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The plasticity of metallic glasses (MGs) is mediated by localized shearing in
thin bands, degrading the mechanical properties at shear bands (SBs), which
can cause shear localization and poor deformability. Quantifying the strength
loss at SBs in MGs is important for both further material improvement and
failure prediction. By applying a combination of microscale bending with
in situ tensile tests, we successfully determine the strength loss at SBs in two
typical MGs, namely Zr41Ti14Cu12.5Ni10Be22.5 and (Cu50Zr50)95Al5, that are
about 20% lower than those of their intact counterparts. We further notice,
based on fractographic examinations, that stable SBs may induce only a negli-
gible heat, but unstable SBs give rise to a high temperature increase in SBs.
This observation sheds light on the controversy about whether SBs in MGs
must be hot.

Keywords: metallic glasses; shear band; bending; strength softening

1. Introduction

Before materials approach their catastrophic failure point, there commonly exist some
precursors. Shear localization [1], for example, is an anomaly ubiquitously observed in
materials just before the applied load or deformation reaches their limits. Typical
examples of such anomaly include the formation of meter-sized faults before earth-
quakes, micron-sized SBs in crystalline materials before rupture [1] and nanometer-wide
SBs in metallic glasses (MGs) [2–5] prior to failure. In MGs, the shear localization at
the initiation of plastic deformation is a key factor limiting their wider application, which
otherwise can have attractive mechanical properties. On the one hand, since the plasticity
of MGs at ambient conditions is mediated by SBs [6–9], it is desirable to have fine-sized
SBs uniformly distributed during plastic deformation. On the other hand, in contrast to
the strength of intact MGs, the strength of MGs with SBs is lower [2,3,10–15]. The
degraded strength at SBs leads to progressively localized deformation, and soon results
in catastrophic failure [2–5,16–18]. So far, most attention has been paid to the explora-
tion of methods promoting the number of SBs while controlling their size in MGs during
plastic deformation [19–22]. Very little is known about the properties of SBs themselves.
This situation may be partly due to the difficulty of capturing the transient status change
in SBs before the sample runs into final failure [16–18,23]. There is little time to probe
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directly the properties of SBs before their rupture. For example, to determine the temper-
ature rise at SBs, Lewandowski and Greer [24] had to rely on an indirect but effective
strategy of coating the surface of MGs with a layer of material of low melting tempera-
ture. The temperature rise at SBs was then deduced from the melted zones of the coating
material in the post-mortem samples. Zhang et al. [25] also applied this fusible coating
method to a wide range of MGs. We note that there exists a good understanding of
strength softening at SBs in MGs [2,3,10–15, 26,27]. Indentation tests also confirm that
the hardness in the vicinity of SBs is lower than that in the intact region [14–15]. How-
ever, existing indentation experiments have been conducted with typical indenter size on
the order of several microns, which is nearly three orders of magnitude larger than the
width of a shear band in metallic glasses (around 10 nm in thickness [2,3]). Hardness
measurements by indentation cannot represent the intrinsic strength in a single shear
band. A direct method to measure the shear strength in a SB is unfortunately not avail-
able. Here, we utilize a combination of micro-scale bending with in situ tensile tests, and
successfully determine the strength at SBs in MGs. Bending is first employed to
MG plates to produce stable SBs; we then perform tensile tests on the samples with
pre-existing SBs to abstract the strength at SBs.

2. Methods and results

The bending of thin plates is particularly useful and widely used for studies of SBs
since the propagation of SBs ceases as they approach the neutral plane, and early cata-
strophic failure is avoided, permitting substantial deformability when the samples are
sufficiently thin [28–33]. Here by utilizing the SBs formed after bending but before the
rupture of the material, we continue to perform in situ tensile tests with the bent sam-
ples, and then derive the strength loss at SBs in MGs after obtaining the strength of
samples with pre-existing SBs. Two types of typical MGs, the commercially available
Zr41Ti14Cu12.5Ni10Be22.5 (Vitreloy 1) and (Cu50Zr50)95Al5, have been tested in the pres-
ent work. Figure 1 shows the dimensions of the samples. To ensure good curvature con-
trol in the bending region, we designed a bending rig shown in Figure 1b. The bent
samples are then mounted to an in situ micro-tensile testing system shown in Figure 1c.
To eliminate possible bending effects while applying tension, we use pins to hold the
two ends of the samples, and allow them to rotate freely in both the y- and z-axes.
Owing to irreversible plastic strain accommodated by the SBs, the samples after bend-
ing are usually curved, and there are many conjugated SBs at both the top and the bot-
tom sides of the sample, as seen in Figure 1d.

In Figure 2a, we show a typical tensile stress vs. displacement curve for a bent sam-
ple of Vitreloy 1. A pre-bending ratio of H/R = 0.1 was applied to the sample before
tension, where H is the plate thickness (see Figure 1a) and R is the radius of the inden-
ter of the bending rig (Figure 1b). The initial slow increase in stress arises from the
straightening of the curved sample, as seen in Figure 2b. When the tensile stress
reaches 267MPa (point ‘b’ keyed in the stress-displacement curve in Figure 2a), the
sample is completely straight. At this stress level, there is nearly no extension for those
pre-existing SBs, as seen in the deformation pattern shown in Figure 2c. After point ‘b’
in Figure 2a, a steep slope in the stress-displacement curve emerges. By comparing the
deformation patterns in Figure 2c and 2d, we see clearly the growth of SBs as the
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tensile stress approaches the maximum strength (1652MPa) of the sample. Coalescence
of growing SBs from the top and the bottom leads to the final failure, as shown in
Figure 2e. Such scenarios observed in Vitreloy 1 are also seen in our experiments for a
bent sample of (Cu50Zr50)95Al5, as detailed in Figure 3. Figure 3a gives the stress-dis-
placement curve in the (CuZr)95Al5 sample with a pre-bending ratio of H/R= 0.1. The
respective deformation patterns at the stress levels marked in Figure 3a are shown in
Figure 3b–d, where the growth and coalescence of SBs are also clearly observed. The

(a)

(b) (c)

(d)

Figure 1. (colour online) The experimental set-up for the microscale bending and tensile tests.
(a) sample dimensions. The thickness H of the samples varies slightly around 0.4mm. (b) close-
up view of the indenter for bending experiments. (c) set-up for the tensile tests. (d) whole view
for a typical sample after bending, where SBs were seen.
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final failure pattern in Figure 3d also suggests that the fracture surface is guided by the
original SBs left by pre-bending.

Given that by pre-bending, SBs do not transverse the sample, the measured strength
rm for bent samples is controlled by both the strength in the intact region (rc) and that
at the SBs (rsb). In order to obtain the strength rsb in SBs, we need to determine the
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Figure 2. In situ tensile tests and scanning electron microscopy of shear bands in pre-bent
Vitreloy 1. (a) stress-displacement curve of the pre-bent plates with bending ratio H=R ¼ 0:1.
(b)–(e), Side view showing the evolution of SBs at different stress levels. (b) Initial SB structures
(point ‘a’ in (a)). (c) Straightened sample at the applied stress of 267MPa (‘b’ in (a)). (d) The
growth of SBs as tensile stress reaches the maximum strength of 1652MPa (‘c’ in (a)). Coales-
cence of SBs from the top and bottom sides is observed. (e) Final failure pattern (‘d’ in (a)).
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SB length at a given bending ratio. With the approximation of plane strain bending
(which is the case here since the sample width is at least four times larger than the
thickness H, as seen in Figure 1a, the characteristic length of a SB (projected length
along the plate thickness) is obtained by calculating the distance from the neutral plane
at which the stress reaches the critical value rc for SB initiation [28–30,33], which is
given as

a

R
¼ H

2R
� ð1� mÞrc

2l
; ð1Þ

where μ is the shear modulus and m is the Poisson’s ratio of the MG. We apply the
mixing law to write rm as rm ¼ nrsb þ ð1� nÞrc, where ξ= 2a/H. For the special case
of ξ= 0, i.e. no SBs exist, we have rm ¼ rc; as n ! 1, rm � rsb. The mixing law
assumes that when the final fracture surface yields, both the portion with pre-existing
SBs and the intact part reach their respective strengths. This assumption smears out any
possible stress concentration at the tip of SBs. Unlike crystalline materials, where the
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Figure 3. In situ microscale tensile tests and scanning electron microscopy of shear bands in
pre-bent (CuZr)95Al5. (a) stress-displacement curve of the plate with bending ratio H=R ¼ 0:1.
(b) straightened sample, corresponding to point ‘a’ in (a). (c) SB pattern as the tensile stress
reaches nearly the maximum strength of 1389MPa (‘b’ in (a)). Coalescence of growing SBs from
the top and the bottom is also observed. (d) The final failure pattern (‘c’ in (a)).
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strengths of perfect regions and defective parts can differ by several orders of magni-
tude, the structures in MGs are rather uniform except at the sub-nanometre length scale
[34], and there is no significant strength difference between the sheared region and the
intact part. Therefore, in contrast to the crystalline counterpart, there is no mechanism
to support high-level stress concentration at the tip of a SB in MGs. With Equation (1),
we then write the measured strength as,

rm ¼ rsb þ ðrc � rsbÞð1� mÞrc

l
R

H
: ð2Þ

With Equation (2) and material parameters given in Table 1, we show in Figure 4a the
measured strength rm for pre-bent Vitreloy 1 samples at different bending ratios. The
trend can be well characterized by Equation (2). The solid line is the least-squares fit-
ting results to the experimental data with rsb ¼ 1:42GPa. This value is about 23%
lower than rc – the tensile strength of the intact Vitreloy 1 samples from our measure-
ment. Corresponding results for (Cu50Zr50)95Al5 are shown in Figure 4b. Now, the solid
line is obtained with rsb ¼ 1:35GPa, and the strength softening at SBs is about 24%.

Table 1. The mechanical properties of Zr41Ti14Cu12.5Ni10Be22 and (Cu50Zr50)95Al5. Their
strengths rsb at shear bands are also given, which are about 20% lower than the strengths of their
respective intact counterparts.

Material G (GPa) ν rc (GPa) rsb (GPa) Strength loss

Zr41Ti14Cu12.5Ni10Be22.5 36.2[21,28] 0.341[21,28] 1.86 1.42 23%
(Cu50Zr50)95Al5 32.3[33] 0.372[33] 1.78 1.35 24%
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Figure 4. (colour online) Measured strength for pre-bent samples at different bending ratio vs.
the theoretical fitting by using Equation (2). Note that H/2R in the x-axis corresponds to the
maximum strain in the sample subjected to bending. (a) Results for Vitreloy 1 (symbols are from
experiments and the solid line comes from theoretical fitting). (b) Results for (Cu50Zr50)95Al5.
The average of five independent measurements at each bending ratio is used in the plot. The error
bars represent the standard deviation of the five measurements.
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Given that all experiments are performed at room temperature, the strength loss in SBs
observed here is a result of the structure change in SBs, either by shear-induced dilata-
tion [10–15,26] or nano-sized damage in SBs [2,3], but not by thermal softening since
there is sufficiently long time for thermal diffusion after bending but before tension.

(a) (b)

(d)(c)

(e)

Figure 5. (colour online) Scanning electron microscopy of fracture surfaces. (a) The whole view
of fracture surface of a Vitreloy 1 sample with pre-bending H=R ¼ 0:1. At the top (guided by the
white arrow), we see a flat region with height about 50 μm. (b) Close-up of the boxed region in
(a) showing the clear discrepancy in fracture surfaces: a transition of the flat region at the top to
vein structures below. (c) Further amplification of the top region in (b) showing striation in frac-
ture surfaces. Fracture surface of (Cu50Zr50)95Al5 in (d) also shows the contrast of flat region vs.
vein patterns, which is similar to what we see for Vitreloy 1 in (b). (e) Illustration to the stable to
unstable transition during SB propagation, and corresponding changes in shearing rate in SBs,
temperature rise in SBs, deformation mechanism and patterns in fracture surfaces.
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By checking closely the failure patterns in those pre-bent samples (see Figure 5a for
a whole view of the fracture surface of Vitreloy 1), we find that the surfaces exhibit
three featured regions. In contrast to the vein structures, we normally observed in the
fracture surfaces of MGs, the top part here (see Figure 5b) is very flat, as also shown in
the close-up view in Figure 5c. Shear offset is around tens of microns in samples with
a thickness about 0.4mm. In the flat region, it is further noted that there are striations
in the top-most part (Figure 5c). This type of striation has been observed in fatigue tests
[35–37] for MGs and in bent MG wires [38–39]. The characteristics of such fracture
surfaces are robustly seen in most samples we tested. In Figure 5d, we also show
similar features seen in the fracture surfaces of (Cu50Zr50)95 samples.

3. Discussion and conclusions

The patterns of fracture surfaces in pre-bent samples seen in Figure 5 are intriguing.
Typical vein patterns seen in fracture surfaces of MGs are believed to be a resultant
from shear-induced viscous flow in thin bands. Quick heat generation by localized plas-
tic dissipation and the delayed heat diffusion in those bands are regarded as the origins
of vein formation. In such scenarios, inside the narrow SBs, there is a stationary bal-
ance of heat diffusion and heat source, resulting from plastic work in the band as [1]

j
@2T

@x2
þ bs _c

qC
¼ @T

@t
� 0; ð3Þ

where T is the temperature, s is the shear stress, _c is the shear strain rate in the band, q
is density, C is the specific heat, j is the thermal diffusion, b is the converting coeffi-
cient and is slightly smaller than unit, and x and t are respectively the coordinate vary-
ing along band thickness and time. Then, the band width should be

dasb �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qCjT=bs _c

p
[1,40], and the temperature rise in SBs can be derived as

T ¼ bd2asbs _c=qCj. Along this line, the estimated temperature rise at SBs in MGs is
only several K, differing by several orders of magnitude from those by experimental
measurements [23,26,37,41–45]. This striking difference could stem from the inaccurate
estimate for _c in the band and the apparent discrepancy for plastic deformation mecha-
nisms between MGs and their crystalline counterparts. Based on the experimental obser-
vation given in Figure 5, we suspect that during quasi static SB propagation and before
rupture of the sample, short-range shear transformation [46,47] may be the dominant
mechanism for plastic deformation. Relatively low shearing rate at this stage gives rise
to a small temperature rise at SBs, and the strength softening at SBs in MGs observed
here is attributed to shear-induced dilatation or nano-sized damage in thin bands. In the
absence of excessive heating, the fracture surface formed under this condition is rather
smooth, and resembles that from cleavage fracture. In contrast, the heat generation dur-
ing rupture in SBs, arising from the coalescence of shear transformation zones and the
acceleration of shearing rate, is enormous and can induce a substantial drop in viscosity
by thermal softening. It hence causes the formation of broadly observed vein structures.
A detailed illustration for such changes is given in Figure 5e. Our experimental obser-
vations given in Figure 5, combined with the above hypothesis, pave the way to recon-
cile the remaining controversy about whether SBs must be hot [23,26,37,41–44,48].
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