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In situ straining transmission electron microscopy (TEM) experiments were performed
to study the propagation of the shear bands in the Zr56.3Ti13.8Cu6.9Ni5.6Nb5.0Be12.5

bulk metallic glass based composite. Contrast in TEM images produced by shear bands
in metallic glass and quantitative parameters of the shear bands were analyzed. It was
determined that, at a large amount of shear in the glass, the localization of deformation
occurs in the crystalline phase, where formation of dislocations within the narrow
bands are observed.

I. INTRODUCTION

A new class of materials emerged with the discovery
of the multicomponent systems with exceptional glass-
forming ability, which made possible the synthesis of
metallic glasses at large thicknesses.1,2 Bulk metallic
glasses have unusual mechanical properties, such as high
elastic limit, up to 2%, and very high yield stress of 0.02Y
(Y is Young’s modulus) but exhibit almost no global
plasticity.3 Two regimes of plastic deformation have
been observed, viscous or homogeneous deformation,
which occurs at high temperatures and low strain rates,
and inhomogeneous flow at low temperatures and high
strain rates.4 Inhomogeneous deformation manifests it-
self in the formation of shear bands at a 45° angle with
respect to the applied stress in uniaxial loading. Defor-
mation mechanisms of metallic glasses attracted a lot of
attention from both theoretical and experimental sides.4–10

Most of the experimental work, however, was done using
scanning electron microscopy (SEM). Transmission elec-
tron microscopy (TEM) studies of shear bands were not
very successful so far due to the relatively small struc-
tural changes in the shear bands, frequently undetectable
by TEM. The most successful approach in studying shear
bands in metallic glasses turned out to bein situstraining
experiments or deformation of thin films of material
without successive thinning.11,12 Propagation of a shear
band in a thin film creates a step at the surface and
changes the mass-thickness contrast in the TEM in the
region of the shear band.

This paper reports the TEM analysis of shear bands in
a two-phase material, Zr56.3Ti13.8Cu6.9Ni5.6Nb5.0Be12.5,
which consists of amorphous and crystalline phases.
Such multiphase materials and composites based on a
glassy matrix have been developed in attempt to im-
prove ductility and toughness of metallic glasses.13,14The

presence of the second phase particles of crystalline
phase was found to hinder shear band propagation and
promote formation of multiple shear bands.13 The goal of
our study was to understand the deformation mechanisms
of such multiphase material using TEM.

II. EXPERIMENTAL

The alloy was prepared by the arc melting of a mixture
of constituent elements, with purity of 99.7 at.% or bet-
ter, in a Ti-gettered argon atmosphere on a water-cooled
Cu crucible. The specimens were flipped over and re-
melted several times to promote homogeneity. The speci-
mens for TEM were prepared by ion milling.In situ
straining (tensile) experiments were performed at the
Center for Microanalysis of Materials in the University
of Illinois at Urbana-Champaign, IL. A JEOL 4000EX
TEM operating at 300 kV was used. The experiments
were performed at room temperature. The test was inter-
rupted several times to analyze the changes in the mi-
crostructure during different stages of deformation. In
addition, a Philips EM430 TEM operating at 300 kV (at
California Institute of Technology) was used to study the
specimens after deformation.

III. RESULTS AND DISCUSSION

A. Shear bands in metallic glass

The microstructure of the alloy prior to deformation is
presented in Fig. 1. The alloy consists of the amorphous
matrix and crystalline phase,b, which forms a dendritic
structure. Most of the dendrites have a bcc structure with
lattice parameters of 3.5 Å. Extra reflections in diffrac-
tion patterns indicate ordering [see inset in Fig. 1(a)], as
well as a “spotty” contrast, which most likely originates
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FIG. 2. Bright-field images of the shear bands formed during in situ deformation at the edge of the specimen. (a) and (b) represent the same area
of the specimen at different tilt angles. Shear band branching is indicated by arrows.

FIG. 1. (a) TEM micrograph of the microstructure of the composite material. The diffraction pattern in the insets is a [110] zone axis of the
b-phase. Extra reflections indicate ordering. (b) TEM image of the {112} twins in theb-phase. The diffraction pattern is a [111] zone axis. Twin
and matrix reflections coincide.
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from the ordered domains. Someb-phase dendrites con-
tain twins on {112} planes [Fig. 1(b)]. The presence of
twins indicates instability of the bcc structure. This is
related to the fact that some dendrites have an orthorom-
bic face-centered structure (a 4 4.8 Å, b 4 4.7 Å, c 4
4.4 Å) with twins on {111} planes, as determined by
electron diffraction analysis This phase could be a prod-
uct of the martensitic transformation of theb-phase.

During thein situ tensile tests, the failure of the speci-
mens occurred in the direction normal to the applied
stress. A localized deformation was observed mainly in
the vicinity and ahead of the cracks, where shear bands
were formed.

Figure 2 shows bright-field TEM images of the shear
bands which were formed at the edge of the specimen.
Depending on the orientation of the shear direction with
respect to the electron beam, the shear band appears
either lighter [Fig. 2(a)] or darker [Fig. 2(b)] compared to
the surrounding material.12 Shear band branching fre-
quently occurs, which can be seen in Fig. 2.

In most cases in this study, dark-field imaging of the
shear bands, with the objective aperture centered on
the first halo, produced very faint, almost undetectable
contrast. Therefore, in this work, analysis of shear bands
was done mainly using bright-field imaging conditions.
This contradicts the observations made by Donovan

FIG. 3. (a) Crack propagating in the glassy phase. Shear bands can be observed at the tip of the crack, indicated by arrows. Magnified bright-field
(b) and dark-field (c) images show the structure in the deformed and undeformed regions of the material.
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et al.11 and Glezeret al.,12 who found that the contrast
from shear bands in the dark-field images was more
pronounced.

The changes in the microstructure can sometimes be
detected in the shear bands in the glassy phase.
Figure 3(a) shows a crack propagating in the glassy ma-
trix. At the tip of the crack and crack branches, as well as
in the narrow region around the crack, a sheared region
can be observed, represented by a lighter contrast com-
pared to the rest of the material. A magnified bright field
image in Fig. 3(b) shows a less dense structure in the
shear band compared to the undeformed material. In
the dark-field images with the objective aperture cen-
tered on the first halo [Fig. 3(c)], the shear band appears
dark which means that this region is thinner compared to
the surrounding material (less scattered electrons). No
noticeable changes could be detected in the electron
diffraction patterns, probably due to the fact that the dif-
fraction patterns with the available selected area aper-
tures give combined information from the deformed and
undeformed regions. Nonetheless, the bright-field
and dark-field images suggest the reduction in density/
thickness of the material in the shear band.

Shear bands frequently change their “plane”, which
results in the change of the contrast from light to dark.
The thickness of the shear band can be measured at the
point at which the shear band is oriented edge-on.12

(The thicknessof the shear band is defined as the dimen-
sion in the direction orthogonal to the slip “plane”,
where as thewidth is the size of the shear band in the
shear “plane”.) It should be noted that only the width
of shear bands is possible to measure from the SEM
images, whereas TEM enables measurements of the other

dimension. This is illustrated in Fig. 4. Two shear bands
can be seen in this image formed in the glassy phase,
acting as stress concentrators at the glass/crystal inter-
face. The point, where the shear band is “edge-on”, is
indicated by the arrowhead. The maximum thickness of
the shear bands, measured this way in TEM, do not ex-
ceed 10 nm. Donovan and Stobbs also reported 10- and
20-nm thickness of shear bands formed in Fe40Ni40B20

metallic glass.11 The projected width of shear bands that
are formed during ourin situ experiments is around
120–200 nm. These are slightly smaller values than that
obtained from the SEM images (around 200–300 nm).
However, it should be borne in mind that the parameters
of shear bands can be effected by the thickness of the
deformed material. Also, in cases when shear bands are
not parallel to the specimen surface, we can measure only
the projected width of the shear band and this is deter-
mined by the specimen thickness.

B. Slip transfer between the glassy and the
crystalline phases

An interaction of the shear bands with theb-phase
dendrites is illustrated in Fig. 5. In the top left corner of
the micrograph a crack is visible, which was formed
along the path of the shear band, as shown by video
recording of the straining experiments. A very interesting
phenomenon can be observed here, namely localization
of the deformation in the crystalline phase, evidently im-
posed by the geometry of slip in the amorphous matrix.
This result is in an excellent agreement with the SEM
analysis of shear bands in this alloy, which suggested the
localization of deformation in the crystalline dendrites.13

FIG. 4. TEM images of the same area at different tilt angles, illustrating changes in the shear band contrast. Shear bands are indicated by white
arrows. The point where the shear band is in the “edge-on” position is marked by the black arrowhead (b).
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Tilting experiments revealed that dislocations are re-
sponsible for the localized deformation in the crystalline
phase. This is illustrated in Fig. 6, where dislocations
formed in the shear band in theb-phase can be observed.
Analysis of Burgers vectors suggests that they are of
〈111〉 type.

However, localization of deformation in theb-phase
occurs only at a large amount of shear in the amorphous
phase. Small amount of shear leads to the delocalization
of deformation in the crystalline phase. The later is
shown in Fig. 7, where shear bands are formed in the
region of the crack tip. Slip transfer from the amorphous
matrix to the crystalline phase results in the formation of
dislocations in theb-phase, which are not confined
to a band.

C. Amount of shear

When the individual dislocations can be easily re-
solved in the deformed region of theb-phase (e.g.,
Fig. 7), it is possible to estimate the amount of shear

produced. The magnitude of shear is equal tonb, where
n is the number of dislocations formed due to the slip
transfer from the glassy phase to theb-phase andb is a
Burgers vector of the dislocations. In cases such as in
Fig. 7, it gives us the value of about 4 nm. Such cases are
associated with the delocalization of deformation in the
crystalline phase.

The magnitude of shear can be also measured by the
shear displacement at the interface, when the direction of
shear does not coincide with the electron beam. An ex-
ample of such offset produced by the shear bands can be
seen in Figs. 2 and 6, where much stronger localization
of deformation is observed. These measurements give the
value of 20–50 nm, which is larger than that obtained
above from the dislocation analysis in theb-phase.
Analysis of the contrast produced by shear bands in TEM
images (strong or faint) and the degree of localization of
deformation in theb-phase in these two cases support
this result. The larger the amount of shear in the glass the
more pronounced is the localization of deformation in
the crystalline phase.

FIG. 5. TEM image of the shear band propagating through the two-phase region. Localization of deformation is observed in theb-phase.
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Measurements of the shear offsets using SEM images
give larger values, from 500 nm13 up to 2mm.6 Also, the
shear displacement, which we measured in TEM in
the specimens deformed in a bulk form, is around
150 nm. This result again indicates the influence of the
film thickness on the dimensions of the shear bands.

IV. SUMMARY

TEM studies of shear bands formed duringin situ
straining in a two phase composite, based on a bulk me-
tallic glass, are presented in this paper. Contrast pro-
duced by the shear bands was found to be more
pronounced in the bright-field images rather than in the
dark field. It has been observed that a shear band path is

not confined to one “plane”. The shear bands are
120–200-nm wide and around 10-nm thick. Localization
of deformation was observed in the crystallineb-phase,
which is in an excellent agreement with the SEM analy-
sis of shear bands in the same material. It is established
that dislocations are responsible for the deformation of
the b-phase.
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FIG. 6. (a) Bright-field and (b) dark-field (g 4 110) images, illus-
trating the slip transfer across the interface in the bulk metallic glass
based composite. Shear bands are indicated by arrows in (a). A shear
offset, marked by the arrowhead in (b), is visible at the glass/crystal
interface.

FIG. 7. TEM micrograph illustrating delocalization of deformation in
the b-phase at a small amount of shear in the glass.
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