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A B S T R A C T

Amorphous metallic glass Cu47Ti35Zr11Ni6Si1 was investigated by load-control nanoindentation experiments
using the cube corner indenter tip over a wide range of loading rates. The indentation hardness was calculated
using different methods either from the loading curves or indent area. Pop-in events were observed on the
loading part of the indentation curves mainly at lower rates of loading. Instantaneous plastic deformation
decreases with increasing loading rate according to a power law. At high loading rate the instantaneous
deformation is suppressed by continuous plastic deformation and no well-developed pop-ins are observed. The
morphology of shear bands in the pile-up area of indents showed no correlation with the pop-in event population
of the nanoindentation curves and the loading rate.

1. Introduction

Metallic glasses having an amorphous structure show a completely
different deformation mechanism in comparison with conventional
crystalline materials due to their absence of grain boundaries and
lattice dislocations. The conventional theory of lattice dislocations
cannot be used for an explanation of plastic deformation of metallic
glasses and at the ambient temperature deformation occurs by the
formation and localization of shear bands [1–3].

In recent years, the method of nanoindentation has been commonly
used to investigate the phenomenon of plastic deformation of metallic
glass ribbons at room temperature because of this technique allows to
obtain a high resolution in recording load-displacement data [2,4–6].

Spatially and temporally inhomogeneous plastic deformation of
metallic glasses is characterized by the creation and propagation of
individual shear bands. It turned out that the work softening is closely
related to the localization of shear bands but the stress of shear band
propagation is less than the stress needed to the initiation of shear
bands [7]. Therefore it is possible to observe the serrated flow in
metallic glasses which manifests itself as small displacement bursts or
load drops during plastic deformation with nanoindentation or in
compression experiments [7–9]. In load-displacement indentation
curves (P-h curves) during load-control nanoindentation experiment
discontinuities (pop-ins) can be observed. Discontinuous plastic flow is

characterized by repeating the cycles of a sudden stress drop during the
nanoindentation experiment with a controlled movement of the
indenter into the surface of the material [10]. Wright et al. [11] and
Golovin et al. [12] found that the onset of plasticity during nanoinden-
tation of bulk metallic glasses occurs at discrete serrated displacement
at the beginning of the P-h curve. It has been shown that the nature of
pop-ins in P-h curve during nanoindentation depends on the composi-
tion and the structure of metallic glasses, on the loading rate and the
temperature [13–15]. Shear bands in the pile-up area of the indent have
been observed in Mg-, Pt-, Pd-, Cu-, Ni- and Fe-based metallic glasses.
After nanoindentation of Fe- and Ni-based metallic glasses the relatively
small number of shear bands around of indent after nanoindentation
was observed. However, the shear bands in the indent area clearly
indicate that plastic deformation of metallic glasses is highly localized
and inhomogeneous, regardless of the occurrence of pop-ins in P-h
curve [14,16].

Schuh et al. [2,17–19] described the dependence of deformation of
metallic glasses on the loading rate during the nanoindentation
experiment. They found that a low loading rate supports the occurrence
of pop-in events in P-h curves, while high loading rates can partly or
completely suppress the formation of pop-ins. The pop-in events in P-h
curve are magnified with the increasing load or the displacement into
surface of material what can be caused by geometry of the indenter tip.
Greer et al. [20] noted that the absence of pop-ins at higher loading
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rates is only due to a lack of resolution of nanoindentation equipment at
low penetration depth. Bei et al. [21] observed that the first pop-in
occurred at a load of about 1.2 mN and corresponded to a transition
from perfectly elastic to plastic deformation, which is considered as the
onset of plastic flow in investigated metallic glasses.

Several indentation studies have pointed out that there is a
correlation between the number of slip markers and the number of
strain serrations on the P-h curve: the higher is the number of shear
bands the higher is the number of pop-ins. This might mean that strain
serrations can be directly determined by formation of localized macro-
scopic shearing and each pop-in event that occurs during nanoindenta-
tion of metallic glasses corresponds to a single shear event
[4,5,11,12,18,22–24].

The understanding the deformation behaviour of metallic glasses
can be enhanced through the nanoindentation technique. Remaining
questions are how the serrated flow is formed and where the origin of a
shear band is, even though it is widely accepted that the flow serration
is strongly associated with the shear band creation. In this work we
concentrated on the deformation behaviour of Cu-based metallic glass
ribbon using nanoindentation over a wide range of loading rates. We
focused on the detailed in-depth statistical analysis of the contributions
of the instantaneous and continuous displacements at individual pop-in
events. Common features of plastic deformation and morphologies of
pile-up area of indents occurring at different loading rates were also
investigated.

2. Experimental

An amorphous metallic ribbon with the nominal composition of
Cu47Ti35Zr11Ni6Si1 (at%) and with the cross-section of
1.72 mm× 0.02 mm was prepared by rapid melt quenching on a
spinning metallic disc. The structure of the ribbon was investigated
by X-ray diffraction (XRD) using the Philips X'Pert Pro diffractometer
equipped with Cu cathode at operating parameters of 40 kV and 50 mA.
Thermal behaviour was examined using of a differential scanning
calorimeter, applying the heating rate of 10 °C/min under a nitrogen
flow using DSC Q2000-TA Instruments apparatus.

The metallic glass ribbon was studied by means of the nanoindenta-
tion technique using the equipment MTS NanoIndenter® XP with cube
corner indenter tip. Before nanoindentation test the specimens were
mechanically polished to mirror finish and for calibration procedure the
fused silica was used. Nanoindentation measurements were performed
at room temperature (around 20 °C) in the load rate-control mode up to
the maximal load Pmax = 250 mN. Five loading rates of 0.05, 0.1, 1, 10
and 100 mN·s−1 followed by holding for 1 s and then unloading were
used and for each measurement up to twenty-five indents were made.
High data acquisition rate up to the 25 Hz was chosen for resolving
rapid dynamic events. After nanoindentation the morphologies of
indent area and shear bands were observed by scanning electron
microscope XL30S SEM-FEG.

3. Results and discussion

XRD and DSC analyses confirmed that as-cast amorphous metallic
ribbon Cu47Ti35Zr11Ni6Si1 has an amorphous structure. As Fig. 1a
shows XRD pattern of the sample reveals no distinct (crystalline) peaks
but only characteristic an amorphous broad maximum centred approxi-
mately at 2θ= 42°. DSC scan in Fig. 1b performed at the heating rate of
10 °C/min reveals the midpoint of glass transition at the temperature
around of 442.5 °C and the onset temperature of crystallization Ton at
452.2 °C.

The load-displacement (P-h) curves of the studied alloy during
indentation with loading rates dP/dt ranging from 0.05 to 100 mN·s−1

are shown in Fig. 2. The curves were shifted along the displacement axis
for a better presentation. The shape of indentation curves is similar for
all loading rates applied. Individual pop-ins are more developed at the

lower loading rates (0.05 and 0.1 mN·s−1) and gradually diminish with
increasing the loading rate. In P-h curves at loading rate of 100 mN·s−1

no visible serrated flow was observed.
The hardness of Cu-based amorphous ribbon was estimated by

different methods using the measurements of indent area on SEM

Fig. 1. Typical a) XRD and b) DSC scan of the metallic glass ribbon Cu47Ti35Zr11Ni6Si1.

Fig. 2. P-h indentation curves for all used loading rates.
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pictures or by analyzing of loading curves obtained at nanoindentation
with different loading rates.

From morphology of the indent, the area of pile-up around the
indent can be determined using Heron's formula for a triangle form of
the indent as S s s a a b s c= ( − )( − )( − ) , where a ,b ,c are triangle
sides and s is a half the perimeter of the triangle s=(a+b+c)/2. Then
the indentation hardness can be calculated as:

H P
S

= .H
max

(1)

The indentation hardness can also be determined by two other
methods from P-h data obtained during nanoindentation. The first
method is based on the work by Oliver and Pharr [25] where the
unloading part of a nanoindentation curve can be used for calculation
the hardness HOP according to:

H P
A

= ,OP
max

p (2)

where Ap is projected contact area at loading which is the function of
the depth hc and for cube corner indenter can be calculated as
Ap=2.6 hc2 [26]. The depth of the contact indenter with the sample,
i.e. the contact depth hc, is equivalent to the extrapolating depth hp
(determined from the slope of the unloading part of indentation curve)
and can be calculated as hc=hmax−ε(hmax−hp), where ε is geometric
factor equal to 0.75 for cube corner indenter tip [26].

The second method for nanoindentation hardness estimation is
based on the work by Tuck et al. [27] where the indentation hardness
can be calculated from the work of indentation:

H
κP

W
=

9
,T

max

pl

3

3 (3)

where κ is a constant equal to 0.04 for cube corner indenter tip. Plastic
indentation workWpl can be directly determined through the integral of
indentation curves as the difference between total indentation work
Wtotal and elastic indentation work Wel [27]. Total indentation work
Wtotal was determined by integration of nanoindentation curves accord-
ing to Wtotal=∫ 0

hmaxP(h)dh=Wpl+Wel.
The hardness at nanoindentation estimated by different methods is

shown in Fig. 3. For each loading rate, approximately ten of P-h curves
were analyzed. Cu-based amorphous metallic ribbon exhibits the
average indentation hardness of 9.11 ± 0.75 GPa using Oliver and
Pharr method (Eq. (2)); 9.16 ± 0.89 GPa using Tuck et al. method (Eq.

Fig. 3. Dependence of indentation hardness on the loading rate evaluated by different
methods (HOP - Oliver Pharr method [25], HT - according to Tuck [27] and HH - from
indent area).

Fig. 4. Dependencies of displacement into surface on load (h-P curve) and their
derivatives with respect to the load (dh/dP) for indicated loading rates. Note increasing
dh/dP range with decreasing loading rate.
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(3)) and 8.75 ± 0.55 GPa using indent area measurements. Each
method applied for the calculation of the indentation hardness is in
good agreement among each other. No systematic difference was
observed for hardness estimated by different methods.

The contributions of the pop-ins to the total plastic deformation in
metallic glasses are very useful parameters in understanding the
mechanical performance [11,12,19,20,25,28]. The dependencies of
displacement into surface on load (h-P curve) and their first order
numeric derivatives without smoothing with respect to the load (dh/dP)
for all loading rates are displayed in Fig. 4. At the pop-in event the
displacement curve reveals a step whereas the load remains constant, so
the sharp peak on the derivative curve is present. We suppose that the
background noise is caused not only by fluctuation of experimental
conditions but also by small shear displacements in deformed pile-up
area around the indent. As the loading rate increases, the threshold
value of the load for the generation of the first significant pop-in
increases up to the value of 80 mN at loading rate of 10 mN·s−1. At a
lower load in the beginning stage of indentation the load difference
between peaks is low and continuously increases with increasing load.
With increasing loading rate, the sharp peaks become wider and their
height decreases. The derivative curves enable also a better distinction
in the number of pop-ins. At lower loading rates the total number of
sharp peaks was found to be about 25–35. As the loading rate increases
to 10 mN·s−1 the number of peaks decreases to about 20–25 what is
caused mainly by vanishing of the peaks at lower loads. Moreover, the
peaks at higher loads show up more homogeneously in form and period.
For the highest loading rate of 100 mN·s−1 pop-ins vanish completely
and only small undulations on the derivative curve are detected.

There are various explanations about the absence of pop-in events in
nanoindentation curves at higher loading rates. Schuh et al. [19] found
that significant pop-in events are present only at strain rates below
about 1 to 10 s−1. According to Greer et al. [20] it can be caused by the
instrumental blurring at higher loading rates.

Another way for quantitative description of serrated plastic defor-
mation during nanoindentation is based on the concept of the discrete
plasticity ratio [17,18,24,29]. The concept of this parameter is sche-
matically illustrated in Fig. 5. During nanoindentation the total
displacement is a superposition of three components: an instantaneous
part of the plastic deformation (ΔhID), a continuous part of the plastic
deformation (ΔhCD) and an elastic part of the deformation (Δhel). It is
expected that during unloading the elastic deformation will be fully
recovered and the portion of plastic deformation (Δhpl) is simply given
by the sum of ΔhID and ΔhCD. Thus, the contribution of instantaneous
plasticity to the total plasticity (named discrete plasticity ratio) is given
as ΔhID/Δhpl. This parameter indicates the fraction of plastic deforma-

tion that can be attributed to the discrete pop-in event. For perfectly
homogeneous flow the index of the serration flow equals to zero and for
perfectly instantaneous deformation the value of unity is reached [1].

We studied the individual components of displacement near a pop-
in on the loading curves. The well-developed pop-ins with instanta-
neous deformation jump of about 10 nm and more were analyzed
(about 150–180 individual pop-in events for each loading rate). For
loading rate of 100 mN·s−1 the pop-ins were not developed to the form
suitable for regular quantification of individual pop-ins.

In Fig. 6 the discrete plasticity ratio ΔhID/Δhpl is plotted as a
function of the loading rate. The discrete plasticity ratio parameter
varies from 0.75 to 0.62. The tendency to the decrease of this parameter
with the increase of the loading rate can be supposed. However, the
extrapolation of this dependence to the loading rate of 100 mN·s−1

does not reach the value of zero as expected in the case of vanishing
pop-in events at perfectly homogeneous deformation at the highest
loading rate. This is due to the fact that the values of discrete plasticity
ratio in Fig. 6 are averaged from measured well-developed pop-ins
while the pop-ins with very small step are not taken into account.
Although the deformation components were analyzed for well-devel-
oped pop-ins, their properties can be extended by an extrapolation to
the small pop-ins.

Load dependency of individual depth increment components
(hID ,hCD) at which pop-ins were analyzed are shown in Fig. 7. As the
loading rate increases, the threshold value of load at which the first
well-developed pop-in is propagated, increases. For lower loading rates
the first pop-in events are present on loading part of indentation curve
from its beginning and the pop-ins are well developed at loading of
about 25 mN, whereas at loading rate of 10 mN·s−1 the pop-ins were
present at the loads higher than 110 mN.

As can be seen in Fig. 7, the individual components of deformation
(points) are accumulated along lines and therefore they were linearly
fitted with the results summarized in Table 1. We can conclude that the
contribution of the continuous deformation hCD to the total deformation
at pop-in events is always smaller than the contribution of the
instantaneous deformation and does not follow a systematic depen-
dence on the loading rate. However, the contribution of the instanta-
neous deformation hID at individual pop-in event depends on the load at
which the pop-ins occur. The slope of linear fit can be assigned as the
instantaneous deformation (ID) sensitivity coefficient. It is shown in
Table 1 that this coefficient varies from 0.26 for loading rate of
0.05 mN·s−1 to the value of 0.12 for 10 mN·s−1 loading rate with a
clear decreasing tendency with increasing loading rate. Extrapolation of
instantaneous deformation hID for zero loads gives the value of about
18 ± 2 nm independently on the loading rate. This value can be
assumed as a minimal depth increment at instantaneous deformation

Fig. 5. The scheme of estimation the plastic and the elastic component of the deformation
at a pop-in event [30,31].

Fig. 6. Discrete plasticity ratio as a function of the loading rate.
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for one pop-in event. Regarding the continuous deformation hCD, it
shows different behaviour. The continuous displacement corresponding
to a pop-in event reaches the values of 5–40 nm and no substantial
dependency on the loading rate or the load was observed.

The dependence of the instantaneous deformation sensitivity on the
applied loading rate v was fitted with a power law according to:
hID=AvB as shown in Fig. 8. The least square fit gave the values
A=0.16 ± 0.01 and B=−0.15 ± 0.01 with high correlation coeffi-
cient 0.9824. The extrapolation of this dependence to the loading rate
of 100 mN·s−1 gives the ID sensitivity coefficient of about 0.08.
Although the fit in Fig. 8 was made through only four points, we
assume that it is sufficient for determination the dependence formula
and for the estimation of instantaneous deformation sensitivity coeffi-
cient by extrapolation to higher loading rates.

Assuming that this law is valid over the whole interval of loading
rates we can predict the expected instantaneous displacements for the
loading rate of 100 mN·s−1 using the relation: hID=18+0.08P. From
that hID reaches values in the range from 18 to 38 nm as the load varies
from 0 to 250 mN. This range corresponds to the values for continuous
deformation contribution hCD (5–40 nm). Coincidence of intervals of hID
and hCD values can be assigned as a reason for the vanishing of the
serrated flow manifestations during loading at nanoindentation at
higher rates. In addition, it can also explain the increase in the
threshold load for formation of the first well-developed pop-in with
increasing the loading rate. The physical nature of these dependences
needs further investigations.

After nanoindentation the morphology of the area of indents was
inspected in detail with scanning electron microscopy. Fig. 9 illustrates
the plastic flow around cube corner indents on the surface of Cu-based
metallic glass for all loading rates used (sorted from the lowest to the
highest). The indent area and the deformed volume in pile-up area are
relatively large due to the cube corner indenter tip form and maximal
used loading of 250 mN. The size of the indent and the form of plastic
deformed area seem to be preserved for all applied loading rates. The
pile-up area of indents shows a plate-like morphology. Details in Fig. 10

Fig. 7. Individual components of the deformation as a function of pop-in event load.

Table 1
Deformation sensitivity coefficients for used loading rates.

Loading rate
[mN·s−1]

Sensitivity coefficient [nm·mN−1] of individual deformation
components

hID hCD

0.05 0.26 ± 0.02 0.05 ± 0.01
0.1 0.22 ± 0.02 0.10 ± 0.01
1 0.16 ± 0.01 0.01 ± 0.01
10 0.12 ± 0.02 0.001 ± 0.02

Fig. 8. Dependence of instantaneous deformation sensitivity coefficient on the applied
loading rate. The empty square symbol shows the extrapolated value for loading rate of
100 mN·s−1.
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demonstrate the well distinguished plates in pile-up area visible for the
samples tilted by angle about 70°. The number of polygonal plates
decreases from the value of about 30 for the lowest loading rate to the
value of about 25 for the highest loading rate.

The observation of morphology of indent area reveals the presence
of dominant shear band system connected with the plate formation.
Whereas the form of loading curves changes from stepwise to the
smooth as the loading rate increases, the morphology of deformed
indent area including the height of the pile-up is unchanged (Fig. 10).
The number of well-developed pop-ins on the loading curves at low
loading rates approximately corresponds to the number of plates in the
final pile-up area observed after indentation event.

High coefficient of the discrete plasticity ratio observed at a loading
rate of 0.05 mN·s−1 shows that about 75% of total plastic deformation
is connected with pop-in event mechanism. In this case the presence of
the plate-like form of pile-up area around the indent reflects the
stepwise plastic deformation behaviour. As the loading rate increases,
the portion of instantaneous plastic deformation determined by discrete
plasticity ratio concept decreases, and at loading rate of 100 mN·s−1

the pop-ins vanish. On contrary, the number of plates in the pile-up area
changes only slightly. This should be discussed in detail. The plastic
deformation in amorphous alloys occurs via creation and propagation
of shear bands [11,29,32,33]. It is suggested that at some conditions the
plastic deformation is moderated by stepwise nature of shear front
propagation [2,14,34]. The generation of secondary shear bands near
the existing shear band is affected by structural relaxation of amor-
phous structure in areas around the existing shear band due to the local
heating [35]. We suppose that the existence of minimal instantaneous
deformation value hID is connected with the structural relaxation in
layers along shear bands. The shear bands and corresponding relaxed
zones are planar. The new shear bands are created in the area outside
the affected zone. So the plate-like morphology is formed in both
stepwise and continuous deformation manner. Deformation by pro-
gressive propagation of shear bands is equivalent to instantaneous
deformation at pile-up and the resulting morphology of shear bands
pattern around indent shows a similar shape.

Figs. 4 and 8 point out that the sensitivity of pop-in events on the
loading is lowered with increasing loading rate. We suppose that
structural relaxations occur during plastic deformation in pile-up area.
If the loading rate at nanoindentation is low, the high accumulated
elastic energy is released in a pile-up event. Due to the structural
relaxation the next principal shear band is created in the unaffected
region after as enough elastic energy is accumulated. If the loading rate
at nanoindentation is high, the structural relaxation in the regions near
shear bands is not completed. The increased stress causes the shearing
along properly oriented shear bands in the region softened by inhomo-
geneous plastic deformation. However, for the shear band propagation
in the softened regions the lower stress is sufficient and the deformation
events occur preferably by continuous deformation or by series of small
instantaneous deformations.

4. Conclusion

Nanoindentation experiments of the amorphous metallic ribbon
Cu47Ti35Zr11Ni6Si1 with cube corner indenter tip have revealed the
presence of many pop-in events in the loading part of indentation
curves at loading rates up to 10 mN·s−1. It has been found that the pop-
ins are influenced by the indentation depth and the loading rate. With
decreasing the loading rates the pop-in events are more developed. It is
important to note that no simple correlation between the presence of
pop-ins and the shear band morphology of the indent region was
observed. At low loading rates the plate-like morphology of pile up
areas is created by one or small numbers of events with higher
deformations, whereas at higher deformation rates the plate-like
structure is created via successive small shearing along properly
oriented shear bands. Hardness estimated by several methods takesFig. 9. Morphology of indents for indicated loading rates.
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similar values for all loading rates.
It has been revealed that the instantaneous deformation correspond-

ing to a pop-in event during nanoindentation depends on the load
whereas the continuous plastic deformation reaches the values of 5 to
40 nm without a simple dependence on either the load or loading rate.
We have found that the minimal value of instantaneous displacement of
18 nm exists and does not depend on the loading rate. As the loading
rate increases, the sensitivity of instantaneous deformation to the load
decreases according to a power law behaviour. By extrapolation of this
dependence the expected values for instantaneous deformation at the
loading rate of 100 mN·s−1 were estimated in the range of 18 to 38 nm.
At this loading rate the values of instantaneous and continuous
deformation steps are comparable and therefore almost no well-
developed pop-ins are observed at high loading rates.
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