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We report a novel finding of slither propagation of shear bands on the fracture surface
of a Cuy, sZr,; sAls bulk metallic glass (BMG). The nanoscale heterogeneities in the
as-cast state are aggregated along shear bands with irregular morphology. Such
heterogeneities create a fluctuating stress field during shear band propagation leading
to a slither propagation mode. The slither propagation of 10 to 15 nm wide shear
bands is effective to improve both the plasticity and the “work-hardening-like”
behavior of BMGs if the size, the morphology, and the elastic properties of the
heterogeneities are intimately intercalated during solidification.

l. INTRODUCTION

Bulk metallic glasses (BMGs) usually undergo inho-
mogeneous plastic deformation at room temperature with
very limited macroscopic plastic strain.'™* The plastic
flow allows only a few shear bands to be active, causing
catastrophic failure of the sample.'™ This disadvantage
of BMGs creates a significant difficulty for its use in
industrial applications. The recent development of
unique BMGs, so-called ductile BMGs, overcoming this
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disadvantage, has been highlighted in several publica-
tions.”™'® Consequently, it is an urgent issue to under-
stand the deformation mechanisms of these ductile
BMGs. So far, there are two major trends attempting to
solve the deformation mechanisms operating in ductile
BMG:s: the first approach considers the elastic constants
of the material,”*'" and the second one focuses on mi-
crostructural heterogeneities.”®*'%!* The flow of metal-
lic glass-forming liquids, and the flow and fracture of
metallic glasses and their relation to elastic constants,
i.e., Poisson’s ratio v, have been used to determine the
ductility or brittleness of BMGs.”>'" Similarly, the intrin-
sic plasticity and brittleness of BMGs have also been
correlated with the ratio of the elastic shear modulus . to
the bulk modulus B,”'® based on the known database.
Indeed, this approach is very helpful to make an overall
sketch for designing and understanding the plasticity of
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BMGs. However, just considering these critical values is
too simple to fully understand the ductility of BMGs
within the “real” amorphous structure, which can be as a
rough first approximation described as an open structure
of randomly distributed atoms with topological or chemi-
cal short range order” including of structural inhomoge-
neities® (i.e., phase separation,'* medium-range order).>®
In other words, the material can exhibit a large degree of
heterogeneity. Accordingly, another approach comes
from considering microstructural heterogeneities, i.e.,
structural®'® and chemical fluctuations.>® The heteroge-
neity of BMGs can play an important role for the nu-
cleation of shear bands and thus also governs the multi-
plication of shear bands.® Furthermore, some extended
ideas are linked with the occurrence of mechanically in-
duced nanocrystallization'* and agglomeration,'” as well
as phase separation'® during the propagation of shear
bands. Although most of the previous investigations are
plausible, these concepts are not fully suitable to eluci-
date the very recent discovery of work-hardening-like
behavior in ductile BMGs, developed by a small com-
positional tuning, i.e., the introduction of Sn'” and Al}®
starting from equiatomic binary Tis,Cus, and Zrs,Cus,
alloys.

In the present investigation, we report on the slither
propagation of shear bands observed at the edge of the
fracture surface in a Cu,y sZr,; sAls BMG. Systematic
microstructural investigations of the as-cast microstruc-
ture reveal that the glass contains nanoscale chemical
heterogeneities with spherical morphology and 10 to 20
nm in size.'? Moreover, there is also a macroscopic het-
erogeneity that can be distinguished from the different
degree of the chemical fluctuations in the sample, and the
existence of nanoscale crystals of less than 5 nm in
size.'? Microstructural analysis of the fracture surface
reveals a strong aggregation and interaction of the
nanoscale chemical heterogeneity along the slither shear
band propagation. In contrast, the propagation of shear
bands in the areas containing nanocrystals, i.e., macro-
scopic heterogeneous areas, is quite thick and straight.'®
So far there have been no detailed investigations based
on the interaction of the different motions of the shear
bands to fully understand the deformation mechanism
of the Cu,,sZr,; sAls BMG. As a first step, the slither
propagation of shear bands can be incorporated in a model
description attempting to understand both the ductility and
the “work-hardening-like” behavior in the Cu,; sZr,; sAls
BMG in terms of local stress and strain instabilities.

Il. EXPERIMENTAL

The Cuy; sZr,, sAls alloy was prepared by arc melting
the pure elements under an argon atmosphere and direct
casting into cylindrical rods with 2 mm diameter using an
in situ suction casting facility, attached to the arc melter.

Phase analysis was done by x-ray diffraction (XRD) with
Cu K, radiation. Detailed structural investigations of the
as-cast samples were performed by high-resolution trans-
mission electron microscopy (HRTEM) coupled with
energy-dispersive x-ray analysis (EDX). Thin slices have
been prepared from the as-cast and deformed specimens
after fracture. The TEM specimens were prepared by the
conventional method of slicing and grinding, followed by
ion milling with liquid nitrogen cooling.

lll. RESULTS AND DISCUSSION

From the stress—strain curves under uniaxial com-
pressive load (at an initial strain rate of 8 x 107 s™" at
room temperature) the mechanical properties of the
Cuy, sZr,; sAls BMG have been investigated (for further
details, see Ref. 8). The values of Young’s modulus E,
yield stress oy, yield strain €y, ultimate compression
stress o, and fracture strain €; are 87 GPa, 1547 MPa,
2.0%, 2265 MPa, and 18.0%, respectively. During com-
pression, the specimens first buckle, then fracture.® The
calculated true stress—strain curve from the engineering
stress—strain data reveals a stress increase with further
increasing strain as is typical for work hardening. The
stress increases from 1547 to 1865 MPa, as determined
from the true stress—strain curve. The Poisson’s ratio v,
the shear modulus G, and the bulk modulus B obtained
from ultrasonic measurements are 0.365, 33.0, and 113.7
GPa, respectively. A large number of shear bands are
also observed on the fracture surface of the specimen.
However, the observed shear bands are quite wavy in
nature,® and their spacing is 150 to 500 nm, revealing a
high density of shear band formation. Moreover, one can
find interactions of the shear bands on the fracture sur-
face indicating a macroscopically homogeneous nuclea-
tion and distribution of the shear bands throughout the
sample to accommodate the applied strain.

Figure 1 shows a TEM bright-field image (a), a
selected-area diffraction (SAD) pattern (b), and a
HRTEM image (c) of the as-cast Cuy, sZr,; sAls BMG.
The TEM bright-field image reveals a unique microstruc-
ture, consisting of a homogeneous distribution of regions
with spherical dark contrast in a bright contrast matrix.
The size of the spherical dark contrast is about 5 to 15
nm. The SAD pattern in Fig. 1(b) displays halo diffrac-
tion intensities, i.e., typical amorphous characteristics.
Chemical analysis using conversion nanobeam EDX
with a spot size of ~7 nm in diameter reveals that the dark
contrast areas in Fig. 1(a) contain high Cu and poor Zr
content compared with the bright contrast areas. The
HRTEM image in Fig. 1(c) clearly reveals the areas with
bright and dark contrast, as indicated by the arrow. The
size of the spherical dark contrast areas of about 5 to
15 nm is similar as in Fig. 1(a). In neither the bright nor
the dark contrast areas, can one find any indication of
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regular lattice fringes confirming the formation of an
amorphous structure in this glassy alloy.

Figure 2 shows a TEM bright-field image (a), a SAD
pattern (b), and a HTREM image obtained from the edge
areas of the fracture surface of the deformed
Cuy, sZr,; sAls BMG. The TEM bright-field image
clearly shows the slither propagation mode of a shear
band. The width of the shear band is estimated to be 10
to 15 nm as measured from the high-resolution images.
However, the width of the slither shear band gradually
decreases, indicating there may be a significant decrease
of strain during the propagation. The half wavelength

(N/2) of such slither propagation of shear bands varies
between 60 and 128 nm. One can find a significant
agglomeration of clusters of the dark contrast along
the slither shear bands, as indicated by dotted circles.
This indicates that the distribution of the nano-
scale heterogeneous areas tends to become agglomerated
locally along the shear bands rather than being homo-
geneously distributed as in the as-cast microstructure
[Figs. 1(a) and 1(c)]. The SAD pattern in Fig. 2(b) re-
veals halo diffraction intensities, similar to those in the
as-cast sample [Fig. 1(b)]. This indicates that there is no
mechanically induced phase transformation, i.e.,
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FIG. 2. Deformed Cuy, sZr,, sAls BMG. (a) TEM bright-field image. (b) SAD pattern. (c¢) HRTEM images.

nanocrystallization. The HRTEM image in Fig. 2(c) also
reveals that no regular lattice fringes are present through-
out the sample, confirming that there is no crystalline
phase. However, the areas with dark contrast are highly

clustered along the shear bands, as indicated by dot-
circles. Furthermore, the morphology of the aggregated
areas with the dark contrast is highly irregular rather than
spherical as in the as-cast state [Fig. 1]. Comparing these
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findings with the as-cast microstructure [Fig. 1(a) and
1(c)] suggests that a strong aggregation and a local rear-
rangement of heterogeneous areas occur by the interac-
tions to the shear bands.

The aggregation of the nanoscale heterogeneity along
the shear bands is presumably caused by an effect of a
vortex.'? Since it has been known that shear bands con-
tain a high concentration of free volume,' local density
differences between the inner and outer areas of the shear
bands may occur. As described in Fig. 2, the irregular
interfaces linked with aggregation of the nanoscale het-
erogeneity suggest that there is significant rotation of the
aggregates. Therefore, it is very likely possible to de-
velop an inhomogeneous clustering of the nanoscale
heterogeneous areas, thus providing continuous local dif-
ferences in shear stress and strain during the propagation
of the shear bands. Similar interactions of the nanoscale
heterogeneities during deformation have been reported
for various types of viscous materials: low-viscosity ma-
terial (e.g., a complex fluid with micelles, showing in-
homogeneous flow?"), as well as relatively highly vis-
cous materials (e.g., a polymer—nanoparticle composite
forming crazes at the crack tips*'). For the inhomoge-
neous flows in miscellaneous complex fluids, it is well
known that an applied shear stress can generate two
stable shear strain rates, producing a flow instability.?° In
contrast, the crazes in polymer materials during defor-
mation require a significant local distortion of the atomic
bonds, based on the chain clustering.21 Hence, the local
medium-range order along the propagating shear bands
can be modified from the original state after the defor-
mation of these materials.

Recent suggestions to understand the flow and fracture
of metallic glasses with a relationship to elastic con-
stants”?"'""1? can also be an important factor to elucidate
the slither movement of the shear bands in the present
investigation. However, as we described previously,
there are two amorphous phases upon solidification, i.e.,
A and A’. Hence, the overall Young’s modulus should be
considered E_,...1 = Xa X E5 + X\ X E4\, where X,
Xars Egverans Eas and E . are the volume fraction of the
phase A and A’, the experimentally determined overall
Young’s modulus E,,...; of the material, and the
Young’s moduli E, and E,. for the phases A and A’.
Similar considerations will hold for all elastic constants.
In this sense, the mechanical behavior of the Cuy, 571, sAls
BMG cannot be directly correlated to simple criteria, as
determined by values such as Poisson’s ratio”'" and the
ratio of the elastic shear modulus w to the bulk modulus
B.”'® which were developed to interpret the ductile-
brittle transition in metallic glasses.

The morphology and the distribution of the nanoscale
heterogeneity should be important during the deforma-
tion. Of course, an understanding of how to enhance the
ductility and work hardenability of BMGs can be par-

tially satisfied with the previously considered nanocrys-
tals incorporated in the amorphous matrix.®'° From the
previous investigations on dynamic nanocrystallization'*
and aggregation of pre-existing nanocrystals'> in some
ductile BMGs, both contributions can be effective ways
to understand the enhancement of the plasticity. This can
be understood from the schematic representation of the
clustered glassy structure as described in Fig 3. During
propagation of 10 to 15 nm wide shear bands, there exists
a local elastoplastic coupling-induced elastic anisotropy,
which may evolve due to reorientation of the nanoscale
heterogeneity, modification of the intercluster contacts,
and their subsequent annihilation/disordering. This may
degrade the local elastic stiffness and assists wavy propa-
gation of the shear bands. Most likely the propagation of
the shear bands also destroys/disorders at least some
clusters inside the bands. As is well known for honey-
comb structures, the presence of an oscillating stress
field** creates dynamic disturbances to the shear bands
enhancing their slither propagation.

The former observations on the structural features of
shear bands formed in monolithic bulk metallic glass and
glassy ribbons®*** are significantly different from what
was observed in the present study. According to the free-
volume theory'** and the bubble raft mechanism,*” coa-
lescence of excess free volume in a shear band continu-
ously increases the defect density leading to nanovoids>*
and induces the nucleation of cracks. However, the elas-
tic nature of a volume element in front of a shear band
must be crucial to determine its structural features and
propagation pathway. It is well known that shearing
events and local rearrangement of a group of atoms
[shear transition zone, (STZ)] under an applied stress
leads to plastic yielding and an inhomogeneous deforma-
tion at room temperature. A further increment of stress
rapidly activates a large numbers of STZs, leading to
interconnection between them to form shear bands."> In
this process, the interaction between the STZs in mono-
lithic metallic glass are almost neglected [Fig. 3(c)].
However, the unstable STZs are prone to initiate cleav-
age. The presence of structural inhomogeneities (struc-
tures with different elastic properties) leads to an inter-
action between the STZs at different regions.?® This may,
in turn, lead to a stress oscillation determining the slither
mode of shear band propagation. The decrease in the
wavelength [Figs. 2(a), 3(b), 3(c); L, = 128 nm, Ly =
60 nm] and the width of the shear band into the propa-
gation direction indicate a further requirement of the
shear stress for driving the shear bands. The wavy feature
helps to increase the surface area and dissipate the accu-
mulated energy of the shear bands.

IV. SUMMARY

The novel finding of slither propagation of shear
bands has been observed on the fracture surface of a
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FIG. 3. Clustered glassy structure (a) before, and (b) after shear band propagation showing the local agglomeration of clusters outside the shear
band and annihilation/disordering of clusters inside the shear band. (c) The variation of the stress amplitude and stress oscillation in nanoscopic
scale caused by structural inhomogeneities in metallic glass drives the slither mode of shear band propagation.

“work-hardenable” ductile Cu,, sZr,; sAls BMG. This
finding possibly opens new approaches to understand the
emerging plasticity and “work-hardening-like” behavior
of BMGs. The slither shear band propagation is consid-
ered to be due to local stress—strain differences caused
by the interaction of the shear band with a nanoscalehet-
erogeneity, which as a result, leads to aggregation of the
heterogeneous areas along the shear bands.
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