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The increasing of localized free volume in bulk
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Using transmission electron microscopy and electron diffraction, we have investigated the microstructure of a

Zrs5Al10NisCuzp bulk metallic glass under a uniaxial compression until a failure occurs at room temperature. It is

shown that the amorphous structure has changed locally in the vicinity of the failure plane after the plastic deformation.

An increase in free volume is observed within the localized areas due to the concentration of plastic flow, suggesting

that the increasing of local free volume dominates the deformation mechanism of the metallic glass. The effect of free

volume on the ‘serrated flow’ behaviour in the stress—strain curves during the uniaxial compression is discussed.
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1. Introduction

In the last decade, bulk metallic glasses (BMGs)
have attracted much attention because of their inter-
esting features and potential applications as structural
and functional materials. The deformation behaviours
of BMGs have been a hot point of theoretical and ex-

[1-6] Tt has been universally

perimental investigations.
received that plastic deformation in metallic glasses
takes place inhomogeneously due to the formation of
the highly localized shear bands at high stresses and
low temperatures.[”:8] Some structural changes may
occur within the shear bands, causing the local soft-
ening or viscosity reduction of the glass. Several the-

[3:7-9 and adia-

oretical models, such as free volume
batic heating,[*6:1% have been proposed to explain the
deformation mechanism of the metallic glasses, but
there still does not exist a universally receivable view
in this respect. In contrast to the fractographic stud-
ies of the resulting failure under the different stress
conditions by optical micrography and scanning elec-
tron microscopy,[11_15] experimental data for struc-
tural evolution in BMGs during the deformation are
lacking. Thus, it is understandable that the infor-
mation about the microstructural change induced by
plastic deformation in BMGs should be of especial im-
portance for elucidating the deformation mechanism
of metallic glasses.

In recent preliminary reports, we have described
the high-resolution transmission electron microscopy
(HRTEM) observations of voids and nanocrystalliza-
tion in a BMG fractured by uniaxial compression
at room temperature.'617 In the present work, we
extend the previous studies and attempt to reveal
whether and how the microstructural changes can be
introduced in a ZrssAl;oNi5sCuzg BMG under uniax-
ial compression, which serves as part of effort to fur-
ther understand the deformation mechanism in metal-
lic glasses.

2. Experimental details

The amorphous Zrs;Al;gNisCusg rod (in at %)
with a diameter of 4 mm and a length of 50 mm was
prepared by using the arc-melted mixtures of pure
elements in an argon atmosphere and casting into a
copper mould. The amorphous structure was iden-
tified by x-ray diffractometry (XRD, Rigaku/max-yA
diffractometer using Cu Ko radiation, A = 1.54056 A)
and transmission electron microscopy (TEM) observa-
tions. The uniaxial compressing of the as-cast sample
with 4 mm in diameter and 8 mm in length was per-
formed until a failure occurred at a compression rate
of 1074 57! on an MTS 810 testing machine at room
temperature. Figure 1 shows the compressive stress—
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strain curve of the Zrs5Al;oNi5zCuzg amorphous alloy
in an as-cast state. The fracture occurred along the
maximum shear plane, which was inclined at about
45° to the compression axis, similar to that in Ref.[12].
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Fig.1. Compressive stress—strain curve of the bulk

Zr55Al10NisCuzp amorphous alloy in an as-cast state.

In order to acquire the information about mi-
crostructural change in the sample after the failure,
we glued two fractured pieces together, and cut the
specimens of the metallic glass into a disc with 3 mm
in diameter and 600 gm in thickness in the direction
perpendicular to the loading axis for TEM observa-
tions. TEM specimens were prepared first carefully by
the mechanical thinning of the discs to a thickness of
80 um, and then by the standard twin-jet electrolytic
thinning in an HCIO4—C3H5OH solution (volume ra-
tio 1: 10) at —25°C, finally by the low-angle (5°) ion
milling thinning for about 10 min. The TEM speci-
mens were examined by a JEOL-2010 high-resolution
transmission electron microscope operated at 200 kV.

3. Results and discussion

Figure 2 shows the typical XRD pattern obtained
from the as-cast amorphous sample, which consists of
only one broad amorphous peak with a maximum in-

tensity at the wave vector of 26.2 nm™!.

No peaks
of any crystalline phases can be seen in the figure,
revealing the amorphous structure of the samples.
Figure 3 shows the TEM specimen preparation of
the fractured bulk sample. Figure 3(a) is a schematic
diagram of the specimen nearby the fracture. The per-
foration formed after the twin-jet thinning, which is
located at nearly 200 um off the failure plane (dashed
line), as indicated by the white arrow in Fig.3(b). Fig-
ure 4 is a TEM image of the morphology in the spec-

imen prepared by the twin-jet thinning only. Some

void-like regions (VLRs) with nearly rounded mor-
phology with an average size of about 0.7 um are seen
in the specimen. These VLRs are either isolated from
or connected with each other, and they distribute in-
homogeneously over the whole image. Actually, they
are not completely hollow. This result reveals that the
local changes of structure occur in our BMG after the
plastic deformation, because these regions are prefer-
entially etched during the electrochemical thinning.
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Fig.2.
Zr55Al10NisCusp alloy.

X-ray diffraction pattern of the as-cast bulk
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Fig.3.
the fracture before the electrochemical thinning. M N is

(a) Schematic diagram of the specimen nearby

the failure plane. (b) TEM image (lower-magnification) of
the specimen after the electrochemical thinning. Perfora-
tion (arrowed) formed in the region adjacent to the failure
plane (dashed line).

To further shed light on the microstructural
changes in the sample, we examined the same spec-
imen followed by the low-angle ion milling. The pur-
pose of this thinning step is to remove the residual
chemicals adhering to the specimen surface after the
twin-jet thinning, minimizing any possibility of chang-
ing the structure induced by ion thinning. The VLRs
can still be seen in the specimen as shown in Fig.5(a).
Figure 5(b) provides a higher-magnification TEM im-
age of three typical VLRs in the micrograph. The
observed contrast is quite different between the edges
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of the VLRs, the central regions within the VLRs, and
the surrounding matrix. The ‘thick’ dark areas in and
around the VLRs may be due to contamination and /or
surface relief of the specimen in the electrochemical
thinning. Selected-area electron diffraction (SAED)
analyses show that nanocrystallites are formed in the
VLR (arrowed). Further discussion on this crystal-
lization can be found in Ref.[17]. Regions outside the
VLRs are completely amorphous. However, we cannot
obtain any structure information of those ‘thick’ dark
areas from the SAED results.

Fig.4. TEM image of the specimen prepared by the twin-
jet electrolytic thinning only. The formation of VLRs in-
dicates the local changes in structure due to plastic defor-
mation.

(a)

Fig.5.
by the low-angle ion milling. (b) A higher-magnification

(a) TEM image of the same specimen followed

TEM image of the selected area in the specimen. The
VLRs can still be seen over the whole micrograph, show-
ing the microstructural changes induced by plastic defor-
mation.

A typical ‘thin’ region, which may be representa-
tive of the different stages of the VLR formation dur-
ing the electrochemical thinning, is shown in Fig.6(a).
It is located on the edge of the perforation created

during sample preparation, and has an appearance
of meniscus in morphology, and it is lighter in con-
trast than its surrounding material in the micro-
graph. Figure 6(b) is the corresponding SAED pat-
Also shown in this figure is the SAED pat-
tern (Fig.6(c)) taken from the surrounding material

tern.

under the same diffraction conditions, indicating the
fully amorphous structure as seen in as-received amor-
phous material. Although the structure in Fig.6(a)
is still in an amorphous state after the plastic defor-
mation, the difference between the two SAED pat-
terns clearly illustrates that the interatomic spacing
or free volume increased within the localized ‘thin’ re-
gion associated with shifting toward lower scattering
angles and broadening the diffraction halo rings.['”!
Figure 7 provides an HRTEM image taken from the re-
gion in Fig.6(a). The morphology has an amorphous-
like matrix, but contains many medium-range-ordered
(MRO) domains (marked by circles) which correspond
Our TEM ob-
servations also confirmed that crystallization occurred

to local crystalline atomic clusters.

within this area under the irradiation of electron beam
with above a critical current density at room temper-
ature. The details of this electron irradiation-induced
crystallization behaviour will be published elsewhere.

(a) (b)

Fig.6.

TEM images of a typical ‘thin’ region (a) and
its corresponding SAED pattern (b) and SAED pattern
taken from the surrounding material (c), indicating the

fully amorphous structure that is not affected by defor-
mation. The broadening and shrinkage of the diffraction
halo rings in Fig.6(b) illustrate the increase of free volume
within the local region due to the inhomogeneous localiza-
tion of plastic flow.

To rule out any artifact due to TEM specimen
preparation, we have performed a set of observations
of the specimens from the bulk as-cast amorphous
sample. Figure 8 is a typical TEM image and its cor-
responding SAED pattern with a diffusive halo ring
in the inset. No detectable changes in the microstruc-
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ture are observed, although all the TEM specimens
were prepared in the same milling conditions. Thus,
we conclude that the observed structural characteris-
tic presented in Fig.4 is not produced by an experi-
mental artifact.

Fig.7. HRTEM image from the region in Fig.6(a). MRO
domains are seen in encircled areas.

The basic feature of plastic deformation in metal-
lic glasses is the formation and propagation of lo-
calized shear bands. These shear bands formed by
both bending and compression are found to be pref-
erentially etched™=20 and exhibit differences from
the undeformed material by the electron diffraction
contrast.[2122 Tn the present study, however, we do
not find any evidence for the shear band formation in
the specimen after the plastic deformation. The obser-
vations of VLRs (Fig.4) clearly indicate the occurrence
of structural changes in our BMG subjected to the
macroscopic plastic deformation event. The shrink-
age and broadening of diffusive ring pattern (Fig.6(b))
from local deformed areas, give experimental evidence
of increasing free volume induced by the localization
of plastic flow in the BMG, indicating that the in-
creasing of local free volume dominates the flow pro-
cess. The magnitude of corresponding scattering vec-
tor, defined as Q = 4wsinf/X (6 is half the scatter-
ing angle and A the electron wavelength), appears to
be significantly smaller in Fig.6(b) than in Fig.6(c),
the ratio between them being about 0.87. The VLRs,
which may be representative of the shear transforma-
tion zones!®! with a higher chemical thinning rate than
the surrounding matrix, demonstrate the local soft-
ening or density reduction of the glass. This means
that localized plastic deformation destroys the chemi-
cal short-rang order in the BMG, leading to the forma-
tion of a more ‘disordered structure’?>:23 within the

localized regions where atomic instability and diffu-
sional mobility can become more pronounced than the
surrounding amorphous matrix. This result well sup-
ports the early experimental observations!®'8:24 and
computer simulations,[?®) and it is also consistent with
the positron annihilation spectroscopy studies.[?!

Fig.8. A TEM image and the corresponding SAED pat-
tern (inset) of the bulk ZrssAligNisCusp metallic glass,
showing the uniform amorphous microstructure of a alloy
in an as-cast state.

An attractive phenomenon in the stress—strain
curves at a quasi-static strain rate during uniaxial
compression is the ‘serrated flow’ behaviour of metal-
lic glasses.[?%) It has been proposed that ‘serrated flow’
is a consequence of the nucleation of new shear bands
or, due to the intermittent slip on previously existing
shear bands.!'519 Although the similar yield drops are
observed in the stress—strain curves (not shown here)
in this study, no relation between the yield drop and
the shear band can be found from our TEM observa-
tions on the fractured samples. The structural charac-
teristics observed in the present work strongly suggest
that the increase of local free volume induced by the
localization of plastic deformation is associated with
the ‘serrated flow’ behaviour during the evolution of
deformation.

We now consider a model which is possible to ex-
plain the ‘serrated flow’ in plastic regime under uni-
axial compression. Once a metallic glass sample is
loaded elastically up to the yielding of stress, the
serrated plastic flow takes place, coinciding with the
creation of free volume within localized areas due to
the concentration of plastic flow. These deformation-
induced areas may be initiated individually from var-
ious nanometre-scale defects!?” in the metallic glass.
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This process may also be dynamic, inhomogeneous,
and quantitated, corresponding to the observed mul-
tiple serrations. In certain geometries, the number
and size of the free volume increasing sites within
each single serration appear to reach a saturated point
or critical value related to the applied stress condi-
tions, as characterized by repeating cycles of a sud-
den stress drop followed by elastically reloading in the
stress-strain curves. The fact that the failure strain
decreases and the amplitude of ‘serrated flow’ dimin-
ishes with the increase of strain ratel®28! is properly
due to the influence of loading rate on the initiation
and propagation of local free volume. Namely, a rapid
and continuous increase in free volume may occur at
higher strain rates, resulting in the diminishment of
‘serrated flow’ within the spatiotemporal resolution
of the observations, and a limited plasticity as well
as lower strength. When the stress concentration is
large enough, the rapid development and propagation
of local free volume may create a catastrophic soft-
ening layer along a maximal shear stress plane where
the failure occurs eventually. In particular, the effect
of adiabatic heating caused by work done on the sam-
ple may occur mainly in the maximal shear plane at
the moment when the final fracture event happens as
the evidence of the molten droplets observed on the
fracture surface[*26 and the emission of visible light

recorded using high-speed cinematography.!®!

4. Conclusions

The microstructural changes induced by plastic
deformation are observed in the ZrssAl;g NisCusg
BMG under uniaxial compression at room tempera-
ture. Electron diffraction analysis and TEM observa-
tions give experimental evidence of the increase of free
volume within the locally of deformed areas due to the
localization of plastic flow, suggesting that the increas-
ing of free volume is a dominant deformation mecha-
nism of metallic glasses. ‘Serrated flow’ behaviour in
the stress—strain curves under uniaxial compression is
considered to arise from the formation and propaga-
tion of local free volume during the plastic deforma-

tion.
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