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a b s t r a c t

Nanoindentation of a Zr-based metallic glass was performed under various loading rates by using a cube-
corner indenter. Experimental results showed that increasing the loading rate from 2 to 20 mN/s, the size
of serrated flow was greatly weakened, but the number of serrated flow kept very stable, together with
very similar shear band features around the residual indents. These results challenge the current un-
derstanding derived from the results obtained by using the Berkovich indenter, and can be well
explained by the shear-band propagation dynamics model, i.e., loading rate impeded the propagation of
shear band rather than its nucleation.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Metallic glasses (MGs) are quite promisingmaterials due to their
unique mechanical, physical, and chemical properties [1e3].
However, the very limited plasticity in tension significantly im-
pedes their practical applications as structural and engineering
materials. Therefore, further improving the plasticity of MGs is
quite important [1,4e7], for which the first step is to completely
understand its plastic deformation mechanism. For this purpose,
large amounts of efforts have been attempted and significant
progress has been achieved [8e13]. Currently, a common view is
reached that shear banding is the main plastic deformation
mechanism for MGs [14,15], but it is not easy to directly investigate
the shear banding because of absence of suitable characterization
techniques [16]. Alternatively, the serrated flow phenomenon
observed in the stress-strain curve in tension or compression
testing as well as load-depth curve in nanoindentation testing of
MGs [17e23], opens a window for indirectly studying the shear
pment Reliability, Ministry of
ngineering, Jilin University,
banding because serrated flow is regarded as the consequence of
operation of shear band such as nucleation, propagation, intersec-
tion, and arrest. Previous studies [24e32] indicated that serrated
flow is sensitive to the strain rate; when the strain rate increases
from the low one to the high one, the transition from serrated to
non-serrated flow occurs. To explain this transition, currently, two
models are widely employed, shear-band nucleation dynamics
(SBND) model [17,18,33] and shear-band propagation dynamics
(SBPD) model [16,25], which are derived from the results of
nanoindentation and compression testing, respectively. The former
one argues that high strain rate stimulates high nucleation rate of
shear band, and the latter one argues that the transition is directly
linked to the propagation velocity of shear band. Although both of
these two models could explain some specific phenomena, further
investigation should be conducted for achieving a general model.
Moreover, being different from the common view that promoted
serrated flows correspond to increased shear bands, some opposite
results are recently reported that prompted serrated flows corre-
spond to few surface shear bands [34,35]. For example, nano-
indentation results of pre-compressed Zr65Cu15Al10Ni10 MGs
showed that under specific pre-compression deformation, the
indentation curve presented increased serrated flows but the cor-
responding residual indent showed less surface shear bands [34].
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Similar results were also observed for the nanosecond pulsed laser
irradiated surface of a Zr-based MG [35]. These phenomena chal-
lenge the current understanding of the correlation between the
serrated flow and shear band behavior.

In this study, to further understand the serrated flow and shear
band behavior, a cube-corner indenter was employed to charac-
terize the nanoindentation response of a Zr41.2Ti13.8Cu12.5Ni10Be22.5
MG. The cube-corner indenter has a same shape with that of the
commonly used Berkovich indenter, i.e., the pyramidal shape, but
the face angle of the cube-corner indenter (35.26�) is much smaller
than that of the Berkovich indenter (65.27�) [36]. That is to say, the
cube-corner indenter is much sharper compared to the Berkovich
indenter, and thus it could produce much higher contact stress and
strain [37]. Therefore, more prominent surface shear bands and
serrated flows could be induced by the cube-corner indenter, being
beneficial to investigate their correlation. Accordingly, new evi-
dences for further understanding the serrated flow and shear band
behavior in nanoindentation of MGs were obtained by compara-
tively analyzing the serrated flow and shear band under various
loading rates.
2. Materials and experiments

The Zr-basedMG samplewith a thickness of 1 mm and diameter
of 10 mm was prepared by wire electrical discharge machining
(wire-EDM) of an as-cast MG rod, followed by grinding and pol-
ishing using 400, 800, and 1500 grit sand papers and diamond
abrasive paste in sequence to remove the crystalline layers gener-
ated during EDM [38,39]. Nanoindentation tests were performed by
using an ENT-1100 nanoindentation instrument (Elionix Inc., Japan)
Fig. 1. Results obtained under the loading rate of 2 mN/s. (a) and (b) show the load-depth
varies with the loading time. For ease of comparison, the depth difference of Test 2 is shifted
load varies with the loading time.
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under the load control mode. For ease of comparison, a consistent
indentation load of 100mNwas selectedwith various loading rates,
2, 10, and 20 mN/s, and the incremental load for adjacent sampling
point was kept the same of 0.1 mN. For each condition, eight
nanoindentation tests were conducted. A field emission scanning
electron microscope (FE-SEM) (JSM-7600F, JEOL, Japan) were used
to observe the residual indents.
3. Results and discussion

Fig. 1 shows two representative results obtained under the
loading rate of 2 mN/s. Although the experimental conditions are
exactly the same, the differences in both shear band and serrated
flow are observed. More conspicuous shear bands appear around
the residual indent obtained by Test 2 especially in the region
circled by dotted-line. Correspondingly, enhanced serrated flows
are observed in the load-depth curve of Test 2. This difference is
further confirmed by analyzing the depth difference-loading time
curves obtained by the depth-difference method [40], where 13
sharp peaks with depth difference being over 20 nm appear for Test
2 but only 5 peaks are over 20 nm for Test 1. These differences in
shear band and serrated flow reflect that local inhomogeneity ex-
ists in the MG. The comparative results in Fig. 1(a)e(c) confirm the
law that for the as-cast MG, the more the shear bands are, the more
intense serrated flows will appear. Apart from the remarkable dif-
ference in height of the peaks in Fig.1(c), it is interesting to find that
the number of peaks in the time range of 10~50 s (20~100 mN) is
almost the same for Test 1 and 2, 25 and 24, respectively. Accord-
ingly, from Fig. 1, it could roughly deduce that the nucleation of
shear bands may be the same but their propagation is different,
curves and corresponding morphologies of residual indents. (c) The depth difference
by 40 nm along the vertical axis. (d) Time interval of adjacent serrated flow as well as
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resulting in the different height of peaks but almost the same
number. Moreover, by recording the time interval of adjacent
serrated flow as shown in Fig. 1(c), its correlation with the loading
time as well as the indentation load is illustrated in Fig. 1(d). It
shows that the time interval tends to linearly increasewith increase
in the loading time (i.e. the load). By linear fitting, the slope of the
fitted line is 0.059.

To further investigate the effects of loading rate on the shear
band and serrated flow behavior, Figs. 2 and 3 present the corre-
sponding results obtained under the loading rates of 10 and 20mN/
s, respectively. By comparing the morphologies of residual indents
shown in Figs. 1(b), 2(a) and 3(a), it is noted that although the
loading rate is quite different, the shear bands generated by the
cube-corner indenter show nearly the same features in the aspect
of space distribution, shape as well as density.

On the contrary, in both the load-depth curves and depth
difference-loading time curves, the serrated flows are remarkably
weakened with increase in the loading rate. For example, 24 peaks
are over 20 nm for Test 2 in Fig. 1(c) (2 mN/s), only 2 peaks are over
9 nm in Fig. 2(b) (10 mN/s), and all peaks are less than 8 nm when
the loading rate is 20 mN/s (not shown here). Although the height
of peaks is greatly suppressed in Fig. 2(b), the number of peaks in
the time range of 2~10 s (20~100 mN) is 25, being surprisingly very
close to that for Test 2. By fitting the time interval-loading time
curve, it is found that the slope is 0.054, being very close to that
(0.059) for Test 2. This suggests that when the loading rate is
increased from 2 to 10 mN, the corresponding time interval of
adjacent serrated flow also becomes 5 times. This conclusion can be
further confirmed by the correlation curve of time interval in
Fig. 2. Results obtained under the loading rate of 10 mN/s. (a) shows the load-depth curve
with the loading time. (c) Time interval of adjacent serrated flow as well as load varies wi
obtained under 2 mN/s and 10 mN/s.
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Fig. 2(d) obtained under 2 and 10 mN/s whose slope is 5.5. The
small deviation between themeasured slope (5.5) and the ideal one
(5) may be due to that the corresponding load value of each
serrated flow under these two loading rates is not exactly the same.
In Fig. 3(b), the slope of the time interval-loading time curve is
0.054 when the loading rate is increased to 20 mN/s, which further
confirms that increasing the loading rate, the time interval of
adjacent serrated flow is multiplied.

Fig. 4 presents the statistical results of the number of serrated
flow in the load range of 20~100 mN under various loading rates. It
is noted that although the loading rate is increased from 2 to
20 mN/s, the number of serrated flow in the evaluated load range is
in the range of 24~26, being independent of the loading rate.

From Figs. 1e4, the following facts can be obtained. With in-
crease in the loading rate from 2 to 20 mN/s, (1) the shear bands
generated around the residual indents show very similar features;
(2) the time interval of adjacent serrated flow is multiplied but the
slope of the time interval-loading time curve keeps stable; (3) the
height of peaks in depth difference-loading time curves is
decreased but the number of peaks in the load range of 20~100 mN
keeps very stable. These facts challenge our currently under-
standing that shear bands and serrated flows are very sensitive to
the loading rate, and high loading rate greatly suppresses the
generation of shear bands and serrated flows, which is mainly
derived from the results obtained by using the Berkovich indenter
[41]. Compared to the cube-corner indenter, Berkovich indenter is
relatively blunted and very few shear bands could be induced
around the residual indent [37]. Therefore, the derived conclusion
should be not very accurate and sometimes may be questionable.
and the corresponding morphology of residual indent. (b) The depth difference varies
th the loading time. (d) The correlation of the time interval of adjacent serrated flow



Fig. 3. Results obtained under the loading rate of 20 mN/s. (a) shows the load-depth curve and the corresponding morphology of residual indent. (b) Time interval of adjacent
serrated flow as well as load varies with the loading time.

Fig. 4. Statistical results of the number of serrated flow in the load range of
20~100 mN under various loading rate.
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From our current results, the previous understanding can be
corrected that for the as-cast MG, the shear bands and the number
of serrated flows are nearly independent of the used loading rate
but high loading rate weakens the size of serrated flow (i.e. the
height of peaks in the depth difference-loading time curve).
Accordingly, our results strongly support the shear-band propaga-
tion dynamics (SBPD) model, and the shear-band nucleation dy-
namics (SBND) model may be not applicable.

Plastic deformation of MGs are determined by the applied
stress. Shear banding is regarded as the main plastic deformation
mechanism of MGs [14,15], and thus, shear banding event should
also mainly depends on the applied stress. This can be strongly
supported by these two facts related to the number of serrated flow
and the shear band features around the residual indents obtained
under various loading rates. When the stress applied by the cube-
corner indenter reaches the critical value, shear banding event is
triggered. Correspondingly, the shear band is gradually generated
around and below the indent, and at the same time, serrated flow
appears in the load-depth curve. After one shear banding event, the
applied stress is released, and thus, further increase in the inden-
tation load is required to reach the critical stress that triggers the
next shear banding event. This may be the reason why shear bands
and serrated flows are intermittent.

With regard to the effect of loading rate on the size of serrated
flow (i.e. the height of peaks in the depth difference-loading time
curve), it could be well explained by the SBPD model [25]. For
relatively small loading rate, the propagation velocity of shear band
4

is larger than the applied strain rate, and thus, the shear band could
propagate adequately, resulting in relatively large serrated flow.
Whereas, for relatively high loading rate, the applied strain rate
overwhelms the propagation velocity of shear band. Prior to
adequate propagation of the current shear band, the critical stress
for triggering the next shear band is reached. Therefore, the current
shear band is arrested, resulting relatively small serrated flow.

With regard to the phenomenon that the time interval of
adjacent serrated flow increases with increase in the load as shown
in Figs. 1(d), 2(c) and 3(b), it may be due to the following two
reasons. Firstly, previous studies [42,43] indicate that the average
contact pressure during loading process of nanoindentation tends
to gradually decrease with increase in the indentation load.
Although the stress that triggers shear banding event may be not
the same of average contact pressure, they should be positive cor-
relation. Thus, larger load increment is required to reach the same
critical stress when the indentation load is high. On the other hand,
shear band is considered to be formed by evolution of the so-called
shear-transformation zone (STZs) [44]. For the high indentation
load, more STZs should have been generated below the indenter,
and thus, to trigger the evolution of large amounts of STZs, larger
stress should be accumulated, requiring larger load increment, i.e.,
the increased time interval.

4. Conclusion

In summary, for further understanding the serrated flow and
shear band behavior, a cube-corner indenter was employed to
conduct nanoindentation tests on a Zr-based MG. By comparative
experiments and analysis under various loading rates, it was seen
that the shear bands and the number of serrated flows were nearly
independent of the used loading rate but the size of serrated flow
was greatly weakened under high loading rate. These results
strongly support the shear-band propagation dynamics model,
which are meaningful for achieving a general model that un-
derstands the effects of loading rate on the plastic deformation of
MGs.
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