite plasticity [63–65], nanocrystals with uniform disper-
sion are generally beneficial for plasticity improvement [66–68]. Relat-
ing to their plasticities as shown in Fig. 2, we argue that the difference
in plasticity is resulted from the microstructure difference, which will
be explored in Section 3.3.

Another interesting observation is that the structure of nanocrystals
induced by EP-UNSM is also different from that shown in the EP sample.
Fig. 5a and b exhibit the high resolution images of representitive crystals
generated by EP and EP-UNSM respectively. The nanocrystals induced
by EP show multiple close-packed directions (red dash lines) while
the nanocrystal by EP-UNSM only presents one close-packed direction.
This can also be seen from the fast fourier transform (FFT) diffraction
patterns. The diffraction pattern of EP contains several pairs of bright
spots while that of EP-UNSM only contains one pair. The multiple
close-packed directions in EP indicate that the crystallite, even though
in nano size, contains multiple nanocrystals with varied orientations,
and the single colse-packed direction in EP-UNSM indicates that it is a
single crystal. Because the structures presented in Fig. 5 are representa-
tive for both EP and EP-UNSM, the structure difference suggests that
there might be a fundamental difference in the nature of nucleation
sites for EP and EP-UNSM. An intensive high-resolution TEM character-
ization and atomistic analysis are invited to reveal the exactmechanism
of crystallization under EP and EP-UNSM treatment.

3.2.2. Free volume characterization
Inmetallic glass, free volume is referred as defects in terms of atomic

stress [69]. It has been demonstrated that free volume induced by
UNSM is another key factor in determining the plasticity of metallic
glasses [32,33]. This enlightens us to characterize free volume in the
samples treated by different methods.

Direct observation of free volume and its dynamics is extremely
challenging for its atomic characteristics. Experimentally, differential
scanning calorimetry (DSC) is a routine technique to macroscopically
Fig. 5.High resolution images of nanocrystals in (a) EP and (b) EP-UNSM samples. Red dash line
packed directions are marked. (For interpretation of the references to color in this figure legen
measure free volume in metallic glasses [52–54,70,71]. The measure-
ment is based on the well-established relation that enthalpy of relaxa-
tion is linear to free volume change, ΔH = βΔvf, where Δvf is the free
volume change per atomic volume [52,53,72]. For Zr44Ti11Ni10Cu10Be25
metallic glass which is the same material used in this work, β has been
measured as 623 kJ/mol [72]. The procedure to determine the enthalpy
of relaxation during the release of free volume has been documented in
[52]. In their work, the temperaturewas raised over crystallization tem-
perature and two scans were conducted to obtain sample's heat flow
(the difference of two scans [9]). Using the control sample as reference,
the enthalpy of relaxation caused by extra released free volume induced
by treatment can be determined by

ΔHi ¼
Z T2

T1

wexp
i Tð Þ−wbase

i Tð Þ
c

−
Z T2

T1

wexp
0 Tð Þ−wbase

0 Tð Þ
c

ð1Þ

where subscript 0 indicates control sample, i indicates sampleswith dif-
ferent treatments, wexp represents sample heat flow, wbase is baseline
heat flow and c is heating rate.

Fig. 6 shows the heat flow of different samplesmeasured byDSC. For
the control sample, glass transition (flow step) occurs at 638.3 K and
crystallization temperature (flow peak) is 768.5 K. It has been reported
the application of EP can reduce the glass transition and crystallization
temperature due to reduced nucleation energy [37,61]. After EP and
EP-UNSM treatment in our case, however, the glass transition and crys-
tallization temperatures are not significantly varied (a shift less than
1 K). One possible reason that we do not observe dramatic changes in
glass transition and crystallization temperature is that the affected
thickness by EP and EP-UNSM is much smaller than that of the entire
sample. There is also little difference in crystallization enthalpy
(reflected by peak areas), which may originate from the same reason.
Fig. 7 shows the corrected heat flow that can be used to calculate differ-
ent enthalpy of relaxation according to Eq. (1). Below the heating
s represent the close-packed direction for the nanocrystals. For the EP sample, not all close-
d, the reader is referred to the web version of this article.)

Image of Fig. 4
Image of Fig. 5


Fig. 6. Heat flow of samples with different treatments. The curves are shifted for
visualization.

Fig. 8. Free volume changes of UNSM-treated samples, 450 Hz EP-treated samples and
450 Hz EP-UNSM samples, compared to the control samples. For each group, three
samples were measured to calculate the error bars. The averaged free volume of the
control samples is set as baseline.
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temperature of 623 K, the trapped free volume is released due to in-
creased atomic mobility. Therefore, the area surrounded by the heat
flow curve and the zero line is the enthalpy of relaxation, which is
used to calculate released free volume according to the linear relation-
ship between enthalpy of relaxation and free volume change. Fig. 8
shows the free volume changes with error bars for the UNSM-treated
sample, EP-treated sample, and EP-UNSM sample. UNSM induces an in-
crease of 0.038% ± 0.032% free volume, which is consistent with other
SSPD works, for example, 0.037% after laser shock peening [54]. EP-
UNSM also generates extra free volume of 0.009% ± 0.0003%. In con-
trast, EP treatment reduces free volume by 0.021% ± 0.005%. Based on
TEM and DSC analysis, we can see, although nanocrystalline phase is
generated by EP (see Fig. 3a), which is beneficial to plasticity improve-
ment, the reduction of free volume is detrimental to plasticity. The com-
petition between the two mechanisms leads to an insignificant gain in
plasticity. When combining EP and UNSM treatment, on the one hand
it induces free volume compared with control sample but less than
that of UNSM-treated sample; on the other hand it induces nanocrystal-
line phase. The hybrid network of both nanocrystalline phase and free
volume has a synergistic effect on improving plasticity.

3.2.3. In-depth hardness
Hardness is ameasure of the resistance of amaterial to plastic defor-

mation, and thus can be used as an indicator of materials microstruc-
ture. Fig. 9a exhibits the in-depth hardness of EP-treated samples with
Fig. 7. Heat flows of (a) 150 Hz EP, EP-UNSM samples and (b) 450 Hz EP, E
150 Hz and 450 Hz pulse currents. While the hardness of Vit 1b mea-
sured previously is around 560 Hv [32], EP treatment decreases the sur-
face hardness. This is attributed to the addition of nanocrystals, which
induces interfaces between crystalline and amorphous phase. Interfaces
can contribute to the initiation of shear bands during deformation
[73,74] and therefore reduce the required force to generate plastic de-
formation, leading to material softening. The in-depth change of hard-
ness further suggests there is a spatial distribution of produced
nanocrystals, which gradually decreases along the depth. The spatial
distribution can be explained by the “skin” effect of electric pulse cur-
rent. When a pulse current passes through a conductor, the current
varies on the cross section. The largest current density arises at the sur-
face and decays into the material. As a result, its effect on the micro-
structure modification also decreases along the depth.

Fig. 9b shows the in-depth hardness of UNSM and EP-UNSM treated
samples. As revealed in our previous works [32,33], UNSM-induced
shock wave induces free volume in metallic glass and results in surface
softening with surface layer hardness 525 Hv (average of the first three
in-depth hardness data). The depth of softened metallic glass is 40 μm.
We want to point out that the affected region can be deeper than the
softened region. In our previous work, the depth of softened layer
reaches 100 μm with a larger UNSM load while the depth of compres-
sive residual stress goes to 200 μm [32]. Compared with UNSM-
treated sample, the EP-UNSM treated samples also exhibit surface soft-
ening, but less severe (e.g. averaged hardness of 542 Hv for 450 Hz EP-
UNSM sample). When compared with their EP-treated counterparts
(e.g. 536 Hv for 450 Hz EP-treated sample), the surface softening of
P-UNSM samples within the temperature range from 303 K to 673 K.

Image of Fig. 6
Image of Fig. 7
Image of Fig. 8


Fig. 9. Hardness distribution along depth (a) for 150 Hz EP and 450 Hz EP samples and (b) for UNSM, 150 Hz EP-UNSM and 450 Hz EP-UNSM samples.
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the EP-UNSM treated samples is less severe too. Hardness is a measure
ofmaterial's resistance to localized plastic deformation. In the context of
metallic glass, plastic deformation occurs through the initiation and
propagation of shear bands. Both excess free volume and nanocrystals
can serve as nucleation sites for shear bands, and therefore lower hard-
ness of metallic glass. According to Figs. 3a and 8, EP sample possesses
larger and aggregated nanocrystals and UNSM sample contains more
free volume. The nanocrystal aggregation in EP sample and excess free
volume in UNSM sample lead to more severe material softening com-
pared with EP-UNSM sample.

3.3. Structure-plasticity relationship

We have experimentally demonstrated that EP-UNSM produces a
hybrid network of nanocrystals and free volume, which is assumed to
be responsible for the enhanced plasticity of EP-UNSM treated metallic
glass. This section is to establish the structure-plasticity relationship
thorough molecular dynamics (MD) simulation and fracture surface
analysis.

3.3.1. Molecular dynamics simulation
It is tremendously challenging to experimentally “see” the micro-

structure evolution ofmetallic glass during deformation.MD simulation
thus becomes a powerful tool to provide dynamic information at atomic
level for the fundamental understanding of microstructure-plasticity
relationship.
Fig. 10. Stress-strain curves of amorphousmetallic glass andmetallic glass compositewith
nanocrystals.
The effect of nanocrystals alone on the plasticity is investigated first.
The stress-strain behavior of the glass composite (10% nanocrystals in
volume), along with that of its amorphous counterpart, is presented in
Fig. 10. The typical stress-strain curve contains a linear elastic deforma-
tion regime, and a plastic deformation regime. First we can see that the
addition of nanocrystals reduces the yield stress from 1.74 GPa to
1.4 GPa at the strain of 0.05. However, the stress dropping rate is sub-
stantially delayed, indicating an improved plasticity. To unravel the ef-
fect of nanocrystals on the formation and propagation of shear bands,
the atomic strain, a good indicator for shear bands [75–78], at different
deformation stages (0.1 strain and 0.2 strain) is presented in Fig. 11. The
amorphous metallic glass is also presented as comparison. Without
nanocrystals, a localized shear band forms and grows rapidly in themid-
dle region, leading to the necking and thus failure of the materials
(Fig. 11a and b). In contrast, the presence of nanocrystals, on the one
hand, assists the initiation of shear bands at the nanocrystal/matrix in-
terface in the early stage; and on the other hand delays the growth of
the shear bands into amajor one, which is consistentwith that reported
in the literature [73,74]. As a result, the plasticity of the composite is
improved.

To study how the nanocrystal/matrix interface promotes the initia-
tion of shear bands, the atomic volume and von Mises strain [32,75]
along the radial direction of nanocrystals are calculated. Considering
the composite containsmany nanocrystals, the averaged radial distribu-
tion is computed to reduce the statistical fluctuation. The calculation
procedure is described as follows. The distance between each atom
and its closest nanocrystal is first calculated as the radial coordinate.
Based on the distance, atoms are divided into 50 segments, and the av-
eraged atomic volume at initial configuration aswell as vonMises strain
at an overall strain of 0.07 are calculated. As shown in Fig. 12a, the atoms
within nanocrystals possess smaller atomic volume (~19.9 Å3) than that
of atoms in amorphous state (~20.5 Å3). In the interfacial region, the
atomic volume experiences a sharp change. Fig. 12b shows the radial
distribution of atomic von Mises shear strain at the overall strain of
0.07, which is used to characterize plastic deformation [75,76]. For the
strain calculation, the reference configuration is the un-deformed
state. Atomic strain gradually increases from the nanocrystal center to
the interface, and then decreases slowly into the amorphous matrix.
At the interface (~2.2 nm), the maximum strain arises. The inset in
Fig. 12b shows a single nanocrystal and its nearby atomic strain field
at the overall strain of 0.07. The two circles (dash lines) correspond to
1.5 nm and 2.2 nm radial distance respectively. It can be seen that
there are ~4 atom layers between nanocrystal surface and maximum
strain site. The highermobility of atoms at the interface during the plas-
tic deformation suggests that the nanocrystal/matrix interface pro-
motes the initiation of shear bands.

After elucidating the effect of nanocrystals, we further study the syn-
ergistic effect of the hybrid network of nanocrystals and free volume. To
prepare the system, free volume was first added in an amorphous ma-
trix by randomly removing atom clusters (each cluster consists of four

Image of Fig. 9
Image of Fig. 10


Fig. 11. Distributions of atomic von Mises strain for amorphous metallic glass at the strain of (a) 0.1 and (b) 0.2 and metallic glass matrix composites at the strain of (c) 0.1 and (d) 0.2.
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atoms) [33]. Following the creation of free volume, Zr2Cu nanocrystals
(3 nm in diameter) were then inserted randomly. The systems were
then equilibrated at 300 K over 1.6 ns with constant pressure (0 bar)
and temperature (NPT ensemble) to reach thermodynamic equilibrium
using system pressure and volume as indicators.

Fig. 13 presents the tensile behaviors of metallic glass composites
with free volume only, nanocrystals only, and nanocrystals plus 2%
(number ratio) and 4% free volume, respectively. One interesting obser-
vation is that the addition of free volumedoes not change themaximum
stress notably, all are around 1.4 GPa. However, the stress drop rate
(reflecting material degradation) is appreciably decreased with the in-
crease of free volume. The specific stress drop rates (fitted slope of the
region after maximum stress) are 2.2 GPa, 2.3 GPa, 2.1 GPa, and
2.0 GPa for composites with free volume only, with nanocrystals only,
with nanocrystals plus 2% free volume, and with nanocrystals plus 4%
free volume respectively. Thedecreased rates indicate improvedplastic-
itywith the hybridmicrostructure.We further analyze the atomic strain
distribution to gain insight into the mechanisms behind. The atomic
strain distributions on the cross sections of composites with
nanocrystals only and with nanocrystals plus 4% free volume at two
strain stages are plotted in Fig. 14. In absence of free volume, as
shown in Fig. 14a, most shear bands (red particles) tend to form near
the nanocrystals at the early stage of plastic deformation (0.07 overall
strain). For the composite with nanocrystals plus 4% free volume at
the same overall strain of 0.07 (Fig. 14c), shear bands arise both in ma-
trix due to the existence of free volume as well as near nanocrystals.
Fig. 12. Radial distribution of (a) atomic volume at initial configuration and (b) vonMises strain
amorphous matrix around one nanocrystal and the strain of atoms inside the nanocrystal (wh
With the continuous deformation to 0.2 overall strain, the composite
with hybrid structure (Fig. 14d) containsmore shear bands, and the dis-
tribution of shear bands is more uniform, comparedwith the composite
with nanocrystals only (Fig. 14b). The incubation of more shear bands,
in conjunction with a more uniform distribution, leads to the stronger
interaction between shear bands, and thus delays their propagations.
As a result, the hybrid free volume-crystallite structure gives rise to an
improved plasticity, superior to stand-alone free volume or nanocrystal
structure.

To further reveal the synergistic effect of the hybrid structure, the ra-
dial strain distribution for composites with nanocrystals only and
nanocrystals plus 4% free volume is shown in Fig. 15. The atomic strain
evolutions at different overall strains from 0.01 (initial elastic deforma-
tion) up to 0.07 (plastic deformation) are presented. With nanocrystals
only, the nanocrystal/matrix interface sustains excess deformation
(manifested by higher strain) compared with both matrix and nano-
crystal (Fig. 15a). Considering that the interface is the mechanical
weak point and the interface in reality may contain defects, not compa-
rable to the ideally fused one in our simulation, the excess deformation
at the interface can cause an early failure of thematerial.When there are
nanocrystals and free volume simultaneously, the distribution of excess
strain is changed and atoms at the interface have almost the same strain
as that of atoms in the matrix as shown in Fig. 15b. This analysis pro-
videsmolecular evidence for the synergistic effect between free volume
andnanocrystals, i.e., the presence of free volume can alleviate the local-
ized excess strain formed at the nanocrystal/matrix interface.
formetallic glass composite at the strain of 0.07. The insets exhibit the strain distribution of
ite atoms) is not shown.

Image of Fig. 11
Image of Fig. 12


Fig. 13. Stress-strain curves of metallic glass containing free volume only, Zr2Cu
nanocrystals only, and nanocrystals with different fractions of free volume (FV).
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3.3.2. Fracture mechanism
Fracture surfaces of samples subjected to different treatments were

characterized, aiming to gain insights into how shear bands formand in-
teract during fracture. Similar to the literature [79,80], it is observed that
the fracture of metallic glass under compressive loading is shear domi-
nated, which can be demonstrated by near 45° fracture angle (control
41°, EP 43°, UNSM 42°, EP-UNSM 49°). Fig. 16 exhibits the fracture sur-
faces of control, EP, UNSM, and EP-UNSM under different magnifica-
tions. The low magnification images (the first row) show the entire
fracture surfaces. The control sample presents a relatively complete sur-
face, indicating one crack source and a rapid fracture process. In con-
trast, the fracture surfaces of EP, UNSM, and EP-UNSM all consist of
multi-surfaces. Particularly, crack steps, which are indicators for im-
peded crack propagation, are observed on the fracture surfaces of
UNSM and EP-UNSM samples.

On the fracture surfaces at higher magnifications (the 2nd row and
3rd row in Fig. 16), typical arc-shaped patterns [79], are observed on
the fracture surfaces of the control and EP-treated samples. The similar
feature on their fracture surfaces is also consistent with their stress-
Fig. 14. Distributions of von Mises strain for metallic glass matrix composites with nanocrys
nanocrystals plus 4% free volume at the strain of (c) 0.07 and (d) 0.2. The black particles in (c)
is not visualized to show the location of nanocrystals. (For interpretation of the references to c
strain behaviors, i.e., both samples with control and EP treatment pres-
ent little plasticity. For the UNSM sample, in addition to the close-
packed arc-shaped features, river-like patterns with clear primary and
secondary structures also emerge on the fracture surface. For the EP-
UNSM sample, the river-like patterns dominate, and moreover, its sec-
ondary features (branches at smaller scale) also become pronounced.
It seems that there is a continuous transition from arc-shaped feature
to river-like feature associated with the increase of plasticity. In addi-
tion, with a close look at the primary and secondary structures of the
EP-UNSM fracture surface, they display self-similarity at different scales.
The geometrical similarity implies a physical similarity behind. It has
beenwell recognized that the fracture feature is related to the perturba-
tion of shear band during crack development. Hence, based on the two
observations above as well as fracture theory, it is conjectured that the
hierarchical river-like structure is a continuous development of the
arc-shaped structure, and the driving force for the continuous develop-
ment originates from the perturbation of shear bands resulted from ex-
cess free volume and nanocrystals. To rationalize the conjecture, an in-
depth analysis based on fracture theory is given below.

Fracture morphology can be used to manifest the fracture nature of
materials. For metallic glass, it has been long recognized that a fluid-
like shear band layer forms at the shear plane between two fracture
parts during fracture [81,82]. The break-up of the shear band layer can
be viewed as the advance of air (a lower viscosity fluid) into the shear
band layer (a higher viscosity fluid). At the interface of the two fluids
(crack tip as shown in Fig. 17a), the so-called Taylor instability occurs,
which is reflected by the formation of corrugation feature. The progres-
sive rupture of the viscous fluid will lead to the formation of a steady
state form of corrugation as shown in Fig. 17b and c. A quantitative
model has been developed by Argon [81] to predict the wavelength of
the steady wave formed at crack tip, which is determined by the gradi-
ent of normal stress at the interface of two fluids, written as λ ¼ 2πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χðdσ=dxÞ

p
, whereχ is surface tention, and dσ/dx is the stress gradient

in space. Similar fracture morphology has been observed in variousme-
tallic glass fracture experiments including our result (the inset figure in
Fig. 17c). Thismechanism has been verifiedwith analogue experiments,
in which grease is placed between plates of materials to mimic shear
band layer in metallic glass. The separation of the two plates also leads
to the formation of arc-shaped pattern [83], indicating a universal
mechanism underlying the two distinct systems.

The question becomes how to interpret the river-like hierarchical
fracture morphology of EP-UNSM treated metallic glass. More
tals only at the strain of (a) 0.07 and (b) 0.2 and metallic glass matrix composites with
are atoms initially nearby free volume. In (a) and (c), the strain of atoms in nanocrystals
olor in this figure, the reader is referred to the web version of this article.)

Image of Fig. 13
Image of Fig. 14


Fig. 15. Radial strain distribution at overall strains from 0.01 to 0.07 for (a) metallic glass matrix composites with nanocrystals only and (b) metallic glass matrix composites containing
nanocrystals plus 4% free volume.
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specifically, while we have identified that a hybrid network with both
excess free volume and nanocrystalline phase is produced in EP-
UNSM treated samples,what is the role of themicrostructure in forming
the river-like hierarchical pattern? As revealed by MD simulation, the
existence of nanocrystals and free volume induces heterogeneity during
the formation of shear band. Unlike the formation of a single localized
shear bandwithout nanocrystals and excess free volume (Fig. 11b), me-
tallic glass with nanocrystals generates more shear bands uniformly
embedded in matrix (Fig. 11d), forming a heterogeneous microstruc-
ture. The addition of excess free volume further increases the heteroge-
neity (Fig. 14d). When the crack tip advances, the heterogeneity can
promote the formation of secondary corrugation superimposing on
the primary corrugation as illustrated in Fig. 17d. The formation of sec-
ondary corrugation provides an additional energy dissipation channel
for fracture. The additional energy dissipation channel through the sec-
ondary corrugation greatly increases the fracture toughness, and
Fig. 16. Fracture surfaces of control, EP, UNSM an
therefore delays the occurrence of fracture. The delay is reflected by
the continuous growth of the primary corrugation. The growth will
eventually lead to the coalescence of adjacent primary corrugations,
forming the backbone of the river-like patterns. The secondary corruga-
tion will grow into branches of the backbone. The formation of the hier-
archical river-like pattern is schematically illustrated from Fig. 17d to g.

4. Conclusions

For the first time, we have demonstrated that EP-UNSM is much
more effective in improving the plasticity of metallic glass than EP or
UNSM alone, leading to a new avenue to achieve combined superior
plasticity and strength in metallic glasses. UNSM treatment alone is
able to generate heterogeneous microstructure with free volume uni-
formly embedded in amorphous matrix. EP treatment alone is able to
generate nanocrystals at the expense of free volume annihilation, and
d EP-UNSM samples after compression test.

Image of Fig. 15
Image of Fig. 16


Fig. 17. Schematics of fracture process for control and EP-UNSM samples.
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the nanocrystals tend to aggregate. The synergistic effect of EP-UNSM
generates a hybrid structure with free volume and nanocrystals uni-
formly embedded in the amorphous matrix, leading to a significant im-
provement of plasticity from 0% to 2.03% ± 0.29%. As we have
demonstrated in MD simulation, the presence of nanocrystals and free
volume can both incubate shear bands and thus shear bands are uni-
formly distributed instead of the formation of one major shear band.
The uniformly-distributed shear bands interact with each other,
resulting in the delay of a catastrophic rupture typically observed in un-
treated metallic glasses. The work provides a novel, low-cost, and scal-
able surface engineering technique to produce BMGs with an
outstanding combination of strength and plasticity. The fundamental
understanding of how surfacemodification induced byEP-UNSMaffects
themicrostructure and thus theplasticity of BMGswill provide a knowl-
edge base to enable the design of an optimal processing strategy to fab-
ricate BMGs with desirable properties.
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