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Pd
77.5

Cu
6
Si
16.5

metallic glass was prepared by fluxing treatment and water quenching method. To avoid possible artifacts, shear
bands were created by indentation after TEM sample preparation. Bright field image, diffraction pattern, and the dark field image
of TEM that covered the shear band region were presented. A few nanocrystalline phases were noticed inside the shear bands,
which favored the plastic deformation ability and supported the explanation of mechanical deformation-induced crystallization.

1. Introduction

Metallic glasses (MGs) are a kind of advanced engineering
materials due to their high strength, high elastic limit, and
better corrosion resistance compared to their crystalline
counterparts [1]. However, two dilemmas apparently deteri-
orate MGs’ applications as promising structural engineering
materials: one is the limited critical size, and the other is the
poor plastic deformation ability for most MGs. The plastic
carriers of MGs, shear bands, are of two-dimensional defects.
Their formation and propagation are fundamentally impor-
tant for understanding the plastic deformationmechanism in
MGs. However, little is known so far and even the structure
of shear band is still a mystery. Lots of work has been carried
out to investigate the properties of shear bands, including
structure dilatation [2, 3], diffusivity [4], and strength [3].
Since the thickness of shear bands is about few tens of
nanometers [4], transmission electron microscope (TEM) is
often used to study the morphology, nanoscale defects [5, 6],
and nanocrystalline phases [7–10] in the shear bands. How-
ever, conventional TEM sample preparation methods cannot
avoid some artifacts that induced by ion impinging damage
or chemical thinning.The artifacts introduced during sample
preparation therefore may cover up the original structure of
shear bands.The nanocrystalline phase formation during the
plastic deformation process has been noticed, but the exact
reason of crystalline phase formation is still under debate

[9]. In this paper, to avoid any possible artifact, shear bands
were introduced in the Pd-Cu-Si MG after the TEM sample
preparation. Nanocrystalline phases are identified within the
prepared shear bands, which may provide some hints to
understand the different mechanisms of crystalline phase
formation.

2. Materials and Methods

The ingot of the nominal Pd
77.5

Cu
6
Si
16.5

metallic glass was
prealloyed by high frequency induction melting the mixtures
of high purity Pd (99.5%), Cu (99.99%), and Si (99.99%)
under argon pressure in a quartz tube and then purified
three times in B

2
O
3
fluxing medium under a vacuum of

10−2 Pa followed by water quenching. A cylindrical sample
with 6mm in diameter was obtained. The as-prepared sam-
ples were examined by X-ray diffraction (XRD) technique
using a Japan Rigaku D/max-RB XRD spectrometry. The
specimens of 2 × 2 × 4mm3 were cut from the middle part
of as-cast Pd

77.5
Cu
6
Si
16.5

and used for room temperature
compression tests on a WDW-50 testing machine at a strain
rate of 4 × 10−4m⋅s−1. Samples with a diameter of 3mm
were cut from the ingot for TEM analysis. After mechanical
thinning of the sample for TEM examination, the sample was
subject to twin-jet electropolishing until a hole appeared.The
electropolishing solution is a mixture of 77 vol.% CH

3
COOH
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Figure 1: X-ray diffraction spectrum of as-prepared Pd
77.5

Cu
6
Si
16.5

metallic glass. Only two broad peaks could be observed indicating a
glassy nature of Pd

77.5
Cu
6
Si
16.5

metallic glass.
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Figure 2: Engineering stress-strain curve for Pd
77.5

Cu
6
Si
16.5

metallic
glass.

plus 23 vol.% HClO
4
. To avoid the possible artifacts in the

subsequent observation of shear bands, whichmay arise from
preferred thinning by either chemical polishing or ion etch-
ing during TEM sample preparation, the shear bands studied
in this paper were created after TEM sample preparation by
indentation near the transparent part of the sample. By doing
so, a few shear bands that are suitable for TEM analysis were
obtained. The TEM inspection was performed on an FEI
Tecnai F20 G2 operated at 200 kV and integrated with an FEI
Eagle 2 K CCD.

3. Results and Discussion

Figure 1 showed the XRD spectrum of the as-prepared
Pd
77.5

Cu
6
Si
16.5

metallic glass. Besides the two broad peaks
there, no sharp peak could be detected on the XRD spectrum
in the 2-theta range from 20 to 80 degree, indicating a
glassy nature of the as-prepared Pd

77.5
Cu
6
Si
16.5

metallic
glass. Figure 2 showed the engineering stress-strain curve of

Figure 3: TEM bright field image of the region containing a clear
shear band. The red circle indicated a region used for later electron
diffraction.

Figure 4: Selected area electron diffraction pattern from the region
marked with red circle in Figure 2. The two diffuse halos show
the glassy nature of as-prepared Pd

77.5
Cu
6
Si
16.5

metallic glass in
microscale. The part of inner halo marked by yellow circle was used
for later TEM dark field imaging.

the as-prepared Pd
77.5

Cu
6
Si
16.5

metallic glass. The yield
strength of Pd

77.5
Cu
6
Si
16.5

was about 1300MPa, and the
engineering strain was up to 40%, showing excellent plastic
deformation ability. Figure 3 showed a bright field image of
the created shear band in Pd

77.5
Cu
6
Si
16.5

metallic glass. From
Figure 3, a clear shear band with a thickness of 13 nm could
be noticed, and a microcrack could also be observed at one
end of the shear band. A diffraction pattern that covered the
region marked with a red circle in Figure 3 was shown in
Figure 4. No clear diffraction spots could be noticed, except
two halos in Figure 4, suggesting a glass nature of the as-
prepared sample, which was also consistent with our XRD
result. By using a part of inner halo ring indicated by a yellow
circle in Figure 4, a dark field image of TEM was shown in
Figure 5. From the dark field image of TEM in Figure 5, a few
bright parts that suggested the existence of nanocrystalline
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Figure 5: TEM dark field image of as-prepared Pd
77.5

Cu
6
Si
16.5

metallic glass around a shear band. The bright parts indicated by
the arrows within the shear band suggest the existence of crystalline
phase formation.

phases could be noticed inside the shear band, at the edge of
the crack and at the edge of theTEMsample. In addition, clear
lattice fringes from high-resolution TEM results were also
noticed for the nanocrystalline phases inside shear bands,
which were not presented here. The nanocrystalline phase
formation may have different originations at different parts
in the sample. In this paper, we would like to focus only on
the nanocrystalline phases formation inside shear bands.

Although crystalline phases inside shear bands have
been reported [7–10] and studied by TEM, improper TEM
sample preparation techniques may introduce artifacts, such
as nanocrystalline phases, and it was also mentioned recently
that some of crystalline phases observed in the deformed
region were not because they were deformed but because
they were thin [11]. In this paper, since the shear bands were
created after TEM sample preparation, the deformed region
was off artifacts and the observed crystalline phases were
undoubtedly formed during the deformation. To explain the
formation of the observed crystalline phases in shear bands,
both the thermodynamic and the kinetic factors should
be considered. Since the temperature can easily induce the
crystallization transformation from MGs, temperature effect
was proposed as an apparent reason for the crystallization
formation inside shear bands. Although significant temper-
ature rise has been noticed around shear off on somemetallic
glasses [12], it was also suggested that for a limited shear off,
the temperature risewas not that important [13]. For the shear
band that we created with only 13 nm in thickness on TEM
thin foil sample, the shear off of the shear bands would be
very limited and the shear band could be regarded as a cold
one, where the thermal effect could be neglected. Another
possible reason accounts for the crystalline phase formation
is the mechanical deformation-induced crystallization. It
was believed that a structure dilatation occurred inside
shear bands during the plastic deformation [2]. Compared
to the matrix region, such loosely packed regions inside
shear bands would increase the mobility of local atoms [4]
and would provide more possibility for structure relaxation

and therefore crystalline phase formation. Since the formed
crystalline phases might interact with shear bands by local
stress relaxation, the crystalline phases would affect the
overall mechanical properties of MGs. The existence of
crystalline phases inside shear bands was often considered as
an indication of having better plasticity in MGs [8, 14, 15].
However, it depends on when the crystalline phases form.
If the crystalline phases form instantly while deformation,
the local stress around the newly formed crystalline phase
would reduce and might not be enough to support further
shear band propagation. When the external load further
increases, other sites may reach the critical local stress
and initial another new shear band. Since the plasticity of
metallic glasses is often related to the observedmultiple shear
bands formation, the overall plasticity would be improved
if crystalline phases formed instantly while deformation.
If the crystalline phases form a while after the formation
of shear bands, they would have little effect on blocking
the current shear band. Then the overall plasticity might
not be improved, although crystalline phases were noticed.
Since the Pd

77.5
Cu
6
Si
16.5

MG has demonstrated excellent
plastic deformation ability, we believed that the crystalline
phases we observed were formed instantly as the plastic
deformation proceeded. As to the preferred orientation and
possible defects of the crystalline phases in the shear bands of
Pd77.5Cu6Si16.5 MG, further investigations are still carrying
on.

4. Conclusions

In summary, the Pd
77.5

Cu
6
Si
16.5

metallic glass was prepared
and shear bands were created by indentation after TEM
sample preparation to avoid possible prefer thinning. The
dark field image of TEM showed the existence of nanocrys-
talline phases formation inside shear bands, where they were
mainly induced by mechanical deformation but not by the
thermal effect. The excellent plastic deformation ability of
Pd
77.5

Cu
6
Si
16.5

metallic glass suggested that the crystalline
phases were formed instantly while deformation and then
retarded the shear band propagation.
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