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Abstract. In-situ tensile tests performed in a scanning electron microscope (SEM) were used to
study mechanical behavior of a Zr-Bulk metallic glass and highlight the effect of strain rate. Shear
band generation and propagation was observed at several stages of deformation. Fracture surface was analyzed immediately after rupture under SEM secondary vacuum, avoiding contamination of sample surface. We found that contrary to experimental results performed in constrained
geometries such as in compression or indentation, increasing strain rate in tension leads to formation of multiple parallel shear bands and enhanced macroscopic plasticity up to 1.5% with slight
decrease of elastic strength and Young modulus. Fracture surface analysis revealed that flow is an
accommodation mechanism for deformation in metallic glasses.

1. INTRODUCTION
The need for fundamental understanding the flow
in metallic glasses has motivated a variety of experimental investigations involving temperature and
strain-rate sensitivities [1-3] and assessing the
dependence of flow on microstructure and heat
treatment [4-6]. In parallel, theoretical models
helped to explain various features of homogeneous
and heterogeneous flow. Flow in metallic glasses
is inhomogeneous at low temperature and high
strain rates [7]. Plastic deformation is highly localized into shear bands, which initiate and propagate
rapidly across the sample and cause macroscopic
fracture. However, it has been recently shown that
in some cases [1], metallic glass ribbons can undergo enhanced microscopic ductility associated
with multiple shear bands generation. This result
seems to be interesting for approaching the strain
localization in metallic glasses and plastic deformation, related with state. In this paper, we study
the influence of strain rate on both, tensile strength
and ductility of a Zr55Cu20Ti5Al10Ni10 bulk metallic

glass (BMG). Formation and growth of shear bands
as well as fracture morphology for the BMG was
analyzed through in situ tensile tests.

2. EXPERIMENTAL DETAILS.
Zr55Cu20Ti5Al10Ni10 BMG (nominal composition in
atomic percent) was chosen in this work. The master alloy was produced by arc melting together the
pure elements under a purified argon atmosphere
and then the ingot was remelted several times to
ensure a homogeneous composition. Plates of 11
x 30 x 1 mm3 of the metallic glass were made by
suction casting the molten alloy into a copper mold.
The amorphous structure of these plates was
checked by standard x-ray diffraction (XRD) using
a Siemens Kritalloflex D500 diffractometer and CuKα radiation. Tensile specimens 12 mm in gauge
length, 1.5 mm in gauge width, 1 mm thickness
and 2 mm in shoulder radius were electrode discharge machined from the amorphous plate (Fig.
1).
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Fig. 1. Shape of tensile specimens used in the
present study.

Fig. 2. Stress– strain curves at two different strain
rates.
Specimen surfaces were mechanically polished
with silica papers to reduce the thickness to about
0,5 mm. The ground surfaces were also mechanically polished with alumina slurry to eliminate
scratches produced during machining. In situ tensile tests were carried out in a JEOL 6400 SEM
equipped with a tensile stage device at room temperature. The strain rate was fixed, and load-displacement data were recorded in two ways with
analogue and digital signals. After failure, the specimen and the fracture surfaces were directly observed by SEM in vacuum.

3. RESULTS AND DISCUSSIONS
Stress–strain curves for the alloy at room temperature and at two different strain rates are shown in
Fig. 2. The curve for strain rates 2 10-5 s-1 is characterized by the absence of plastic yielding that is
common metallic glass behavior at room temperature. The yield stress and elastic strain are around
1700 MPa and 1,9% respectively with no plastic
deformation. However, for high strain rate (10-3
s-1), plastic elongation of about 1-1,5 % has been
revealed. This is associated with clear decrease in
fracture stress and elastic strain range.
While the decrease of flow stress as a function
of strain rate has been reported both in tensile and
in compression [8-11], the increase of plasticity,
especially at high strain rates, has been observed
only in tensile configuration and reported in [1], as
was found also in the present work.

3.1. Fracture behavior
The fracture surface and the external surface were
observed simultaneously in SEM by tilting the speci-

men. Fig. 3a is a side view of the sample fractured
at the strain rate of 2 10-5 s-1. It is observed that
samples fracture proceeds along a single plane,
indicating that one major shear band dominates
the final fracture. The fracture plane is inclined at
54° with respect to the tensile axis. A 54° inclination angle in tension has also been reported by other
researchers [12].
Fig. 3b is a lower magnification secondary electron (SE) image of external surface of a specimen
strained at 2 10-5 s-1. Many vertical stripes consisting of ridges and valleys are observed. The specimens used in this work have shoulders for hooking over the specimen holders, as shown in Fig. 1,
so that stress should be strongly concentrated at
the boundaries between the shoulders and the
gauge section. In fact, shear bands were more frequently generated on the shoulders side rather than
on the gauge as seen in Fig. 3b. So, when stress
concentration occurs under certain local condition,
a shear (mode II) microcrack will initiate in the
weakened shear plane. When the shear crack
grows along the shear band into 20/25 µm in depth,
it will open and become a shallow I-II complex crack
under a normal stress component. As soon as the
complex crack becomes a mode I crack penetrating the thickness it will propagate rapidly along the
width until fracture of the specimen.
SEM observations of the gauge surfaces of the
samples deformed at the lower strain rate revealed
secondary shear bands and multiple cracks near
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Fig. 3. (a) Side surface of the specimen fractured at the strain rate of 2 10-5 s-1 (b) Forming and growing
of shear band (side-view), (c) and (d) Fracture surfaces (planar-view) in the vicinity of the sample edge for
samples deformed in tension.

Fig. 4. (a) Fracture surface of the specimen examined at the strain rate of 10-3 s-1, (b) and (c) Enlarged image of multiple parallel shear bands.
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the fracture surfaces (Fig. 3b), which are believed
to be formed during rapid crack propagation along
the primary shear band. These tests at lower strain
rates did not exhibit ductility in tension. Fracture
surfaces in the vicinity of the sample edge are
shown in Figs. 3c and 3d. A small sliding region is
seen before the onset of the final catastrophic fracture (i.e. the vein pattern).
Fracture surfaces of samples deformed at high
strain rates (10-3 s-1) have a quite different appearance. The fracture surface and side surface of the
specimen are shown in Figs. 4a, 4b, and 4c, respectively. In contrast to a simple shear-off surface appearance in sample fractured at low strain
rate, the fracture surface of the sample tested at
high strain rate is relatively rough. Close examination of the side surface reveals the presence of
parallel shear bands. This suggests the simultaneous operation of multiple shear bands at the
dynamic strain rate. In contrast to the observation
of shear banding localization to the area of fracture at lower strain rate, additional multiple shear
bands parallel to the primary one (along which fracture occurred) were detected away from the fracture surface (Figs. 4b and 4c) at the higher rate.
The results suggest that flow is a stress relaxation
process. In fact, in tensile configuration, once the
shear band begins to propagate, fracture rapidly
follows. If the nucleation rate is faster than the applied strain rates, then a weak or no strain rate effect is expected. This is the case of some published data using a very limited strain rate range
[12,13]. However, at sufficient high strain rate, the
rate of shear band nucleation is not sufficient
enough to accommodate the applied strain rate
and, thus, additional shear bands must be formed
in order to accommodate the large amounts of
imposed strain in a much smaller time frame. With
shear bands, a step-like relief forms in a large portion the sample (Figs. 4b and 4c). The presence of
large numbers of shear bands is then associated
with an increase in ductility as shown in Fig. 2.

4. CONCLUSION
Mechanical behavior of a Zr55Cu20Ti5Al10Ni10bulk
metallic glass has been investigated through in situ
tensile tests in scanning electron microscope for
two different strain rates. Following observations
were made.

-An increase of 1-1,5% plasticity is observed in the
stress-strain curves at high strain rate linked
with diminishing of fracture stress and elastic
strain. Fracture surface and external surfaces
were different for high and low strain rate.
-Secondary shear bands and multiple cracks near
the fracture surfaces were observed at high
strain rate. The macroscopic plasticity of metallic glasses at room temperature is a summation of local strains contribution of every shear
band in the gauge section.
- The lack of ductility in the tensile tests in the literature could be due to sensitivity to a critical
strain rate, which may be material-related (structure) and may depend on stress states.
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