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Abstract

The great technological potential for bulk metallic glasses (BMGs) arises primarily because of their superior mechanical properties.
To realize this potential, it is essential to overcome the severe ductility limitations of BMGs which are generally attributed to shear local-
ization and strain softening. Despite much international effort, progress in improving the ductility of BMGs has been limited to certain
alloys with specific compositions. Here, we report that severe plastic deformation of a quasi-constrained volume, which prevents brittle
materials from fracture during the plastic deformation, can be used to induce strain hardening and to reduce shear localization in BMGs,
thereby giving a significant enhancement in their ductility. Structural characterizations reveal the increased free volume and nanoscale
heterogeneity induced by severe plastic deformation are responsible for the improved ductility. This finding opens a new and important
pathway towards enhanced ductility of BMGs.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Bulk metallic glasses (BMGs) have significant potential
for technological applications due to their superior
mechanical properties, including high elastic limit (up to
2%), super high strength (�2 GPa) and hardness, and
excellent resistance to wear and corrosion [1–4]. However,
practical structural applications of BMGs are severely lim-
ited by their poor ductility, which is usually near zero in
tension and less than 2% under compression [2–5]. The
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poor ductility of BMGs is caused by shear localization
and strain/thermal softening [2,4,6,7]. Through significant
global efforts, two general methods have been proposed
to enhance the ductility of BMGs: (1) fabrication of amor-
phous/crystalline composite structures [8–12] and (2)
design of BMGs with specific compositions [7,13–15].
However, these methods apply only to certain specific
BMGs. The second method is particularly sensitive to
BMG composition and slight deviations in stoichiometry
can lead to dramatic ductile-to-brittle transitions [13,16].
Here, we report that severe plastic deformation (SPD),
which has been widely used to manipulate the structures
of crystalline materials to achieve enhanced mechanical
properties [17,18], can be used also to modify the micro-
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Fig. 1. The hardness of the as-cast and HPT BMG as a function of (a)
distance from each disk center and (b) von Mises equivalent strain.
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structures of BMGs by increasing their free volume and
inducing microstructural heterogeneity at the nanoscale
through deformation-induced atomic clustering processes.
These microstructures effectively reduce shear localization
and induce a strain hardening capability leading to a signif-
icant enhancement in their ductility.

2. Experimental procedures

The BMG studied here was Zr50.7Cu28Ni9Al12.3 (at.%),
which was prepared by first arc melting the pure elements
Zr (99.9%), Cu (99.99%), Ni (99.9%), and Al (99.99%)
three times in a Ti-gettered argon atmosphere to form the
master ingot based on the nominated composition. The
ingot was then remelted and drop-cast into a copper mold
to obtain an amorphous plate with dimensions of
60 mm � 30 mm � 3 mm.

SPD processing was conducted on BMG disks using
high-pressure torsion (HPT) under quasi-constrained con-
ditions [17,19] in which a BMG disk was held to a fixed vol-
ume to prevent fracturing of the brittle BMG during the
SPD processing. The BMG was cut into disks with diame-
ters of �10 mm and thicknesses of �0.8 mm. The disks
were subjected to HPT under a pressure of 6 GPa at room
temperature for 1 and 2 revolutions, respectively. The rota-
tion speed of HPT processing was 1 rev min�1. After HPT
processing, the disks were mechanically polished to pro-
duce a mirror-like surface using diamond lapping films
(30–1 lm) for X-ray diffraction (XRD) measurements and
hardness testing. XRD measurements were performed
using a Siemens D5000 diffractometer. Hardness testing
was carried out using a Leco LV700AT indenter with loads
of 10 and 30 kg, respectively, at each point for 15 s. The
hardness was measured at points with radius values on
the HPT disks of r = 1.0, 1.7, 2.4, 3.1 and 3.8 mm and these
values were averaged from eight datum points positioned
by a rotational increment of 45� around the disk center.
The hardness value at the disk central area (r = 0.3 mm)
was averaged from three datum points by a rotational
increment of 120� around the disk center. The indented
areas were characterized by scanning electron microscopy
(SEM) using a Zeiss ULTRA microscope.

Thermal analysis was performed using DSC 2920 under
pure nitrogen atmosphere with a heating rate of
20 �C min�1. Zr50.7Cu28Ni9Al12.3 (at.%) metallic glass sam-
ples were put into Al pans at room temperature for 1 min,
and then heated to 850 K. Each sample was run for two
times and the second measured data for a fully crystallized
sample is used as base line. The difference between the two
measurements is the real heat flow change for the sample. It
has been confirmed that free volume change is related to
the enthalpy change of samples. Their relationship can be
expressed using the following equation [20]:

DH i ¼ b � DV i

where DHi is the change of enthalpy, b is a constant and
DVi is the change of free volume. The difference of total
enthalpy DHi for each specimen caused by structural
change induced by HPT is calculated as follows [21]:

DH i ¼
Z 700K

375K

W exp
i ðT Þ � W base

i ðT Þ
c

dT

�
Z 700K
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0 ðT Þ � W base

0 ðT Þ
c
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where Wexp(T) and Wbase(T) is the heat flow of the experi-
ment and base line, respectively; i corresponds to data for
the BMG after HPT, 0 corresponds to data for the as-
received sample; and c is the heating rate (20 �C min�1).
The total enthalpy change should be integrated from
375 K to the glass transition temperature (700 K) to reveal
the change of free volume. Compared to the as-received
sample, the enthalpy change of the HPT-deformed sample
(the center of the one-revolution disk) is 1.8 J g�1 which
demonstrates HPT induces an increase of free volume.

Pillars for in situ compression transmission electron
microscope (TEM) were prepared using a FEI Helios
Nanolab 600 focused ion beam (FIB). High-resolution
TEM images of BMGs were taken using a JEM-3000F
TEM. In situ compression testing of the BMG was con-
ducted using a Hysitron PicoIndenter [22] with a flat dia-
mond punch in a JEM-2100 TEM. The load and spatial
resolutions of the PicoIndenter are �0.3 mN and �1 nm,
respectively. Deformation processes in TEM were recorded
at 30 frames s�1 using a digital video recorder in the
microscope.

3. Results

Fig. 1 shows the hardness of the as-cast and HPT BMG
as a function of the distance from the central area of each



Fig. 2. SEM images of (a) an indented area of the as-cast sample under
10 kg loading, (b) an enlarged image of the region marked with a white
square in (a), (c) an indented area of the HPT disk under 10 kg loading, (d)
an enlarged image of the region marked with a white square in (c), (e) SB
morphology at an area close to an indent on the as-cast sample under
30 kg loading, and (f) SB morphology at an area close to an indent on the
HPT disk under 30 kg loading.
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disk (Fig. 1a) and as a function of the von Mises equivalent
strain [23] (Fig. 1b) applied by the HPT processing. The
hardness testing results clearly indicate that strain soften-
ing occurred, resulting in a �13% drop in hardness from
�4.8 GPa in the as-cast sample to �4.2 GPa at the central
area of the one-revolution HPT disk. Because the torsional
plastic strain is close to zero at the central area of a one-
revolution HPT disk [24], it is reasonable to conclude that
the strain softening process occurred immediately after a
high pressure of 6 GPa was applied to the BMG but before
torsional straining. Substantial (�19%) strain hardening
was subsequently observed in the early stages of the HPT
straining before the hardness reached a plateau of
�5 GPa at an equivalent strain of �40.

While strain softening is commonly observed in BMGs,
and usually associated with their poor ductility, strain
hardening is rare [8,25,26]. To understand the deformation
behavior related to strain softening and strain hardening,
SEM observation was conducted at indented areas in the
as-cast sample and in the central area of the one-revolution
HPT disk. All indents were of a regular pyramidal shape
(Fig. 2). It is interesting to note that, under 10 kg loading,
obvious shear bands (SBs) with spacing of �10 lm or more
are seen near the indented area in the as-cast sample
(Fig. 2a and b) where strain softening occurred upon
indentation. However, no clear SB was observed in the
surrounding area of each indent in the center of the
one-revolution HPT sample (Fig. 2c and d) in which strain
hardening took place during the indentation. The existence
of a low density of coarse SBs in the as-cast sample is
strong evidence of shear localization. The lack of SBs in
the center of the one-revolution HPT sample indicates that
HPT processing eliminates or significantly reduces shear
localization, thereby giving a more uniform deformation.
By increasing the indentation loading to 30 kg, a low den-
sity of continuous coarse SBs remained in the as-cast sam-
ple (Fig. 2e), and a very high density of short shallow SBs
was present in the center of the one-revolution HPT sample
(Fig. 2f), further confirming the reduction of shear localiza-
tion after HPT processing.

The introduction of a strain-hardening capacity and the
reduction of shear localization in HPT samples indicate
that HPT represents a strategy to enhance the ductility of
BMGs. To confirm this, extensive in situ compression
experiments of pillars with rectangular-shaped cross-
sections and without tapering were conducted using
TEM. The pillars were fabricated using FIB technique
[27]. The simple pillar geometry eliminates the complicated
effects on mechanical properties that are caused by tapering
[22,26,28]. In situ compression of five pillars fabricated
from the as-cast sample indicated that the as-cast BMG
is brittle with small plastic strain. Fig. 3 shows a typical
example of the compression of a pillar from the as-cast
sample. The pillar shown in Fig. 3a possessed dimensions
of 303 nm (width) � 278 nm (thickness) � 469 nm (length).
In situ TEM compression was carried out under the dis-
placement-controlled mode with a nominal strain rate of
�10�2 s�1. An engineering stress–strain curve (Fig. 3b)
shows that the stress increased linearly to �2.8 GPa before
yielding and dropped rapidly to zero at a plastic strain of
�1.5%, which is typical behavior of brittle BMGs [5]. Note
that the elastic strain obtained from Fig. 3b is overesti-
mated because of the gliding of the TEM sample on the
specimen mount in the early stages of the compression test-
ing, as demonstrated by the corresponding video (Movie 1)
in the online Supplementary information. Together with
the in situ experiment shown in Movie 1, a post-deforma-
tion SEM observation (Fig. 3c) confirmed that the pillar
fractured instantaneously via the motion of a single SB.

By contrast, in situ compression of three pillars fabri-
cated from the central region of the one-revolution HPT
sample showed excellent ductility. A typical example is
shown in Fig. 4. A pillar with dimensions of
321 nm � 343 nm � 667 nm (Fig. 4a) was compressed
under the same experimental setting as in Fig. 3. An



Fig. 3. (a) A pillar of the as-cast sample before compression, (b) an engineering stress–strain curve of the compression test, and (c) an SEM image of the
pillar after compression, showing a brittle fracture along a single SB.

Fig. 4. (a) A pillar of the HPT deformed sample before in situ compression, (b) an engineering stress–strain curve for the HPT deformed sample,
indicating strain hardening. (c–e) are extracted TEM images corresponding to point 1–3 in (b), respectively, and (f) an SEM image after the compression.
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engineering stress–strain curve is presented in Fig. 4b in
which points 1–3 correspond to the morphological images
in Fig. 4c–e, respectively, which are extracted from Movie
2 (see the online Supplementary information). The pillar
yielded at a stress of �2.3 GPa (marked as point 1 in
Fig. 4b), which is �18% lower than 2.8 GPa in the as-cast
sample, through the activation of a SB marked with a black
arrow in Fig. 4c. The stress decreased because of the SB ini-
tiation. Increasing deformation resulted in strain harden-
ing, indicating that the SB was blocked. Subsequent
deformation resulted in the initiation of a second SB
(marked with a white arrow in Fig. 4d) at the stress level
of 2.5 GPa (marked as point 2 in Fig. 4b). Slight propaga-
tion of the second SB occurred, followed by further strain
hardening to a stress of 2.8 GPa (marked as point 3 in
Fig. 4b) when the third SB was activated (indicated with
a blue arrow above the white arrow in Fig. 4e). The com-
pression stopped at this point without breaking the pillar
and the punch was withdrawn. The post-deformation
SEM image in Fig. 4f shows clearly the three SBs with
no indication of fracture. The small spacing between neigh-
boring SBs agrees well with the observed high density of
SBs surrounding an indent on the surface of the HPT sam-
ple as shown in Fig. 2. The engineering strain of the pillar
in Fig. 4 reached 11% but the integrity of the pillar was
maintained.

It should be noted that the strain hardening shown in
the engineering stress–strain curve in Fig. 4b is real.
Although the cross-sectional area at the tip of the pillar
increased with the compressive strain, the cross-sectional
areas at places where SB deformation occurred remained
roughly unchanged at the time when the deformation was
initiated. It has been widely reported that reducing the
dimensions of BMGs to smaller than 100 nm increases sig-
nificantly the ductility of these materials [26,29,30]. The
dimensions of the pillars investigated here are much larger
than 100 nm. Furthermore, with similar dimensions, as-
cast pillars and HPT pillars behave differently and consis-
tently. Therefore, the observed high ductility in HPT pillars
is confirmed as a real property of the HPT BMG.
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In fact, plastic strain much larger than 11% was
observed in pillars fabricated from the central area of the
one-revolution HPT disk when these pillars were com-
pressed to fracture. Fig. 5 shows three consecutive com-
pression processes of a pillar with dimensions of
313 nm � 313 nm � 450 nm (Fig. 5a) fabricated from the
central region of the one-revolution HPT sample. The pil-
lar was compressed with a nominal strain rate of
�10�2 s�1. Several loading peaks were present in the
load–time curves in Fig. 5b. Fig. 5c–e shows microstruc-
tural images extracted from Movies 3.1–3.3 after the first,
second and third loading test, respectively. During test 1,
the load increased rapidly to 233 lN (point 1 in Fig. 5b)
followed by the formation of a SB, which is marked by a
black arrowhead in Fig. 5c, and a load drop to 86 lN.
Continuing the compression to the load of 160 lN (point
2 in Fig. 5b) before the end of the first loading cycle only
resulted in elastic deformation and the deformation was
gradually released when the punch used to apply the com-
pression load was withdrawn (Movie 3.1). During test 2,
the previous SB was activated again at a higher load of
�260 lN (point 3 in Fig. 5b), resulting in another load
drop. The higher loading needed to activate the same SB
indicates that the SB was blocked or arrested by an obsta-
cle that resulted in strain hardening. The SB propagated
only a short distance before it was arrested again, as evi-
denced by the immediate increase of the applied force.
Before the end of the loading cycle 2, the second SB
(marked with a red arrow in Fig. 5d) was activated at
�280 lN (point 4 in Fig. 5b) that separated the punch
and the pillar (because the pillar receded faster than the
punch), leading to a rapid load drop to zero (Movie 3.2).
Fig. 5. Three consecutive compression tests on a pillar at the central region of
time curves for test 1 (the black curve), test 2 (the red curve) and test 3 (the blu
3.1–3.3 of the in situ compression tests, and (f) an SEM image after test 3. (For
referred to the web version of this article.)
During test 3, the second SB continued to propagate when
the force reached �300 lN (point 5 in Fig. 5b) but was
immediately arrested. The third SB was activated at
�315 lN (point 6 in Fig. 5b) that led to the fracture of
the pillar (Fig. 5e and f and Movie 3.3). The accumulated
engineering strain of the three compression processes is
about 52%, from the expression L0�L3

L0
(L0 = 450 nm and

L3 = 217 nm).
To understand the microstructural factors that enhance

the ductility, extensive microstructural characterizations
were carried out using X-ray diffractometry (XRD), differ-
ential scanning calorimetry (DSC), electron diffraction and
high-resolution TEM. Fig. 6a provides the XRD patterns
of samples before and after HPT processing. The two pat-
terns exhibit almost identical shapes, indicating that the
microstructures remained mainly in an amorphous state
with no XRD detectable crystallization after HPT. The
DSC traces in Fig. 6b further confirm the glassy state with
a glass transition temperature evident at 700 K for both
samples. The DSC data also suggest that the energy release
increased from 2.0 J g�1 in the as-cast sample to 3.8 J g�1

in the central region of the one-revolution HPT sample,
so that the free volume increases after HPT. It is generally
accepted that plastic deformation of BMGs, including by
SPD processing, requires dilatation that produces geomet-
ric defects with a low packing density so that excess vol-
umes are created [16,31–33]. This explains that SPD
processing increased the free volume in the present BMG.

Fig. 7a shows a typical bright-field TEM image and its
corresponding electron diffraction pattern (inserted at the
upper right corner) recorded from the as-cast BMG. The
uniform image contrast and electron diffraction rings in
the one-revolution HPT disk. (a) The pillar before compression, (b) load–
e curve), (c–e) still images after each test extracted from the video Movies
interpretation of the references to colour in this figure legend, the reader is



Fig. 6. (a) XRD patterns and (b) DSC traces of the as-cast and HPT samples.

Fig. 7. (a and b) A typical bright-field TEM image with an insert diffraction pattern and a high-resolution TEM image, respectively, of the as-cast sample;
(c and d) a typical bright-field TEM image with an insert diffraction pattern and a high-resolution TEM image, respectively, of the central area of the one-
revolution HPT disk; (e) a high-resolution TEM image obtained from the central area of the one-revolution HPT disk showing partial crystallization of a
small dark region; (f) an enlarged image of the rectangle area in (e).
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Fig. 7a as well as the high-resolution TEM image in Fig. 7b
reveal a typical uniform amorphous structure in the as-cast
BMG. Fig. 7c shows a typical bright-field TEM image
recorded from the central region of the one-revolution
HPT BMG, demonstrating a high density of dark contrast
regions with diameters of �5 nm distributed uniformly
throughout the sample. The bright/dark contrast variation
in Fig. 7c indicates a nanoscale microstructural heterogene-
ity in the material, which may be caused by chemical short-
range segregation [34–36]. The insert electron diffraction
pattern in Fig. 7c and the high-resolution TEM image in
Fig. 7d confirm that the HPT sample retained mainly an
amorphous structure. Note that a fraction of these dark
regions was partially crystallized. Fig. 7e shows a typical
image of partial crystallization of a dark region at the cen-
tral area of the one-revolution HPT sample. An area in
Fig. 7e highlighted with a white rectangle is magnified in
Fig. 7f, showing a few horizontal crystal lattice fringes.
These results demonstrate that processing by HPT pro-
duces a structural change that forms a high density of
nanoscale heterogeneity regions distributed uniformly
throughout the BMG. These deformation-induced micro-
structural inhomogeneities operate over a length scale of
several nanometers and are probably caused by the ther-
modynamic metastability intrinsic to metallic glasses [37–
40].



Fig. 8. The hardness of the as-cast and HPT Ti40Zr25Ni3Cu12Be20 (at.%)
BMG as a function of the von Mises equivalent strain. N0.5 and N3
represent 0.5 and 3 HPT revolutions, respectively.
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4. Discussion

Owing to the absence of dislocation-mediated crystallo-
graphic slip, BMGs usually exhibit localized shear defor-
mation via shear banding that initiates strain softening
upon yielding [7,14,16,31,40–42]. This makes BMGs very
brittle such that they fail catastrophically due to the unin-
hibited propagation of SBs [2,4,5,7,26]. To improve the
ductility of BMGs, it is necessary: (1) to promote the gen-
eration of a large number of SBs so that the macroscopic
strain is distributed over a large volume; and (2) to produce
strain hardening in order to impede SB propagation and
thereby reduce the strain within a single SB, thus delaying
fracture [4,7,14,15].

Because the mechanical coupling in free volume sites is
weak, these sites may be the preferred regions for SB nucle-
ation under an applied stress [3,16,31,43]. Processing by
SPD introduces an excessive free volume that provides
numerous SB sources and thereby effectively distributes
the plastic deformation over a large volume. Other defects
introduced by HPT processing may also be preferred SB
nucleation sites. While significantly increasing the number
of SB nucleation sites prevents localized deformation, it
also leads to a softening because of the easy initiation of
shear banding deformation. This is probably the reason
for the reduction in hardness from �4.8 GPa in the as-cast
BMG to �4.2 GPa immediately after a compressive force
of 6 GPa was applied to the BMG at the beginning of
the HPT processing.

While the easy nucleation of SBs is an essential factor
for inherent ductility, strain hardening is necessary to
allow these materials to sustain plastic strain by prevent-
ing runaway failure along a single SB. Studies revealed
that sub-nanometer-scale structural inhomogeneity not
only promotes the nucleation of SBs but also enables their
branching, leading to a large global plasticity [8,35]. It has
been suggested that in situ nanocrystallization along SBs
during the deformation process can dramatically increase
the strength of the shear regions [9] and this may effec-
tively compensate for the strain softening [9,25]. The
nanoscale heterogeneous regions presented in Fig. 7c
should play a similar role in hindering, deflecting and
branching the propagation of SBs, resulting in discontinu-
ity of the SBs, as shown in Fig. 2f. By contrast, deforma-
tion in the as-cast sample was associated with the
continuous propagation of long and coarse SBs (see
Fig. 2e), leading to catastrophic failure. This explains
our observation in the HPT BMG that SBs were arrested
during in situ compression and a higher stress is needed to
activate new SBs. During deformation, SB initiation will
start from the weakest sites. With further deformation,
the critical stresses to initiate new SBs increase gradually
from easy to difficult nucleation sites, resulting in a pro-
gressive increase of stress needed to sustain further defor-
mation. This means that strain hardening will occur. Note
that the reactivation of previous SBs also requires a
higher stress, which was demonstrated by in situ
deformation TEM (see Fig. 5 and Movies 3.1–3.3 in Sup-
plementary information). These results confirm that strain
hardening is an intrinsic property of severely deformed
BMGs. The mechanisms of the ductility enhancement in
HPT BMGs are different from that of a shot-peened
BMG where the introduction of a large amount of pre-
existing SBs enhanced the plasticity of the BMG [44].
No pre-existing SBs were observed in the HPT BMGs
used in this study.

It has been reported that thermal annealing can also be
used to introduce structural heterogeneity (such as nano-
crystals) as an approach to improve ductility, although
the improvement derived from these approaches is rather
limited [45]. Further, thermal annealing can result in a
complete loss in ductility in some metallic glasses [46]. By
comparison, SPD is a more promising technique for the
introduction of microstructural heterogeneity in BMGs.
Because a deformation-induced free volume increase [47–
49] and deformation-induced nanocrystallization [37,40]
have been widely reported in BMGs with various composi-
tions, the method reported here, whereby a strain harden-
ing capability is introduced to improve the ductility of
BMGs, should have a generality for BMGs with various
compositions. To confirm this possibility, HPT processing
followed by hardness testing was carried out on a Ti40Zr25-

Ni3Cu12Be20 (at.%) BMG and the results of strain harden-
ing are shown in Fig. 8.

5. Conclusions

In summary, we propose a universal technique to
improve significantly the ductility of BMGs by using
SPD processing of a quasi-constrained volume as in high-
pressure torsion. The use of a quasi-constrained volume
effectively prevents brittle BMGs from fracture during the
plastic deformation process. The processing introduces an
excessive free volume and nanoscale microstructural heter-
ogeneity in BMGs that enable mechanisms for the
enhanced ductility of BMGs. The results offer a new para-
digm for developing BMGs with improved ductility and
this will have a significant impact on the research and
applications of BMGs.
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