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As a first step in examining a new aspect of inhomogeneous plastic flow in bulk metallic glasses (BMGs) during nanoindentation, a series
of nanoindentation experiments were performed on ZrgyCuszpAl;p BMG with two pyramidal indenters (Berkovich and cube-corner indenters)
having different centreline-to-face angle. It was revealed that the indenter angle can be a new controllable factor affecting the serrated flow
behaviour of the BMG during nanoindentation, since a sharper cube-corner indenter induces different stress field under the contact from
Berkovich indenter typically used. Results are discussed in terms of preliminary ideas for improving analysis of the shear-band-ruled

deformation behaviours in the BMG during nanoindentation.
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1. Introduction

In bulk metallic glasses (BMGs), plastic strain is highly
localized into very narrow regions (so-called ‘shear bands’)
at room temperature or a temperature significantly below the
glass transition temperature (Tg).l) This unique and interest-
ing plastic deformation behavior of the metallic glasses at
room temperature has been of great scientific interests over
the past two decades (even before it became possible to
produce them in bulk form). Recently research in the field has
accelerated with advances in instrumented load- and depth-
sensing indentation techniques (especially, nanoindenta-
tion>) that made it possible to investigate the mechanical
response during the entire loading sequence. Numerous
nanoindentation studies have examined the shear-band-ruled
deformation behavior and mechanisms in BMGs, as well
reviewed by Schuh and Nieh.”” One of the topics often
highlighted by nanoindentation studies on BMGs is the
inhomogeneous plastic flow observed during indentation
experiments. Since Wang et al” reported a few small
discrete steps (so-called ‘pop-ins’) in nanoindentation load-
displacement (P-h) curves of Zr-Al-Ti-Cu-Ni BMG, many
works have been focused on the unique feature of the ‘pop-
ins’ and ‘serrations’ in loading curve of the BMGs during
nanoindentation.®~!” Systematic work on the topic by Schuh,
Nieh and their colleagues®'? demonstrated that the serrated
(inhomogeneous) plastic flow of the BMG during nano-
indentation is strongly dependent not only on chemical
composition but also on indentation loading rate; the serrated
flow is observed only at a slow loading rate and it gradually
disappears with increasing loading rate.

Here, in addition to the loading-rate dependency often
examined in the past, we introduce a somewhat new
indentation parameter to study the serrated behavior in a
Zr-based BMG: the geometry (sharpness) of the pyramidal
indenter as characterized by centerline-to-face angle. By
applying two indenters with different angles (the commonly
used Berkovich indenter and a sharper cube-corner indenter),
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it was found that serrated flow behavior also depends
significantly on indenter angle (i.e., indenter sharpness) and
thus that a cube-corner indenter can be very helpful in
investigating the serrations in the P-h curve of BMGs.

2. Experimental

Nanoindentations were made on a ZrgCuzpAl;g bulk
metallic glass (prepared by arc melting followed by drop
casting) using a Nanoindenter-XP (MTS Corp., Oak Ridge,
TN) with two different triangular pyramidal diamond
indenters having centerline-to-face angles of 65.3° (Berko-
vich indenter) and 35.3° (cube-corner indenter). The max-
imum indentation loads (P,,,) were 10 and 100 mN, and
loading rates (dP/dt) varied from 5 to 0.05mN/s. In order
to capture the serrated flow behavior properly, thermal drift
was maintained below 0.05 nm/s. More than five indentation
tests under each testing condition were carried out on the
sample which was mechanically polished to a mirror finish.

After nanoindentation testing, hardness impressions were
observed by field emission scanning electron microscopy
(FE-SEM) JSM-6330F (JEOL, Japan), and the profiles of the
indented surfaces were examined by atomic force microsco-
py (AFM) XE-100 (PSIA, Suwon, Korea).

3. Results and Discussion

Figure 1 shows representative load-displacement (P-h)
curves observed during nanoindentation to relatively high
and low peak loads (P, = 100mN and 10mN) with a
Berkovich indenter at a variety of loading rates dP/dt (from
0.05mN/s to 5mN/s). Each P-h curve has been shifted for
clarity of presentation. During slow indentation (i.e., low
dP/dr), the loading curves are serrated by a series of discrete
steps (‘pop-ins’) where the indentation displacement in-
creases rapidly at a given load. As the loading rate increases,
the discrete events disappear in the low load regime
(Fig. 1(a)) or change to a small ‘ripples’ in the high load
regime (Fig. 1(b)). This apparent rate-dependency of the
serrations in the P-h curve is in good agreement with
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Fig. 1 Typical load-displacement curves obtained from nanoindentations
with Berkovich indenter at various loading rates, dP/dt, and maximum
indentation load: P, = (a) 10 mN and (b) 100 mN.

previous research on various BMGs.3'” In Fig. 1(a), the
abnormal shape of the early part of the loading curve under
fast loading may be due to the low data acquisition rate and
insufficient instrumental resolution at such a high loading
rate.!31¥

It is noteworthy that in the prior works, the rate-dependent
serrated flow phenomena have been more clearly observed in
some BMGs such as Pd-based BMGs*%%10-13) (which also
showed obvious serrations in stress-strain curves from
compressive tests'®) than in other BMGs such as Zr-based
ones, which can be simply interpreted as the dependency of
the discrete deformation on the chemical compositions of the
BMGs tested. For examples, in a review by Schuh and Nieh,¥
a ZrgsAljoNijgCu;s BMG (whose composition is a little
similar to that of the ternary BMG used here) showed the
least pronounced serrations in the P-h curve of all the BMGs
examined. Also, some researchers have observed few or no
distinguishable discontinuities in the P-h curves of Zr-based
BMGs;*131719 this is possibly associated with the low
indentation loads applied in the studies. In Fig. 1, the
displacement discontinuities increases in size with increasing
load or displacement. This implies that due to the nature of
the geometrically self-similar sharp indenter, the amount of
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Fig. 2 Representative examples of load-displacement curves obtained
from nanoindentations made with cube-corner indenter at various loading
rates, dP/dt, and maximum indentation load: P, = (a) I0mN and (b)
100 mN.

strain accommodation by each pop-in is constant and
independent of load level. Hence, for clearer observations
of the serrations, at first, one might need to increase the
indentation peak load to level high enough.

A new way to enhance the resolvability of the serrated
deformation behavior can be found in Fig. 2, which shows
typical P-h curves recorded during nanoindentation with a
cube-corner indenter at various loading rates. As seen in the
figure, the sharper cube-corner indenter produces a larger
peak-load displacement and a greater proportion of perma-
nent plastic deformation after unloading (i.e., a higher ratio of
final displacement to maximum displacement, Az /h,,,) than
the Berkovich indenter. The most important feature in
comparing Figs. 1 and 2 is the far more pronounced discrete
horizontal steps during cube-corner indentation than during
Berkovich indentation (the latter shows ‘ripples’ rather than
the ‘pop-ins’ of the former). The rate dependency of serrated
flow in the P-h curve for Berkovich indentation is also seen in
the cube-corner indentation; the slow indentations exhibit
clearer serrations in P-h curves than the fast indentations.
This result suggests that the serrated flow behavior depends
not only on loading rate but also on the indenter angle,
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Fig. 3 SEM micrographs of hardness impressions of different pyramidal
indenters at P, = 100mN and dP/dt = 0.05mN/s: (a) from Berkovich
indentation; (b) part of (a) magnified for clarity of shear bands; (c) from
cube-corner indentation. Note that the magnifications of images (a) and (c)
are not exactly the same.

implying that use of a cube-corner indenter may be very
helpful in analyzing the serration phenomena in BMGs.
Typical SEM images of hardness impressions made at
relatively high load (P,,,, = 100 mN) and the lowest loading
rate (dP/dt = 0.05 mN/s) are shown in Fig. 3. Interestingly,
there is obvious difference between the Berkovich and cube-
corner indentations: while only a few distinct shear bands are
seen around Berkovich indentations (Figs. 3(a) and 3(b)),
many discrete circular shear bands appear around the indent
produced by the cube-corner indenter (Fig. 3(c)). The more
pronounced serrations in the P-h curves and shear bands
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extrusion in the SEM image for cube-corner indenter might
be an evidence for a strong relationship between the loading
curve shape and the actual deformation; many pop-ins in the
P-h curve indeed correspond to shear band activity as
previously suggested.*”-!7

It is interesting to point out that only a few shear bands are
seen in the pile-up area around the Berkovich indentation,
although the serrations are clearly observed at the same
testing condition, dP/dt = 0.05mN/s and P, = 100 mN
(Fig. 1(b)). One possibility is that for Berkovich indentation,
the shear bands are captured beneath the indent and cannot
emerge to the surface. Very recently, Li et al.'” showed from
cross-sectional SEM observations of the indent in a Zr-Al-Ni-
Cu-Be BMG (prepared by an interface bonding technique)
that a large number of semicircular shear bands form in the
deformation zone beneath the Vickers indenter but do not
propagate to the upper surface of the sample.

The next question, thus, is why explosive extrusion of
shear bands around the impression of a cube-corner indenter
does not occur with a Berkovich indentation. One might gain
some insights from previous work?>?" on extrusion phenom-
ena in semiconductor materials during nanoindentation,
which is somewhat analogous to the observations here. In
semiconductor materials such as silicon (whose dominant
deformation during indentation is not by dislocation activity
but by indentation-induced phase transformation), trans-
formed ductile-phase material was extruded around the
indent only in relatively sharp cube-corner indentation, not
in Berkovich indentation. According to Sneddon’s compre-
hensive model?? for elastic contact by a rigid cone, the
distribution of pressure (p) under the indenter is given by

E  cosh™(a/r)
—1?)  tanV¥

where  is the half cone angle, E is Young’s modulus, v is
Poisson’s ratio, a is the contact radius, and r is the radial
coordinate on the surface. This equation suggests that in
elastic contact, higher pressures are sustained on larger
fractions of the contact radius for indenters with smaller
angles. Thus, for the cube-corner indenter with much smaller
angle, sufficiently high pressure over the critical stress
required for shear-bands formation/propagation is distribut-
ed over a ‘greater fraction’ of the contact area (i.e., higher
r/a) beneath the indenter during elastic contact than for the
Berkovich indenter. In BMG, the critical pressure for shear
banding can be approximately the same as the hardness, if
there is no work hardening. Thus, the possibility that the
shear bands can escape from under the contact to the free
surface at the contact edge is greater for the sharp cube-
corner indenter. For the Berkovich indenter, since the high-
pressure region (where shear bands can form and propagate)
is relatively small, flow by shear bands propagation is
inhibited by the surrounding low-pressure regions.

A further advantage of indentation testing with two
pyramidal indenters of different angles is that one might
acquire baseline information on macroscopic stress-strain
relationships in the plastic deformation regime. Three-sided
pyramidal indenters such as Berkovich and cube-corner
indenters are geometrically self-similar and thus have their
own characteristic stress and strain values that may corre-

, 0<r<a (D

p(r) = 2
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Table 1 Averaged hardness values measured at different loading rates with
Berkovich and cube-corner indenters.

Loading rate
Indenter type

SmN/s 1mN/s 05mN/s 0.05mN/s
Berkovich indenter
W 653 6.17GPa  624GPa 6.76GPa  6.54GPa
Cube-comer indenter ¢ o0 p) 6 53GPa 6.51GPa 643GPa
(W =35.3°) : : : .

spond to a single point on the macroscopic true stress vs. true
strain curve for the same material. Since Atkins and Tabor?®
demonstrated experimentally that hardness values of copper
and mild steel change dramatically with indenter angle, there
have been many efforts to obtain stress-strain curves directly
from indentations with sharp indenters of different an-
gles.?*27 Although a quantitative definition of the character-
istic strain for each indenter angle has not been fully
established, it is well accepted that the characteristic strain
for a cube-corner indenter is much greater than that for
Berkovich indenter. Therefore, by comparing hardness
values from cube-corner indentation and Berkovich inden-
tation, it is possible roughly to predict the shape of the plastic
regime in the macroscopic tensile (true stress vs. true strain)
curve of BMG materials, which is still hard to measure by
conventional mechanical testing. Because the typical nano-
indentation hardness measurement method suggested by
Oliver and Pharr>® cannot be simply applied to BMGs that
show severe material pile-up around the indent,”® here we
measure the area of residual hardness impressions directly
using SEM images and estimate the hardness from that.
Table 1 lists the averaged hardness values measured in this
work, which seem almost independent of indenter angle as
well as loading rate. Thus, the macroscopic plastic behavior
of this Zr-Cu-Al BMG is expected to be fully plastic.

One still unresolved question is raised by the AFM images
of the cube-corner indentations in Fig. 4. Jiang and Azt-
mon'? showed experimentally that rate-dependent serration
behavior results in a rate-dependent shear-band density (i.e.,
higher shear-band density at faster loading). However, in this
work, this tendency is unclear; indeed, at times the opposite
trend was observed (see Fig. 4). Further studies focused on
shear band density not only on the surface but also beneath
the indenter are thus desirable.

4. Conclusions

We explored the shear-band-ruled deformation behavior of
ZrgoCuzgAljgp BMG during nanoindentation with two geo-
metrically different pyramidal indenters (Berkovich indenter
and a relatively sharper cube-corner indenter). The results
revealed strong dependence of serrated flow behavior on
indenter angle as well as indentation loading rate; discrete
deformations are more pronounced for sharper indenters and
lower loading rates. This means that the sharper cube-corner
indenter might be very useful in analyzing the serrated flow
behavior of BMGs. Additionally, by comparing the hardness
from cube-corner and Berkovich indentation, we could
roughly estimate the macroscopic shape of the stress-strain
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Fig. 4 AFM images and corresponding depth profiles obtained from
indentation impressions made with a cube-corner indenter at Pp.,x =
100mN and dP/dt = (a) 5SmN/s and (b) 0.05 mN.

curve, which seems to be approximately fully plastic in the
Zr-Cu-Al BMG examined here.
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