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Abstract

Three glass-forming alloy compositions were chosen for ribbon production and subsequent electron microscopy studies. In situ ten-
sile testing with transmission electron microscopy (TEM), followed by ex situ TEM and ex situ scanning electron microscopy (SEM),
allowed the deformation processes in tensile fracture of metallic glasses to be analysed. In situ shear band propagation was found to be
jump-like, with the jump sites correlating with the formation of secondary shear bands. The effect of structural relaxation by in situ
heating is also discussed. Nanocrystallization near the fracture surface was observed; however, no crystallization was also reported
in the same sample and the reasons for this are discussed. Both the TEM and the SEM observations confirmed the presence of a
liquid-like layer on or near the fracture surface of the ribbons. The formation of a liquid-like layer was characterized by the vein geom-
etries and vein densities on the fracture surfaces and its dependence on shear displacement, d, is discussed. A simple model is adapted to
relate the temperature rise during shear banding to the glass transition and melting temperatures and this is used to explain the variety
of fracture surfaces which are developed for macroscopically identical tensile testing of metallic glasses together with features which
exhibit local melting.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

It is well understood that shear bands form in bulk metal-
lic glasses (BMGs) as a plastic response to deformation at
low temperatures [1,2]. Significant progress has been made
in recent years in the understanding of the associated defor-
mation and fracture in amorphous metals, together with
possible control of shear band propagation by virtue of
nanocrystalline additions in order to suppress the tendency
for instantaneous catastrophic failure [3–7]. However, it is
also apparent that there is still much inconsistency, and
whilst many sound hypotheses and proofs abound, clarity
is often lacking when comparing published results. Zhang
et al. [8] review the high-resolution (HR) transmission elec-
tron microscopy (TEM) analysis of shear band thickness
1359-6454/$34.00 � 2007 Acta Materialia Inc. Published by Elsevier Ltd. All
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and find the range to be 10–20 nm for several BMG compo-
sitions. TEM should be a suitable tool for this kind of anal-
ysis of shear band formation in metallic glasses, since their
thicknesses are very low and shear bands may be expected
to lead to nanoscale structural changes in amorphous mate-
rials. However, this methodology often requires post-exper-
imental sample preparation, which can invalidate TEM
observations [9,10].

Analysis of inhomogeneous deformation of metallic
glasses in compression and their response thereto has been
extensively studied [11,12], since it is believed that this is
the easiest manner in which to avoid catastrophic instabil-
ity [13]. This consequently means that tensile fracture in
BMGs has received less attention, mainly due to the high
instability associated with plane stress and plane strain
investigations. Some interesting tensile investigations have
been reported [14], and in situ TEM has been shown to
be an excellent tool for observing the formation of nano-
crystals and their effects (such as crack blunting) [5].
rights reserved.
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Fig. 1. Schematic representation of the sample dimensions used in in situ
TEM straining.
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It has been widely believed that shear in metallic glasses
can develop high local temperatures [15,16], leading to a
range of fracture surface features in metallic glasses [17],
which can be simple, flat and almost featureless shear
planes; have characteristic vein patterns formed by the
meniscus instability [18] initiated from the surface edges
or homogeneously inside a deformed layer; or have wide
and very elongated veins extending along the shear surface
from the edge of the shear step of bulk samples [17]. Again,
there remains uncertainty over the differences in fracture
surfaces [4], although Zhang et al. attempt to compare dif-
ferences in compressive and tensile fracture surfaces in [19].
Analysis of these features, however, suggests that the heat
developed during deformation in metallic glasses means
that much more material is involved in the formation of
a so-called ‘‘liquid-like layer’’ (LLL) [8] than the accepted
width of a shear band (10–20 nm) [8,9].

Direct proofs of those temperature rises have been pub-
lished, with the analytical methods including high-speed
cameras in compressive and impact testing [20,21].
Recently Lewandowski and Greer [22] found a very elegant
fusible-coating method to confirm experimentally the local
temperature increase in the vicinity of a shear band formed
in amorphous material, using a thin tin coating on their
surface which melts up to some distance from a developed
shear band. In the model calculation, they consider a shear
band to be a planar source of heat with density H (J m�2)
at time t = 0. The temperature increase at a distance x to
the both sides of shear band located at x = 0 is given by:

DT ¼ H
2qC
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where q is the material density, C is the specific heat of the
material and a is the material thermal diffusivity. Their
measurements approved this relatively simple model as well
as producing an estimation of the amount of heat released
H, calculated from the uniaxial yield stress ry and the shear
displacement d [16,30]:

H ¼ bryd; ð2Þ
where b is a constant of value <0.35 in the case of 45�
shear. Further experimental study [16] confirmed this mod-
el, showing that a linear dependence between shear dis-
placement and width of melted coating area exists for
three different metallic glasses with b = 0.30.Given that
heat is developed during shear in metallic glass, it may be
safe to assume that crystallization may occur within that
heat-affected area. Published data have shown both that
it does [4] and that it does not occur [14]; to the best of
our knowledge, no explanation is offered for these differing
findings.

In the current work, we attempt to address the problems
outlined above by adopting the model engaged for the tin-
coating investigations [22] and applying it to the glass tran-
sition temperature of a given material. We also attempt to
estimate the thickness of the LLL by complimentary TEM
and scanning electron microscopy (SEM) observations.
Due to the nature of in situ TEM testing, the samples must
be very thin and therefore the results should not be auto-
matically assumed valid for normal ‘‘bulk’’ samples,
although the compositions chosen are from BMG compo-
sitions. We address discrepancies in experimental and
model findings, and discuss the formation of a range of
fracture surfaces developed under macroscopically identi-
cal conditions for several BMGs, namely Cu47Ti33Zr11-

Ni6Sn2Si1 [23]], Zr50Cu30Ni10Al10 [24] and Zr52.5Cu17.9-
Ni14.6Al10Ti5 (VIT105) [25].

2. Experimental procedure

Alloys were prepared by weighing the component ele-
ments, such that an approximately 1 cm3 ‘‘button’’ could
be produced by arc melting. The materials were of at least
99.99% purity, and in sheet, plate, pellet or powder form
prior to fabrication. The melting process was conducted
in a Ti-gettered, high-purity argon atmosphere. To ensure
chemical and microstructural homogeneity, the buttons
were rotated and remelted 3–5 times within the furnace.
The resultant buttons were then weighed and (given negli-
gible weight loss) analysed by light microscopy and SEM
using a Philips XL30 FEG equipped for electron-dispersive
spectroscopy (EDS). Ribbons of 2–8 mm width, with thick-
nesses in the region 20–50 lm, were produced from the pre-
alloyed buttons by reheating above their melting point by
induction heating in an argon or helium atmosphere and
injected with an overpressure of 500 mbar onto a rotating
(1800 rpm) copper wheel (Ø = 50 cm). The resultant rib-
bons were then confirmed to be amorphous by X-ray dif-
fraction (XRD) (Phillips PW1710) and investigated using
HRTEM (FEG Jeol 2010) with in situ heating and strain-
ing, along with EDS. Two sample dimensions were chosen
for the in situ straining measurements, as shown in Fig. 1.
In the in situ set-up of the JEOL 2010, one end is
‘‘clamped’’ while the other is extended at a desired exten-
sion rate. In these experiments, that strain rate was varied,
but most results are shown for 0.1 lm s�1 (corresponding
to 10�5 s�1) extension rates as this permits a reasonable
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propagation time without losing imaging capabilities. Lar-
ger strain rates will also be discussed.

3. Results

In order to investigate the effects of temperature, com-
position and strain rate on the development of shear bands
in metallic glasses, the tensile stage in a high-resolution
transmission electron microscope was chosen as the analyt-
ical tool. Prior to TEM investigation, all samples were
confirmed X-ray amorphous using XRD technology and
information regarding TEM heating parameters was
attained using thermo (dynamic) testing. The results
thereof will be revealed where necessary.

3.1. In situ TEM straining of Cu47Ti33Zr11Ni6Sn2Si1 BMG

ribbon

As an initial cautionary note, the in situ TEM straining
observation of metallic glass ribbons was found to be a far
from easy experiment since, in non-notched samples, the
prediction of where a shear band may initiate is a matter
of luck. However, a means has been found in situ by which
the propagation of a shear band and its associated fracture
tip may be followed and analysed. Fig. 2 relays a typical
result for Cu47Ti33Zr11Ni6Sn2Si1 alloy. In Fig. 2A the state
of the crack tip at 368 lm extension (=4.08% strain) is
shown. The fracture opening is preceded by material thin-
ning induced through the progression of the shear band.
The shear band itself was initiated at around 3% strain,
as may be expected for amorphous materials. After imag-
ing at 368 lm extension, the sample was then re-strained
for a further 3–371 lm extension (4.12% strain), accompa-
nied with video recording. The time taken for this displace-
Fig. 2. (A) TEM micrograph of a shear band and its crack opening after 4.08%
Propagation (SBP) direction relative to the Tensile Axis (TA) was found to be
micrograph of the crack opening progress at 4.12% strain.
ment to occur was 30 s (extension rate = 0.1 lm s�1). No
jerky motion was seen in this case, but instead the opening
of the crack tip was seen to be constant; however, in some
cases, applied load resulted in no discernible change at the
crack tip for up to 5 lm normal extension. This is comple-
mentary to macroscale observations in shear band propa-
gation. Imaging the new crack tip allows measurement of
the crack tip displacement and crack tip characteristics
(Fig. 2B). Little change in the microstructural appearance
of the crack opening was seen. Characteristics of the area
in and around the projected shear band include narrow
(10–20 nm) featureless bands at the edge of the fracture
surface. The next region is shown to be a speckled band,
20–50 nm in width. The features in the speckled region
are 2–5 nm in size, but could not be resolved as crystals
in HRTEM investigations. It may, therefore, be reasonable
to consider the smooth, bright bands to be characteristic of
the shear band, while in the speckled region, the nanoscale
features can be attributed to very local meniscus instability.

An extension of 3 lm in the tensile loading direction
(Dln) is found to translate to a crack propagation displace-
ment (Dlp) of 338 nm, heralding an approximate relation-
ship of Dln � 10Dlp during plastic deformation. This
relationship was confirmed over further observations,
although instances whereby application of load led to no
propagation in the direction of the shear band was also
seen as stated above.

Upon further straining, the shear band propagates away
from the electrochemically polished hole to the thicker
‘‘bulk’’ sample and this in turn leads to a change is stress
state, which results in the formation of shear band branch-
ing since the character of the stress conditions at the sur-
face (plane stress) are different to the conditions inside
(plane strain) the sample, which means that not all shear
strain in Cu47Ti33Zr11Ni6Sn2Si1 alloy. The inset shows that the Shear Band
(�) 90�. The white circle corresponds with the black circle in (B), a TEM
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bands which form lead to fracture, as seen in Fig. 3. The
formation of secondary shear bands occurs when there is
a temporary halt in the progression of the shear band
due to competing planes of maximum shear stress. In the
in situ observations here, the crack propagation along the
primary shear band (in the plane of maximum shear stress)
and the occurrence of the secondary shear band in the
opposing plane were simultaneous.

In one special case, crystallization due to shear band for-
mation was found. In this case, the propagation rate was
much greater since, during the image collection, 25 full
frames are recorded per second. Fig. 4B reveals the rapid
crack propagation that occurred in one full frame with
respect to Fig. 4A. Upon sighting this rapid propagation,
the progressive loading was stopped immediately and the
full extent of the crack movement was imaged. The length
over which the crack existed was >600 nm.

At the head of this crack a meniscus was found, which
signifies liquid-like behaviour, and all resolvable material
ahead of this tip was shown by HRTEM to be amorphous
(Fig. 5A). The edges of the sample close to the meniscus
revealed crystallinity which must be developed due to the
rapid segregation of the shear surfaces and the heat associ-
ated with that. Fig. 5B shows the crack tip developed in the
Cu47Ti33Zr11Ni6Sn2Si1 ribbon shown in Fig. 2B. The differ-
ence is clear and the area around this crack tip remains
amorphous. The results of this rapid propagation will be
discussed later.

3.2. In situ TEM straining of Zr50Cu30Ni10Al10 BMG ribbon
plus ‘‘post-mortem’’ SEM

The shear band initiation and crack propagation of this
alloy was found to be similar to that outlined above; how-
ever, in some cases ‘‘full fracture’’ is induced rapidly; here
we define full fracture as the fracture induced by deforma-
tion due to shear banding of the sample through its full
thickness between any two free ends. Given the nature of
Fig. 3. (A) and (B) TEM micrographs revealing shear band branching in Cu47T
the secondary shear band, while the white ellipse in (B) highlights an area of
the test, this does not mean that the sample is necessarily
split in half, since electrochemical polishing often results
in more than one hole. In all cases where this kind of frac-
ture occurred, the initial shear band was not seen before
full fracture occurred. The resultant sample surface was,
however, found to be the same in all cases and was charac-
terized by edge thinning, with short corrugated veins being
observed at one end of the fractured plane, as seen in
Fig. 6A. HRTEM raises questions over possible crystalliza-
tion or atomic ordering during shear band propagation, as
shown in Fig. 6B, which is a micrograph from the vein tip
shown in Fig. 6A. Surprisingly, these veins were only seen
at one end of the fractured section.

Post-mortem SEM (Fig. 7A and B) reveals that the end
at which the veins appeared was the end of final contact.
The two fracture surfaces overlap one another in these fig-
ures because of sample retraction when the load was
removed from the tensile stage. It is not believed that this
added any extra deformation to the sample.

The fact that the ribbon is less than 2 lm in thickness
may play in a role in the development of an LLL since
no veins appear on the fracture surface itself. This will be
discussed later. Several other interesting features can be
seen in this analysis. The shear band propagates in tearing
mode from left to right in the images of Fig. 7 in a direction
approximately perpendicular to the tensile stress compo-
nent, while the shear band planes are inclined to the ribbon
surface plane. The shear band initially appears to propa-
gate as a straight line. As the sample thickness increases,
a few secondary shear bands appear, all in roughly parallel
planes. The shear crack propagated with a jump-like
motion. A jump site may be detected via a characteristic
set of secondary shear bands at the place when failure
stopped momentarily to select a new plane for further
propagation. As seen for Cu47Ti33Zr11Ni6Sn2Si1 alloy
(Fig. 3), the branches are developed at these jump sites
and the point at which the shear offset is developed occurs
very rapidly indeed.
i33Zr11Ni6Sn2Si1 ribbon at 4.4% strain. The white ellipse in (A) highlights
speckled appearance.



Fig. 4. Rapid fracture in Cu47Ti33Zr11Ni6Sn2Si1 ribbon. The black rings highlight corresponding areas in (A) and (B).

Fig. 5. HRTEM micrographs revealing (A) a rapid-propagation induced meniscus at the crack tip and (B) no meniscus in ‘controlled’ propagation shown
in Fig. 2b for Cu47Ti33Zr11Ni6Sn2Si1 ribbon.
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3.3. In situ TEM straining of Zr52.5Cu17.9Ni14.6Al10Ti5
(VIT105) BMG ribbon and the effect of in situ heating plus

‘‘post-mortem’’ SEM

Glass-forming alloy VIT105 (Zr52.5Cu17.9Ni14.6Al10Ti5)
has been the subject of many recent investigations. Here
we examine it by in situ tensile testing as described earlier,
but with three changes to the procedure. First, the sam-
ples are also prepared with a dogbone-like geometry
(Fig. 1); secondly, the extension rate is higher (1 lm s�1

= strain rate �10�4 s�1); and thirdly, elevated tempera-
ture (with respect to room temperature) experiments were
conducted. The aim of the raised temperature investiga-
tion was to bring the alloy as close to Tg as possible with-
out inducing crystallization; however, one of the
drawbacks of in situ TEM heating is control of the sam-
ple temperature. In these results, the sample chamber was
elevated to above 773 K (Tx for this alloy has been found
to be 714 K), but no crystallization was seen. Therefore
the actual sample temperature must still have been below
Tx. Although the exact sample temperature is unknown, it
can be safely assumed that the alloy underwent (limited)
structural relaxation.

Results from the sample subjected to room temperature
deformation show the sample to fail in full fracture in an
area away from the electrochemically polished region.
Results from both simple shear-band-initiated samples
and full-fracture samples were recorded.



Fig. 6. (A) TEM micrograph revealing a �20 nm triple point vein tip and (B) a high-resolution TEM image of the vein tip revealing possible nanometer
scale ordering, but this in unconfirmed in the FFT inset for Zr50Cu30Ni10Al10 ribbon.

Fig. 7. SEM micrographs revealing the corresponding fracture surfaces of (A) ‘‘top’’ and (B) (mirrored) ‘‘bottom’’ sections of a section of
Zr50Cu30Ni10Al10 ribbon which underwent ‘full fracture’ driven by shear band propagation (C) fracture surface revealing no liquid-like behaviour and (D)
fracture surface at propagation end revealing material shear, but no liquid-like behaviour, except at the final points of contact which are highlighted by the
white arrows.
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In the example shown here, full fracture did not occur.
The shear band detected by HRTEM (Fig. 8A) shows the
typical crack opening behaviour seen already with other
amorphous alloys and remained amorphous (HRTEM
8A), while post-straining SEM analysis showed the pres-
ence of many secondary shear bands. The fracture surface
(Fig. 8B), however, did not reveal any liquid-like behav-
iour. The material involved in the shear process did not



Fig. 8. (A) HRTEM image showing the crack opening; (B) is an SEM micrograph revealing no evidence of surface feature heating/melting despite full
surface separation for Zr52.5Cu17.9Ni14.6Al10Ti5 ribbon.
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have an appearance which would suggest it had experi-
enced significant heating, but it had clearly been sheared
across the fracture surface and remained intact with the
surface. The individual features on the fracture surface
range in size from a few hundred nanometers up to 1 lm.
It is interesting to note that the shear displacement d which
develops in the secondary shear bands (e.g. Fig. 8B) does
not travel past the centre of the ribbon, and secondly, that
in the images where this occurs, the effect is not mirrored
on the ribbon’s underside. This may suggest that a certain
degree of the (secondary) shear band deformation may be
absorbed plastically.

The formation of veins in the full-fracture sample was
again seen because of meniscus instability and their lengths
were spread over a wider scale, the veins being much longer
than those seen in the previous case (see section 3.2). This
suggests that more material is involved in the formation of
an LLL during deformation. Fig. 9A shows one of these
triple-point veins. Their lengths range from 200 to
600 nm, and they could be found across the whole length
of the fracture surface. Fig. 9B confirms these vein nipples
to be amorphous for a sample heated to 703 K in a TEM
chamber.

If the unheated sample is viewed in ‘‘post-mortem’’
SEM, the result shows typical fracture surfaces associated
with failure in metallic glasses. Fig. 10A shows such a sur-
face. The veins witnessed by TEM are again visible during
SEM analysis and their average height and density may
therefore be calculated, as will be discussed below in Sec-
tion 4. While the shear angle was seen to be consistent
around 53�, the primary shear plane on which it propa-
gated was seen to alternate (Fig. 10B).

When the sample chamber is heated to 430 �C, the veins
which develop are found to be characteristically different.
Fig. 11A shows a series of short veins developed during
tensile fracture at elevated temperature, while some veins
are clearly faceted at the root and are much longer (up to
2 lm) (Fig. 11B). HRTEM again, however, revealed no
crystallization.

The fracture surface again revealed many triple-point
veins up to 2 lm in length, as seen by the TEM. There
was also evidence of shorter veins and material melting,
since the surface artefacts form liquid-like balls (spheroid
drops), as shown in Fig. 12A, compared with the surface
debris artefacts in Fig. 8B, which do not exhibit liquid-like
features. The fracture angle in a given plane was found to
be 53� (Fig. 12B), which is in excellent agreement with pre-
vious research on the fracture angle of metallic glasses in
tension.

4. Discussion

4.1. Experimental analysis of the LLL thickness

The term ‘‘liquid-like layer’’ is currently used quite fre-
quently in the literature in connection with catastrophic
shear fracture of metallic glasses. However, more than 30
years ago, Takayama and Maddin [26] suggested a ‘‘grease’’
model, which gave a good simulation of the actual fracture
morphology of metallic glass ribbon. Recently, Zhang and
Greer concluded in their review [8] that the shear localiza-
tion in metallic glasses is the cause of the temperature rise
and not its consequence. Therefore, the shear band forma-
tion is only the first stage of catastrophic failure and it takes
a time of the order of a nanosecond [22]. In the following
stages of the catastrophic shear failure, a subsequent tem-
perature increase due to the thermal diffusion from the
shear band to the surrounding volume and a redistribution
of local stresses due to the shear deformation take place.
The vein pattern morphology on the fracture surface is



Fig. 9. (A) TEM micrograph revealing a triple point vein formed in Zr52.5Cu17.9Ni14.6Al10Ti5 alloy. The inserted SAED ring is taken in the area
highlighted by the black circle and shows the vein to be fully amorphous. (B) This was confirmed at the vein tip by HRTEM and FFT.

Fig. 10. SEM micrographs revealing (A) the formations of triple point veins and secondary shear bands and (B) alternating shear planes in VIT105 glassy
ribbon as indicated by the white arrows.

Fig. 11. (A) A series of veins exhibiting their inter-vein spacing and (B) a very elongated vein produced during failure of VIT105 ribbon elongated in a
TEM chamber at 430 �C.
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formed during the very last stages of the fracture when there
are appropriate conditions for meniscus instability to occur.
These conditions include appropriate thickness, viscosity
and surface tension of the LLL, as well as the presence of
a normal stress component [18].
We used the combination of TEM and SEM observa-
tions of features on the fracture surfaces exhibiting vein
patterns to estimate the lowest limit of the amount of mate-
rial that is active during the last moments of failure. Quan-
titative analysis of a group of TEM observations of veins



Fig. 12. SEM micrographs revealing: (A) short triple-point vein tips (>1 lm) and apparent melting with the presence of spheroid drops �300–500 nm in
diameter adhered to the fracture surface and (B) the fracture angle for Zr52.5Cu17.9Ni14.6Al10Ti5 alloy pulled in tension to failure at 10–4 s�1 side-on vein
tips can bee seen on the fracture surface.
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similar to Fig. 9A allows us to estimate the average height
of a vein as 0.31 lm, and to approximate its profile as an
isosceles triangle with the same base in accordance with
scanning tunnelling microscope observations [27]. A linear
density of veins on the fracture surface may be directly esti-
mated using one of the statistical methods of quantitative
stereology [28] applied to SEM micrographs, similar to
Fig. 14, where the fracture surface of VIT105 ribbon exhib-
its a characteristic vein pattern area.

Simply counting the number of intersections of veins
with randomly applied grid lines inside the vein pattern
area, calculating the average number of these intersections
per unit length and multiplying by a constant p/2 gives us
the average linear density of veins on a fracture surface of
VIT105 alloy = 1.25 lm lm�2. Multiplying this average
linear vein density by the average vein profile estimated
from TEM observations, we get the volume of 0.061 lm3

per each lm2 of fracture surface. Assuming that the major
part of the LLL during failure is moving into the veins and
that the vein pattern is mirrored at the opposite side of
fractured surface [26], we estimated the lowest limit of
thickness of LLL to be 120 nm.

There is another approach to estimating the thickness of
the LLL [8], based on the fact that the meniscus instability
process starts at air in an LLL of a thickness about 2–20
times the vein spacing at the site of initialization [18]. Mea-
suring the value of average vein spacing at the places simi-
lar to the area around the initiation core shown in Fig. 15A,
we obtained a value of 0.27 lm, which results in an estima-
tion of thickness of the LLL of between 0.5 and 5 lm.

Both these estimations substantially exceed the thickness
of a single shear band, which verifies our expectation that
much more material is taking part in the last stage of the
failure process than the volume of a single shear band.

4.2. Theoretical heat release and LLL thickness

The fact that veins are seen to develop on some fracture
surfaces but not on others, and the fact that the appearance
of the fracture surfaces can be so very varied, means that
the local temperature and/or active stress components must
be different in the various cases. There is clear evidence of
elevated temperatures, since the (last point of contact) fail-
ure becomes ductile in appearance due to necking. The
question, of course, is how high is this local temperature?
In order for ductile fracture to occur in metallic glasses,
viscoplastic deformation must be induced. One manner in
which viscoplastic deformation is induced [29] is when
the material temperature is raised. The temperature regime
in which the material behaves viscoplastically can be deter-
mined through thermomechanical analyses. The behaviour
is associated with the glass transition temperature, which
has been shown to be 672 K for VIT105 alloy. The temper-
ature at which the crystallization starts, Tx, is 714 K; how-
ever, high heating rates can substantially increase this
value.

Bengus at al. [30] hypothesized as early as 1993 that
extreme local heating and melting may occur at the shear
crack front developed during tensile tests of amorphous
alloy ribbons. Their deductions were supported by the
measurement of kinetics of shear crack propagation, by
the estimation of the amount of elastic energy released
and transformed to the local heat in an extremely short
time and by the observations of spheroid drops on the frac-
ture surface of Fe83B17 amorphous alloy ribbon. Fracto-
graphic evidence of the local hot state of the material on
the shear failure surfaces was also found for amorphous
ribbons tested in tension at very low temperatures (4.2 K)
[31] and for bulk amorphous alloys tested in compression
[17].

Fracture surfaces of amorphous ribbons or bulk amor-
phous materials studied during recent decades have shown
a variety of fractographic features, from simple, flat and
almost featureless shear planes (as in Fig. 7 and left upper
part of fracture surface in Fig. 14), via characteristic vein
patterns formed by the meniscus instability [18] initiated
from the surface edges (bottom part of Fig. 14) or homoge-
neously inside a deformed layer (Fig. 15A), to wide and



Fig. 14. SEM micrograph revealing a fracture surface of VIT105 ribbon
strained at room temperature to failure at 1 � 10�4 s�1. LLL = liquid-like
layer.
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very elongated veins extending along the shear surface
from the edge of the shear step of bulk samples [17]. How-
ever, from all these observations it seems that much more
material is involved up to the final fracture process than
corresponds to the generally accepted width of the shear
band, �20 nm [9], confirmed recently also by MD calcula-
tions [32]. Moreover, some TEM observations confirmed
the presence of crystalline nuclei of different sizes near
the shear crack tip or fracture surface [4,5,9].

According to the contemporary concept of shear band
formation in amorphous metals [8,16,22], immediately
after instantaneous shear band development, the surround-
ing amorphous material is heated up from the environment
temperature T0 due to heat diffusion. The volume where
the local temperature is higher than the glass transition
temperature Tg may be deformed easily due to substan-
tially decreased viscosity, when both tensile and shear
stress components exist.

The size of this volume for alloy VIT105 may be esti-
mated using Eq. (1). We assumed ry = 1850 MPa,
q = 6600 kg m�3 [33], C = 420 J kg�1 K�1, a = 3 � 10�6

m2 s�1 and Tg = 674 K [34]. Fig. 13 relays our calculations.
Fig. 13A shows one-half of the temperature increase profile
in the vicinity of a single shear band with a shear displace-
ment, d = 5 lm (a value near to that observed in Fig. 14),
at three different times, 3, 12 and 50 ns, respectively. The
horizontal line made at DT = 376 K corresponds to the
limit when the temperature increase from room tempera-
ture reaches the glass transition temperature Tg. From
Fig. 13A it can be concluded that the volume which may
be considered to be at a temperature over Tg is dependent
on time. At a time shortly after shear band development
(3 ns), the temperature increase is relatively high; however,
the heat-affected volume is small. After 50 ns, all material is
cooled down under Tg. If one would like to know the max-
imal distance to which the material is overheated over the
glass transition temperature, the differentiation of Eq. (1)
gives the value of maximum temperature increase together
with the time at which this maximum is reached. This cal-
Fig. 13. (A) Local temperature increase in shear band vicinity calculated for a s
VIT105 alloy. (B) Maximum temperature increase calculated for shear displac
culation is shown in Fig. 13B for four different shear dis-
placements: 1, 5, 10 and 50 lm. It is seen that 5 lm shear
displacement may induce, at time 17 ns, a viscoplastic layer
with a thickness slightly exceeding 0.6 lm. A 1 lm shear
displacement offers only a 0.13 lm layer for a much shorter
time and the larger displacements, such as 10 and 50 lm,
usually observed on the fracture surfaces of bulk amor-
phous samples, may form much thicker, liquid-like layers
(1.3 and 6.4 lm) for substantially longer times (70 ns and
1.7 ls).

The horizontal line DT = 740 K that corresponds to the
temperature increase over the melting temperature of
VIT105 glass [34] is also presented in Fig. 13A and B to
indicate that a large displacement offers enough heat for
local melting, as the spheroid drop on Fig. 12A testifies.

Using Eqs. (1) and (2), we may calculate the half width
xT g of the zone around the shear band, within which the
glass transition temperature would be exceeded, and the
time when it happens. xT g scales with d:
hear displacement, d, of 5 lm (H = 1.34 kJ/m2) and t = 3, 12 and 50 ns for
ements, d = 1, 5, 10 and 50 lm.
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xT g ¼
bffiffiffiffiffiffiffiffi
2pe
p ryd

qCðT g � T 0Þ
: ð3Þ

The time when Tg at distance xT g is reached scales with
d2:

tT g ¼
1

4pea
bryd
qC

� �2
1

ðT g � T 0Þ2
: ð4Þ

When we calculate the maximal thickness of LLL using
the model approach explained above, we get for 3.5 lm
shear displacement in this alloy a thickness of about
450 nm in 8.5 ns. This number is almost four times greater
than our experimental estimation calculated from vein pro-
file and density. However, two corrections to the experi-
mental observations and model assumptions can account
for this discrepancy. Firstly, the assumption that all
liquid-like material is transformed into the veins is not real-
istic; a substantial fraction of the liquid-like material must
remain indistinguishable by SEM on the fracture surface as
a thin uniform layer. This assumption moves the estimated
value of 120 nm for thickness of LLL to a higher value.
Secondly, the final fracture will not wait until a maximum
thickness of LLL is developed, but instead it can begin ear-
lier, when a suitable thickness for meniscus instability for-
mation is achieved. This fact corrects the calculated value
450 nm towards a lower value. To conclude, these two cor-
rections bring the experimental value (which can be
regarded as a lower limit) and the model value (which
can be regarded as an upper limit) towards a more realistic
value of the true volume of liquid-like material generated
during shear band deformation.

Since it is clear that the shear displacement is the
important influencing factor as regards LLL thickness,
it is also reasonable to suggest that limiting the shear off-
set will limit the probability of inducing meniscus insta-
bility. Experimental observations reveal that pure shear
presides up to 4 lm (Fig. 14) and samples thinner than
Fig. 15. (A) SEM micrograph showing the initiation place for meniscus in
nanocrystallization close to the fracture surface edge for Zr50Cu30Ni10Al10.
this value exhibit no vein morphology, despite full frac-
ture (Figs. 7 and 8). Therefore, in order to avoid cata-
strophic fracture by meniscus instability, for room
temperature tensile deformation of metallic glass ribbons,
restraining shear bands displacement to d < 4 lm may be
a solution.

If the ambient temperature is brought close to Tg during
in situ TEM straining, a substantial increase in the plastic-
ity and the amount of material involved in the veins formed
was detected (see Figs. 11B and 15A). Inserting
(Tg�T0) = 50 into Eqs. (3) and (4), we obtain an LLL
thickness of around 5 lm for 5 lm displacement in time
1 ls. These values are much larger than the values calcu-
lated and observed for room temperature experiments.

A variety of the fractographic features observed on
the fracture surfaces of amorphous ribbons and bulk
metallic glasses as well as possible crystallization events
that occur near the shear band have been shown and dis-
cussed. The reasons for these variations are explained by
the large number of parameters that influence the thick-
ness of the LLL (scaling linearly with shear displace-
ment) and the lifetime of an LLL (scaling with the
square of shear displacement) in the vicinity of a shear
band at the moment of failure. From the above analysis,
we conclude that the thickness of the LLL depends,
besides the shear displacement, upon the yield stress,
the glass transition temperature, the ambient temperature
and the local structural inhomogeneities that may initiate
meniscus instability.

4.3. Nanocrystallization

A question remains as to why the local crystallization
near a shear band is confirmed in some TEM observations
[35] but not in others [14]. In our observations we also
found small crystals (<5 nm in diameter) in the close vicin-
ity (�10 nm) of a shear band observed in alloy Zr50Cu30-
stability in heated (430 �C) VIT105 and (B) HRTEM image revealing
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Ni10Al10 in one case when it underwent ‘‘full fracture’’ (as
shown in Fig. 15B). Crystallization was also seen in Section
3.1 when the alloy Cu47Ti33Zr11Ni6Sn2Si1 was shown to
exhibit rapid crack propagation. Again, the crystallized
zone comprised crystals <5 nm in size over a width of
approximately 10 nm. Conversely, the HRTEM imaging
of vein tips did not confirm that any crystalline phase
was present. In the examples outlined in this work, where
crystallization processes are derived, they are driven by
temperature increases and not by deformation processes
as reported elsewhere [4,35]. The most important influenc-
ing factor in this case is not the maximum temperature, but
the time during which the heated volume stays at an ele-
vated temperature, which must, due to the extreme heating
rates, be much higher than conventionally measured Tx

(�500 �C). As has been shown in Fig. 13 and Eq. (4), this
time scales with the square of shear displacement, d. How-
ever, for large shear displacements (�50 lm), the time at
which the material is elevated above the measured Tx is still
less than 1 ls, which may be adequate for crystal growth
but is insufficient for crystal nucleation, since the activation
energy for nucleation is larger than the activation energy
for crystal growth in amorphous alloys [36]. This explains
why crystals only appear in a very narrow band at the shear
band edge and also why those crystals are of nanometer
size. Elsewhere [4], crystal growth up to almost 50 nm
has been reported. This study supports that observation
since the alloys (often Al based) have poor glass-forming
ability and often contain nucleation sites already of nano-
meter size. The formation of larger crystals is therefore eas-
ier to facilitate.
5. Conclusions

Shear band propagation has been found to be jump-like
by in situ straining in TEM. The secondary shear bands
form a branch when the primary shear band stops and
one of them will become the new primary shear band with
the largest shear displacement, d.

Both TEM and SEM observations confirm the presence
of an LLL on or near the fracture surface of the amor-
phous ribbons.

Estimations based on quantitative fractographic obser-
vations and model calculations permit an evaluation of
the thickness of the LLL formed due to heat evolution
after shear band development. Both experimental evalua-
tion and model calculation confirmed that the thickness
of an LLL present at the last moment of fracture sub-
stantially exceeds the generally accepted thickness of a
shear band.

The probability of witnessing a crystal phase near the
fracture surface is mainly dependent on the size of the shear
displacement.

Limiting amorphous ‘‘features’’ within a material to
<4 lm is recommended in order to avoid catastrophic frac-
ture via meniscus instability.
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