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a b s t r a c t
Nanomechanical properties along a single shear band in a Zr-based metallic glass were studied. Spatial
mapping of both indentation hardness and modulus reveal complex long-range softening patterns that
are indicative of internal stress ﬁelds along the shear band. These internal stresses reach values of the
order of the yield strength of the tested metallic glass. Time dependent stress relaxation along the shear
band is observed, and shear-band cavitation at the micron scale is found. Both the cavitation and the
internal stresses are attributed to the non-planar shear plane that during shear-band propagation leads
to the development of off-axis stress components relative to the shear direction. The cavities are a signature of a shear-band-to-crack transition, which is supported by stress ﬁelds known to develop ahead of
mixed mode I and II crack tips.
Ó 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Metallic glasses (MGs) are a promising class of materials with
numerous interesting properties, including a high elastic limit,
high yield strength, exceptional high hardness, superior corrosion
resistance, and soft magnetic properties [1]. Most engineering
applications require, however, structural integrity that from a
design perspective demands for some degree of deformability
and stable plastic ﬂow. The ﬂow behavior of MGs is highly dependent on the nature of the stress state, where tensile components
lead to immediate failure, and only bending and compressive loading can sustain some plastic deformation. This susceptibility for
rapid failure still hampers extensive use of MGs as a structural
material. Its amorphous structure does not allow long range defect
mobility, defect interaction and multiplication processes that are
common for crystalline metals and that lead to the known strain
hardening. Instead, the underlying mechanism at room temperature that mediates plastic ﬂow is the formation of highly localized
nm-thick planar defects, which are called shear bands [2,3]. These
bands form under the application of an externally applied load,
generating a layer of softened material due to strain localization.
After formation, thermally activated shear propagation sets in
[4], during which the two parts of the material translate relative
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to each other [5]. At room temperature, shear-band propagation
proceeds at the time scale of some ms [4,6]. Subsequently, the
material within the shear band creeps and thereafter ages until
shear-band arrest has been reached [7]. The dynamics of shear
banding, as well as the localization to the nm-scale make it extremely challenging to probe the structural state of the planar defect,
and one has to rely on molecular dynamics simulations to obtain
relevant structural insights on different shear-banding stages
[8,9] that ultimately lead to failure.
Therefore post mortem structural probing with either X-rays
[10], neutrons [11], positrons [12], electrons [13], or nanomechanical methods [14,15] have been employed. All of these methods
give in summary a similar main insight, which is that the deformed
MG structure has widened and softened. Based on popular deformation models involving free volume dynamics [16] or the activity
of local shear-transformations [17], structural softening can be
rationalized. While these different studies are all very useful in
characterizing the effect of plastic ﬂow on the structure of MGs,
the main limitation is that conventionally such measurements
are performed on a dense shear-band structure that is obtained
when deforming a MG under non-uniaxial conditions. Ideally,
one would like to isolate a single shear band that can be directly
linked to the entire stress–strain curve. Recent work on both
shear-band dynamics as a function of temperature [18], and chemical composition [19], as well as nanomechanical characterization
[20,21] has followed this route. During shear-band dynamic studies this approach revealed that, indeed, a high percentage of global
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plastic strain can be imparted into one shear band even at cryogenic temperatures, and that the dynamics is somewhat dependent
on the amount of plastic strain. Probing the shear band mechanically with nanoindentation showed that large amounts of hardness
reduction (softening) can be found along an isolated shear-band
line. This softening was in one case attributed to free volume diffusion [21], and in another work to internal stresses [20]. The small
amount of available data and different conclusions urge for continued investigations that shed light on the possible long range effects
that arise near shear bands when it is structurally frozen-in after
some amount of plastic strain.
The aim of this work is thus to map the nanomechanical properties of a MG along a single shear-band line that had carried all
plastic strain. We will show that variations of both the nanoindentation hardness, H, as well as the nanoindentation modulus, E, are
present along the shear-band line. The same is observed when
probing another free surface located underneath the ﬁrst. Large
micro-scale cavitations are found, indicating the onset of a
shear-band-to-crack transition during shear. Time-dependent
stress-relaxation via the formation of diffuse (non-system spanning) shear-bands along the major shear-band line is observed.
At the ends of the cavitations structural softening patterns are
mapped that are reminiscent of stress ﬁelds from crack tips under
mixed mode I and II loading. The results will be discussed in the
context of long range stress ﬁelds around a shear band that form
due to a geometrical incompatibility along the shear plane. These
internal stress ﬁelds reach substantial fractions of the materials
yield strength.
2. Experimental
2.1. Methodologies used
The
studied
material
is
a
Zr-based
bulk
MG
(Zr52.2Cu17.9Ni14.6Al10Ti5, Vit105) that was suction cast into a
Cu-mold to form a rod with a diameter of 3 mm. Samples with a
height of 5 mm were prepared and uniaxially compressed in the
non-serrated regime at temperatures in the range between
30 °C and 60 °C. Details on both the sample preparation and
deformation methodology can be found in Refs. [4,18]. The samples
were unloaded prior to failure and subsequently polished to obtain
a smooth cross-sectional surface, where the shear-offsets indicate
the endpoints of the shear-band line that is the object of interest.
The surface polishing was done according to conventional procedure with a ﬁnal step using a 40 nm Al2O3 suspension.
Afterwards the surface was polished with a clean lubricated polishing cloth. The obtained surface ﬁnish was characterized with an
atomic force microscope (AFM, Asylum MFP-3D) in tapping mode,
and an Agilent G200 nanoindenter with a DCM (dynamic contact
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modulus) module was used to conduct the nanomechanical characterization. All indents were conducted in load control with a
maximum force of 5 mN and a force rate of 0.1 mN/s, yielding a
typical maximum indentation depth of 300 nm. Both a drift and
frame stiffness correction was applied to the nanoindentation data.
The indent spacing varied between 3 and 10 lm. A conical tip with
an end radius of 650 nm was used. Post indentation surface analysis was done with an FEI scanning electron microscope (SEM), and
transmission electron microscopy (TEM, Phillips CM30) was used
to investigate the surface structure of the polished material.
Three samples were prepared, of which the following analysis will
highlight the observations made for one of the samples (compressed to 8% total strain at 60 °C [20]) on which the largest
amount of data could be collected. The observations made are
qualitatively identical for all studied specimens.
2.2. Surface characterization and measurement signiﬁcance
Since mechanical polishing is expected to affect properties measured on the sample surface, great care was taken to properly
understand the effect of polishing and to characterize the sample
surface. As a ﬁrst step AFM measurements in tapping mode were
conducted to quantify the surface roughness. This was done for a
representative region of 20  20 lm2 on the matrix material, as
well as the material along the shear-band line. In both cases, the
root mean square roughness was found to range between 3.1 and
4.9 nm. This was the case irrespective of the location of the
scanned micron-sized area. That means, compared to the used
nanoindentation tip size as well as the indentation depth at
5 mN, the surface roughness can be considered as small, which
leads us to the conclusion that no surface roughness effects will
inﬂuence the relative trends of our data.
To further investigate the surface material, it was instructive to
extract a TEM lamella near the region of the shear-band line. This
was done by the standard focused ion beam method. The bright
ﬁeld image shown in Fig. 1a shows a zoom-in onto the near surface
region of the polished MG located under the Pt-cap. No indication
for severe polishing damage could be identiﬁed, which also applies
to the electron diffraction data obtained with selected area diffraction (not shown here). We note that structural analysis of an amorphous metal with TEM is a delicate task and that the absence of
features in Fig. 1a does not exclude atomic scale modiﬁcations of
the surface material. However, the subsequent data will support
the view that the results outlined in Section 3 cannot be attributed
to any uniform damage caused across the entire sample surface.
As a ﬁnal step, nanoindentation (600 indents per array and
material) was conducted on the as-cast material and the
as-polished material (Fig. 1b, displaying H/H0  100, where H is
the measured hardness and H0 the reference value of the matrix)

Fig. 1. (a) Bright ﬁeld TEM image of the polished MG surface located under the Pt-cap. (b) A nanoindentation array over the polished matrix material showing H/H0  100. (c)
Fitted Gaussian distributions to the H/HMean-values obtained on polished MG, the as-cast MG, and the FS reference material.
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that subsequently was compared to the same number of tests on
the reference material (fused silica, FS). This was done to get a reliable set of H- and E-values over a representative surface area,
which provides insights into the purely statistical variations across
the materials. Fig. 1c displays three resulting Gaussian ﬁts to the
obtained hardness data, normalized to their peak value in frequency and the mean hardness value HMean. It is seen that the
FS-distribution has the smallest width in terms of full width at half
maximum (FWHM) of ca. 0.22 GPa with a ﬁtting quality R2 = 0.98.
The ﬁtting quality decreases for the MG-surfaces, but the
H-distribution of the as-cast MG-surface is only marginally wider
than of the FS, whereas the polished MG-surface exhibits a markedly wider range of H-values around its mean of 8.45 GPa, which
is slightly larger than the mean of the as-cast surface (8.38 GPa).
With this surface characterization at hand, we expect that
changes in H and E that systematically fall outside the expected
variance will be visible in 2D nanoindentation arrays. For the polished surface this means locally grouped H- and E-values that
repeatedly differ more than the standard deviation of 0.18 GPa
(2%) can be regarded as spatially unexpected structural ﬂuctuations. In the following it will be seen that these ﬂuctuations are
clearly visible along the shear-band line.

3. Results
3.1. Cavity formation along a shear band
After polishing the cylindrical sample, a cross-sectional view
onto a plane (surface 1, z = 0 lm) parallel to the cylinder axis
was investigated (Fig. 2a). This is the same surface on which the

characterization outlined in Section 2.2 was conducted. Upon tracing the dashed line indicating the shear-band location in Fig. 2a
with SEM, long cavities where found to align with the direction
of the shear-band line. On surface 1 eight cavities where found that
had a length ranging between 2.9 and 206 lm, and the opening
width in the direction normal to the shear-band line ranged
between 0.03 and 4.6 lm. Fig. 2b and c highlight two of these cavities, and Fig. 2d indicates a fairly good correlation between cavity
length and width.
Summing up the cavity length on surface 1 yields a total length
that corresponds to about 18% of the full distance between both
shear-offsets of the sample. Removing additional 30 lm by polishing from surface 1, creates a new surface, called surface 2
(z  30 lm). Surface 2 reveals a similar picture as surface 1, with
one cavity identiﬁed at a new location and three from surface 1
were not visible anymore.
A careful inspection of the cavities reveals that they do not fall
exactly onto the straight line connecting the shear-offsets at the
border of the polished surface. Furthermore, if one constructs a
straight line between the ends of each cavity, gi, there are clear
variations in the lines relative orientation. We therefore deﬁne a
line gc, such that the sum of the angle c between gc and gi is minimized. At the same time the summed distance Dy between gc and
the center of gi is set to zero. It is now possible to investigate c for
each cavity, revealing that there is a spread of the angular offset c
ranging between 1.6° and +2.5°. The angular mismatches
between gi and gc are summarized in Table 1. There is thus a clear
indication for that the shear band did not connect between the
shear offsets in a straight manner and that the formed shear plane
is not planar.
Throughout the course of the research project the formation of
diffuse (non-system spanning) shear bands was observed along the
shear-band line (that is in between the cavities). As a function of
time the diffuse shear bands increase in length and branch out,
which was primarily seen at the endpoints of the cavities. Fig. 3a
(taken at t0 + 17 days, where t0 is the day of polishing, at this stage
no indentation had been conducted on the sample) and 3b (t0 + 81 days, the data shown in Figs. 4 and 5 had been taken at this
time, both of which are hundreds of lm away from this location)
aim at exemplifying this. The time t0 + n days is uncorrelated with
the time at which the data in Figs. 4–7 was measured, and the diffuse shear-band patterns in Fig. 3b did not change notably with
evolving time after t0 + 81 days. However, new diffuse shear bands
had appeared at other locations. Therefore, a few data points may
have been discarded if diffuse shear band were present on the
nanomechanically probed surface, as was the case for the data in
Figs. 5 and 7b. It is also noted that, different to an earlier investigation with larger Vickers and spherical indentations [22], no obvious
shear-band pattern was observed around the individual indents in
this study.

Table 1
Angular mismatch between gc and gi for the cavities on surface 1 and surface 2.

Fig. 2. (a) Schematic of the polished MG-specimen, where the dashed line indicates
the shear-band location. Two cavities located along the shear-band line are
displayed in (b) and (c) respectively. (d) Cavity width as a function of cavity length
measured on surface 1 and 2.

z = 0 lm
Cavity

c [°]

z = 0 lm

z = 30 lm
Cavity

c [°]

z = 30 lm

1
2
3
4
5
6
7
8
9
10
11

1.3
0.7
0.4
–
1.0
–
–
0.6
1.2
1.6
0.8

1
2
3
4
5
6
7
8
9
10
11

–
0
0
1.6
–
2.5
0.2
0
–
–
–
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Fig. 3. (a) Diffuse shear-bands appearing after polishing at the end of a cavity at
t0 + 17 days. The same area is shown in (b) at t0 + 81 days. (c) A region of surface 1
showing diffuse shear-bands formed after polishing, where at the same location on
surface 2 a cavity was located (d).

Since these newly formed diffuse shear bands appeared as a
function of time over a period of several months, no quantitative
analysis could be conducted on their rate of appearance or growth.
However, it could be established that in one case the newly formed
diffuse shear-bands on surface 1 (Fig. 3c) were located precisely at
a position where after further polishing a cavity appeared on surface 2 (Fig. 3d). It is noted that Fig. 3c and d were taken under different orientations of the shear-band line relative to the horizontal
image axis, which is indicated by the x–y-coordinates in the
respective ﬁgures.
3.2. Softening and hardening along a shear band
In this section the results of several nanoindentation arrays on
both surface 1 and 2 will be displayed. All measured H- and
E-data will be shown relative to the matrix values of
H0 = 8.45 GPa and E0 = 107 GPa. The ﬁrst array contained 600 measurements covering an area of 240  60 lm2. Its distance to a cav-
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ity on surface 1 was ca. 70 lm on one side, and 245 lm on the
other side. No diffuse shear bands were observed on the area of
indentation. Fig. 4a and b display the relative change in both H
and E.
In Fig. 4, the shear-band line was expected to run horizontally
through the indentation array, which is precisely the y-regime
where the two areas of reduced H and E are found (x  100 lm,
y  30 lm and x  222 lm, y  30 lm). In comparison to the
matrix array in Fig. 1b it is clear that these spatially correlated ﬂuctuations are systematic and thus a structural signature of softened
regions. The maximum reduction in H and E are ca. 21% and 6% on
this coarse-grained scale, respectively. Comparing both locations
with apparent structural softening, they are of different magnitude
as well as of different spatial extent. In particular, the softened
region at x  100 lm has a length of at least 40 lm (parallel to
the shear-band line) and a width of ca. 15 lm (normal to the
shear-band line). No signature of a cavity was found on surface 2
at this location.
While Fig. 4 displays an area with a large range in x, the second
array (Fig. 5) aimed at better sampling the possible variations in
the direction normal to the shear-band line. Again, array 2, consisting of 1845 individual indents on surface 1, was located away from
a cavity, with the nearest distance being 52 lm. A few diffuse
shear-bands had appeared on the surface prior to running the
indentation array, which is the reason for the missing data points
in Fig. 5. At each white spot the data has been removed from the
ﬁnal H- and E-map, because those locations correspond to indents
that were placed on the height offset created by a diffuse shear
band. The corrected map in Fig. 5 reveals softening as Fig. 4, but
with a much larger affected region. In Fig. 5, the shear-band line
is located horizontally at y  85 lm (dashed line).
The softening and reduction in indentation modulus in Fig. 5
reach values as high as DH = 32% and DE = 12%, with a clear correlation between the maximum change in both H and E and the location where the diffuse shear-bands were observed. Following the
shear-band line along increasing x-coordinate, the softening proﬁles at constant x-position vary considerably, reaching up to ca.
50 lm (x  37 lm). As for the region displayed in Fig. 4, no cavity
was found at the location of array 2 (Fig. 5) on surface 2.
The third array that will be highlighted is explicitly placed near
the end of a cavity, which is indicated on the right hand side of
Fig. 6. The indentation hardness map shown in Fig. 6 (2128 indents,

Fig. 4. Variation of both E (a) and H (b) across nanoindentation array 1. The dashed lines indicate the approximate location of the shear band.
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Fig. 5. Variation of both E (a) and H (b) across nanoindentation array 2. Empty data points indicate locations where the indent was placed on a diffuse shear band, and the
data has been removed from the array. The dashed lines indicate the approximate location of the shear band.

Fig. 6. Variations of H across nanoindentation array 3. To the right the location of a
cavity is shown. White data points indicate missing values. Two sub-arrays were
merged, of which the boundaries are seen at x  55 lm and y  60 lm. The dashed
line indicates the approximate location of the shear band.

280  190 lm2, surface 1) was placed on the sample surface such
that the shear-band line was located at y  100 lm (dashed line).
In this data set, some indents failed during automated testing
and at their location empty data is displayed. Furthermore, some
instrumental complications while testing required dividing the target area into two subsets, of which the borders are clearly seen due
to a total offset in the lower right part of Fig. 6. Despite this inconvenience, the merged sub-arrays convey a consistent signature of
softening trends across the sampled area.
In negative x-direction away from the cavity tip two regions
with the largest amount of softening emerge (180 < x < 280 lm,
y  100 lm), of which the lower lobe (at ca. 200° with respect to
the cavity tip) extents much further away than the upper one (at
ca. 160°). In the area spun by these two regions, an abrupt increase
in H is seen, which can be followed to ca. x  100 lm (at
y  100 lm) until a new softened region with less distinct shape
is found. The maximum DH was again around 32%. It is noted that
the central region (100 lm < x < 200 lm, y  100 lm) displays a
slight increase in H relative to the matrix value, of which the latter

only seems to be reached at a few locations in the upper part of the
array. That means, in between the clearly softened regions, one
near the tip of the cavity and one to the far left, a region that has
become marginally harder than the matrix is observed.
Array 1–3 were all obtained by spatially probing surface 1. The
next two arrays, array 4 and 5, both with a total number of 1600
indents over 200  200 lm2, have been recorded on surface 2.
The H-map of array 4 is displayed in Fig. 7a, where in this case
the location of two cavities can be identiﬁed by the white areas.
Outside the array area, another cavity is located only a few microns
away from the x  200 lm position. No indentation arrays had
been measured at the same location on surface 1. The left cavity
in Fig. 7a was already seen on surface 1, whereas the right cavity
was newly observed on surface 2, and corresponds to the cavity
displayed in Fig. 3b. Similar as for the H-maps obtained on surface
1, regions with a different degree of softening appear along the
shear-band line that is located horizontally at y  95 lm (dashed
line).
The results of the indentation array 5, which is displayed in
Fig. 7b (same z-scaling at in Fig. 7a), were obtained by measuring
at the same location on surface 2 as was done when recording
the data of Fig. 6 on surface 1. The same cavity as in Fig. 6 is indicated, which serves as a reference point. The shear-band line is
indicated with a dashed line. Therefore, Fig. 7b probes the same
location to the left of the cavity indicated in Fig. 6, but ca. 30 lm
below surface 1. White data points mark locations where diffuse
shear-bands had formed after polishing. Similar to the spatial variations of H in Fig. 6 (surface 1), the strongest softening on surface 2
occurs to the left of the cavity end, and a softened region appears at
an angle of about 215°. The softening in the direction of ca. 160°
that was observed on surface 1 in Fig. 6 cannot be distinguished
anymore. When comparing the length of the cavity located at the
right of the areas shown in Figs. 6 and 7b at z = 0 lm and
z = 30 lm, it is observed that polishing leads to an increase of
the cavity length from 206 to 224 lm.
We ﬁnally note that when mapping H and E across an area with
a cavity, the hardness normal to the direction of the cavity does not
display any strong changes relative to the matrix material. That
means, softening was mainly observed at the endpoints of a cavity
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Fig. 7. Variation of both H across nanoindentation array 4 and 5 displayed in (a) and
(b) respectively. White areas in (a) indicate locations of cavities, of which the right
one is the same as displayed in Fig. 3d. White points in (b) are omitted data points
where the indent was located on a shear-offset of a diffuse shear-band formed after
polishing. To the right of (b) a cavity is also indicated, which is the same as
indicated in Fig. 6 (surface 1). The z-scaling in (a) also applies to (b). The dashed
lines indicate the approximate location of the shear band.

or at positions along the shear-band line. Before polishing surface 1
to obtain surface 2, focused ion beam trenches were cut at locations with strongly reduced H-values in order to verify that no cavity was located underneath the surface.
4. Discussion
4.1. Cavitations on the shear-band plane
Since the theoretical introduction of cavity formation in MGs by
Argon and Salama [23], many reports have been dedicated to this
topic, but to the authors’ knowledge only Pampillo and Chen [24]
(Fig. 4 therein) presented a micrograph with a surface morphology
that suggests cavitation at the same scale as displayed in Fig. 2.
Relating plasticity and fracture of MGs with cavitation has mainly
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been done theoretically [25,26] or with molecular dynamics (MD)
simulations [27–32]. Since cavitation in MD simulations is associated with (athermal plastic) atomic or nano-scale processes, it is
clear that the found cavities with a length up to 200 lm can only
be a very late strain stage of the mechanisms proposed by MD.
The various MD studies have suggested that spatial heterogeneities
in the glassy matrix facilitate cavity formation at sites with low
barriers. Once the local hydrostatic pressure reaches the critical
cavitation stress, nano-scale voids can be formed in the initially
void-free solid. In particular, in the softened shear band it has been
shown that the constrained ductile layer enhances a multi-axial
stress state that allows the shear-band material to attain the cavitation limit much earlier than elsewhere [27]. Despite the mismatch in length scales, we can qualitatively agree with this
observation, because no indication for cavitation was found at
any location away from the shear-band line. The existence of
sub/nano-scale voids, as revealed in MD simulations, has also been
demonstrated in Fourier-ﬁltered high resolution TEM images of a
deformed MG [33], and was furthermore proposed as an origin
for softening and increased pop-in length in nanoindentation
experiments conducted on a dense shear-band structure [14]. At
the same time, other studies have not been able to resolve
nano-voids [34]. Clearly further experimental research is needed
to identify the early stages of a potential void formation
mechanism.
Based on Table 1, it could be shown that the different cavities
have small angular misorientations relative to each other. This
could only be shown for the x-dimension, but is assumed to be valid
for the entire x–z-plane. It is now possible to interpret the presence
and orientation of the cavities in two ways. Firstly, it may be a direct
indication that the shear plane is not planar, and that the cavities
develop parallel to the plane that deﬁned the shear-band during
activation. Secondly, the cavities may have formed quickly after
shear-band arrest, where the cavity formation occurs without being
bound to the plane deﬁned by the shear band. Instead, the strong
internal stresses deﬁne the cavity orientation. While the latter
one is plausible, the ﬁrst interpretation is followed, because we
expect the cavitation to proceed along the strain softened material
of the shear-band core. Since the shear plane deﬁnes the fracture
plane, it is interesting to note that cavitations on the fracture surface of a MG have been identiﬁed, and that their coalescence was
proposed to cause fracture [35]. In that context, the observed cavity
pattern indicates a shear-band-to-crack transition.
In the present work, all plastic strain was imparted into the
studied shear band, and we assume that the surface topology of
the shear plane is deﬁned at its initiation phase. That means, during the active phase of the shear band, shear movement occurs on a
plane with some waviness, of which we observe the scale characterized by the angles of Table 1 and an amplitude that can be estimated to the order of 3 lm on the basis of c, the cavity length and
position. At the moment of shear-band propagation a complex
stress state with a predominant compressive nature (r) in the
direction of shear develops at locations where the material needs
to overcome the positive amplitude of the shear-plane roughness,
whereas tensile components (+r) arise after such a location.
Depending on the shear-band roughness one would thus expect
the formation of planar cavities distributed on the shear plane
where the tensile components are the largest (schematically
depicted in Fig. 8).
Based on this scenario, the cavity width (Fig. 2c) should increase
at a ﬁxed strain with increasing angular misorientation, which is a
local measure of the curvature on the shear plane, and the length
should scale inversely with the angular misorientation. Within
the precision of the conducted experiments this hypothesis is difﬁcult to verify, as the full information about the cavity dimensions
along z are unknown. It should be clear that this formation
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Fig. 8. (a) Schematic of how tensile (+r) and compressive (r) regions emerge
during shear on a wavy shear surface. Cavities are expected to form at locations
with high tensile components. (b) Schematic distribution of disc-shaped cavities
formed on the shear surface as identiﬁed in this study.

mechanism of the found cavities does not exclude the general
picture of free volume coalescence to atomic-scale voids under a
tensile stress exceeding the local bulk modulus that subsequently
can grow, and the view that void nucleation leads to quick hydrostatic stress relief near formed voids. In fact, if one considers the
origin of the structural softening depicted in Figs. 4–7 to be due
to internal stresses, this is in good agreement with the observation
that only minor resolvable structural softening was measured
along the free cavity surfaces.
4.2. Structural variations along a shear band
In Section 3.2 it was shown for four different nanoindentation
arrays that a consistent H- and E-reduction could be observed
along the shear-band line. In comparison to the Gaussian distribution of H-values across the as-polished surface, the obtained H- and
E-maps clearly depict large scale and systematic softening patterns. Since the softening is measured exclusively at a location
where the shear band is located, the signature is attributed to a
deformation state that was induced during the active phase of
the shear band. Based on the variations and clearly differing softening patterns, it is concluded that their extent varies across the
shear-band plane. The amount of softening scales with the width
of the softening proﬁle at a given x-position [20]. We ﬁnd that position dependent shear-induced softening up to ca. 30% in H and ca.
6–8% in E occurs on the shear plane. The remarkable ﬁnding is that
these complex softening patterns extend over up to 100 lm away
from the shear-band line, which evidences long range effects away
from a planar defect that has a core thickness of 10–20 nm [13,36].
A closer inspection of all measured data indicates that the largest DH is observed in areas that either already developed new diffuse shear-bands after polishing, or that diffused shear bands were
present after measuring an array. The formation of diffuse shear
bands, which more precisely means surface shear-offsets, is a signature of a time-dependent relaxation phenomenon that cannot be
quantiﬁed in more detail in this study. Given that the appearance
of the diffuse shear-band pattern in Fig. 3a was observed prior to
any indentation took place, and that the state displayed in
Fig. 3b existed after array 4 and 5 were measured some hundreds
of lm away, it suggests that the relaxation process is uncorrelated
with the conducted indentation measurements, but rather a result
of creating a new free surface by polishing. Furthermore, the softening is always among the strongest at the end points of a cavity,
as can be seen in Figs. 6 and 7b, but there are also locations at
which no cavity could be identiﬁed, but yet softening was pronounced (Figs. 4 and 5).
The softening magnitude found in the indentation arrays is of
similar magnitude as was reported in three earlier studies, of

which one measured across a dense shear-band structure [15],
one across a single indentation row [21], and the third one smaller
arrays [20] across a shear-band line. The magnitude of the decrease
in both H and E urges the question what their origin is. While
structural softening may be expected for the shear-band material,
the micron-sized signature and the drop in modulus needs a closer
inspection. Wang and co-workers have shown that when subjecting a MG to a hydrostatic pressure, the elastic constants change linearly, with a value of about 7% near the yield strength for a typical
Zr-based MG [37]. This result gives a good indication for the possible magnitude of modulus change prior to yield, but is quantitatively difﬁcult to compare due to the hydrostatic stress state in
Ref. [37] and the here multi-axial state near the shear-band line.
However, much larger DE values would not be expected without
prior local yield. Larger changes in indentation modulus could only
be explained by residual tensile stresses in the surface, as was
demonstrated by Tsui et al. [38]. In this case, residual tensile stresses, uni-axial or bi-axial, where shown to yield a reduction in
indentation modulus and hardness on a crystalline alloy due to
the incorrect projected area determination during automated testing. It is thus of importance to compare the imprint area obtained
from the nanoindentation analysis with direct measurements to
avoid false conclusions. For the correct interpretation of the
changes across Figs. 4–7 it is therefore instructive to compare the
projected imprint area between data points measured on the
matrix as well as on the apparent softened regions. In an earlier
study [20], we have shown this comparison and found that the projected imprint area is always larger when measured directly with
SEM, but that the ratio between the imprint area on the matrix
and softened material remains the same, irrespective of measurement technique. This leads to the conclusion that the trends in
DH and DE are not due to the imprint area determination, but
rather due to true variations across the material near the
shear-band line.
Nanoindentation studies [39], as well as micro-hardness investigations [40] on Zr-based MG in a deﬁned bending geometry, also
taking into account the correction of projected imprint area and
pile-up, show that the material softens under tensile stress and
hardens when a compressive stress is present. We therefore interpret the structural variations measured near the shear-band line as
a signature of internal stresses that arise when the relative translation of two uneven shear surfaces develops local stresses that
remain upon removal of the external load.
4.3. Internal stresses along a shear band
Rationalizing the softening trends along the shear-band line
with internal stresses is well in agreement with the appearance
of diffuse shear-band formation, which is a local stress-relaxing
yield process. These diffuse shear-bands primarily develop at the
ends of cavities or, based on the data shown in Figs. 3a, b and 7a
around the circumference of the disc-like cavities. At these locations the internal stresses must thus be the largest, which is
reﬂected by the strongest softening, as can be deduced from
Figs. 6, 7a and b. The absence of a pronounced internal stress
signature normal to the cavities indicates stress relaxation due to
free interface formation.
Using the micro-hardness measurements by Chen et al. [40], it
is to some degree possible to quantify the DH values displayed in
Section 3.2 in terms of stress. To this end, the H–r data from Ref.
[40] is reproduced in Fig. 9, with H normalized to the case of zero
stress. The data from Chen obtained on a Zr-based MG shows the
typical trend of a linearly decreasing H as a function of tensile
stress.
In addition to the data from Ref. [40], the yield strength of the
here studied Zr-alloy is indicated, and the linear part of the H–r
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5. Summary
Large scale nanomechanical mapping of both the nanoindentation hardness and modulus was conducted on a metallic glass surface near a shear band. The investigated shear band had mediated
all macroscopic deformation. The conducted measurements reveal
the following:

Fig. 9. Normalized H as a function of applied stress, taken from Ref. [40]. The
nominal H was extrapolated to the stress that is equivalent to the yield strength of
the here investigated MG. Local yield is reached at a H-reduction of about 30%.

data is extrapolated to the yield stress. It is seen that a DH of
around 30% is reached at a stress close to the yield strength of
the material. This is in good agreement with the ﬁnding that the
highest softening reaches ca. 30% and that this amount of softening
is only found at places that also developed diffuse shear-bands as a
function of time, and thus deformed locally.
These high internal stresses along the shear-band line are also
very much in agreement with stress-relaxation measurements
conducted by Khonik and co-workers [41–43]. In this earlier work
on both ribbons and bulk MGs, it was found that the internal stress
signature after inhomogeneous deformation is strongly temperature dependent. At low homologous temperature, T/Tg, where Tg
is the glass transition temperature, the internal stress converged
towards the value of the load applied prior to the
stress-relaxation experiment. Since the here investigated sample
was ﬂowing plastically at T/Tg = 0.3 before unloading, it is thus
based on Refs. [41–43] not surprising to reveal internal stresses
close to the yield stress.
The data in Fig. 6 displays a softening pattern near the end of a
cavity that is reminiscent of a stress ﬁeld ahead of a crack tip in
elastic solids. Using the well-known equation for a mixed mode
I + II crack-opening stress, it is possible to precisely calculate such
a stress ﬁeld. However, this textbook solution for an elastic solid
yields a stress ﬁeld that is symmetric in both magnitude and direction. In Fig. 6 the softening, interpreted as a stress ﬁeld, is approximately symmetric in the direction relative to the shear-band line,
but the softening, and thus stress ﬁelds in Figs. 6 and 7b, do not
appear symmetric in magnitude. This can be interpreted on the
basis of earlier work that investigated the plastic zones ahead of
crack tips in MGs [44]. In this work the mode mixing parameter
M e ¼ 2=ptan1 ðK I =K II Þ, where KI and KII are the stress intensity factors for mode I and II, respectively, was investigated. It was found
that with increasing character of mode II, the symmetric two-lobe
plastic zone ahead of the crack tip gained an asymmetric character,
which suggests that the asymmetry in the softening (stress ﬁeld)
indicates a change of mode mixing around the circumference of
the cavity. From the geometry of the deformation experiment, M e
can be estimated, reducing to M e ¼ 2=ptan1 ðsinðbÞ=cosðbÞÞ, where
b is the angle between the loading axis and the cavity plane. This
estimate leads to Me  0:56. Another reason for the stress ﬁeld
asymmetry may be that the formed diffuse shear-bands observed
in Fig. 7b lead to some non-uniform release of the internal stresses.
Being irresolvable at this stage, all of these observations urge the
need for quantitative modeling to better understand the development of internal stresses around shear bands in metallic glasses.

 Micron-scale cavitations were observed along the shear band.
 Analysis of the cavity orientation relative to each other indicates a non-planar shear plane.
 Systematic variations across tens to some hundreds of microns
of both the indentation hardness and the modulus are found.
 These complex softening patterns are interpreted as a signature
of long range stress ﬁelds around the shear band.
 The maximum softening found is about a 30% reduction in the
indentation hardness, which is in good agreement with
the expected value close to the yield stress of the studied
Zr-based glass.
 The spontaneous formation of diffuse shear bands along the
original major shear band indicates local yielding due to a
time-dependent stress relaxation process.
 At the end points of the cavities the softening is found to be the
largest, and selected evidence displays patterns that are similar
to the well-known stress ﬁelds ahead of a crack tip.
The collected data strongly suggests that the strain softened
layer marking the shear band is non-planar, which leads to incompatibility stresses during shear-band propagation. Therefore shear
bands in metallic glasses can develop long range stress ﬁelds
around their nano-scale core. Since these internal stresses are here
shown to reach the material’s strength, it is expected that a conventionally deforming metallic glass with a high shear-band density contains a signiﬁcant and non-trivial internal stress
landscape of interacting shear-band stress ﬁelds. The data presented here stems from experiments at a constant temperature
and plastic strain. Current efforts concentrate on their respective
inﬂuence on the softening signature along a shear band.
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