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a b s t r a c t

Anelastic and viscoplastic characteristics of Cu50Zr50 and Cu65Zr35 binary bulk metallic glasses at room
temperature were examined through nanoindentation creep experiments. Results show that both the
deformations are relatively more pronounced in Cu50Zr50 than in Cu65Zr35, and their amount increases
with the loading rate. The results are analyzed in terms of the influences of structural defects and loading
rate on the room temperature indentation creep.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

The elastic and plastic responses of metallic glasses are funda-
mentally different from those of the crystalline materials. With the
recent discovery of bulk metallic glasses (BMGs), there has been
considerable interest in understanding their mechanical behavior
[1,2]. Of late, the time-dependent deformation behavior of
these amorphous alloys is also getting much attention [3–5]. The
nanoindentation technique is particularly useful for studying such
behavior for two important reasons: First, the available size of
good quality BMG samples is still limited. Since nanoindentation
needs only small volume of the testing material, it can be utilized
extensively for the assessment of the time-dependent properties
in BMGs (see for example, our recent work on this aspect [6–8]).
Second, BMGs exhibit negligible tensile plasticity—due to localiza-
tion of flow into shear bands and unmitigated propagation of
them. While the behavior in uniaxial compression is slightly better,
issues like buckling and barreling in addition to flow initiation at
specimen corners complicate the matter. In this context, indentation
is advantageous as it imparts intrinsically stable deformation
behavior to the material underneath the indenter. As a result, it
has been widely used to study the plastic deformation behavior of
BMGs [9–11].

Typically, materials are expected to creep at high homologs
temperatures (T/Tm where T is the testing temperature and Tm is
the melting temperature of the material that is being examined).
ll rights reserved.
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However, prior nanoindentation experiments showed that the
creep can occur even at room temperature not only in the BMGs
with low glass transition temperature, Tg (and thus high reduced
temperature, T/Tg, of 0.7–0.75 as in the case of Ce- and Mg-based
BMGs [12,13]) but also in BMGs with high Tg (with T/Tg 0.3–0.4 as
in Ti- and Fe-based BMGs [14,15]).

Just as the deformation behavior of material can be partitioned
into elastic and plastic components, the time-dependent deforma-
tion can also be separated into anelastic and viscoplastic parts,
which correspond to recoverable and permanent parts, respec-
tively. (Aside, it has been also reported that some portion of the
creep strain in metallic glasses can be recovered when the applied
stress is removed [16,17].) However, a systematic analysis as to
how the time-dependent deformation of metallic glasses parti-
tions into these has not been conducted yet. To this end, we
examine the room temperature anelasticity and viscoplasticity
during nanoindentation creep of Cu50Zr50 and Cu65Zr35 BMGs,
which are known to be distinctly different in terms of the as-cast
free volume content in them. While Cu50Zr50 has perhaps the
largest amount of free volume amongst various bulk-forming
Cu–Zr amorphous alloys, Cu65Zr35 has arguably the lowest [18].
This difference is the as-cast structural state of the alloy also gets
reflected in their plastic deformation responses; while Cu50Zr50 is
ductile and Cu65Zr35 is brittle [18]. This is illustrated in Fig. 1,
wherein the compressive stress–strain responses obtained on
these two alloy samples are displayed. Thus, by comparing the
nanoindentation responses of these two glasses, we also examine
the influence of intrinsic structural state of the glass as well as the
loading rate, dP/dt, on the time-dependent deformation character-
istics of BMGs.
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Fig. 1. Compressive stress–strain curves of the Cu50Zr50 and Cu65Zr35 samples.

Fig. 2. Creep behavior of the Cu50Zr50 and Cu65Zr35 samples (a) representative
load–displacement curves (obtained at dP/dt¼2.5 mN/s) and (b) variation in total
creep displacement with loading rate. The inset shows displacement vs. time plot
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2. Experimental

Two 1 mm diameter rods of Cu–Zr binary amorphous alloys,
Cu50Zr50 and Cu65Zr35, were prepared by Cu mold casting. The
amorphous nature of the cast samples was ascertained through
X-ray diffraction. Nanoindentation experiments were performed
using a Nanoindenter-XP (former MTS; now Agilent, Oak Ridge,
TN) equipped with a Berkovich tip. During the test, the load was
increased up to peak load, Pmax, of 50 mN at different dP/dt of 0.1, 0.5,
and 2.5 mN/s. In all cases, the sample was held at Pmax for 400 s so
as to measure the time-dependent displacement. Subsequently, the
samples were unloaded to 0.5 mN (all at a fixed rate of 2.5 mN/s) and
held again for 400 s, so as to measure the time-dependent recovery
of the deformation. The profiles of the indented surfaces were
examined by atomic force microscopy (AFM) XE-100 (Park Systems,
Suwon, Korea).
obtained during load-holding sequence.
3. Results

Fig. 2(a) compares the representative load–displacement (P–h)
responses of Cu50Zr50 and Cu65Zr35, obtained at dP/dt¼2.5 mN/s.
It shows that Cu50Zr50 exhibits (a) significantly larger displacement
during loading and (b) more pronounced time-dependent deforma-
tion (i.e., an increase in h during the hold period at Pmax) than Cu65Zr35.
This suggests that Cu65Zr35 is not only more resistant to plastic
deformation during quasi-static loading, as already seen through the
uniaxial compression tests, but also offers a higher resistance to time-
dependent deformation. Fig. 2(b) summarizes the variation in the total
creep displacement at hold, hc, with dP/dt. The inset figure shows
time–displacement curves during the hold period for the Cu50Zr50
alloy. While hc in Cu65Zr35 is negligible and rate-independent, hc in
Cu50Zr50 is significant and increases markedly with dP/dt.

Since hc is a sum of the anelastic and the viscoplastic deforma-
tion, the relative contribution of anelasticity can be estimated from
the recovered displacement during hold period of the unloading
sequence. Note that here we adopted a sharp indenter, although
spherical indentation or micro-pillar compression are likely to
produce conditions that are more akin to those experienced in a
conventional uniaxial creep test [6,8,19]. In spite of this, the
anelastic portion of the total creep deformation obtained with a
sharp tip can be considered to be similar to the recovery amount
because the stress state underneath a sharp tip remains affine
during entire loading and unloading sequences, in contrast to that
of the spherical indentation.

Variation in the total displacement recovery during hold at
0.5 mN, hr, with dP/dt is shown in Fig. 3(a). Again, the Cu50Zr50
sample exhibits relatively large hr and is rate-dependent, whereas
recovery of the Cu65Zr35 sample is almost negligible. The inset of
Fig. 3(a) shows the variation in displacement recovery (¼h0−h,
where h0 is the displacement at the start of the hold during
unloading) against t. Assuming that the recovery that occurs
during this hold is entirely anelastic, these plots can be converted
into anelastic time–displacement curves as shown in the inset of
Fig. 3(b). These, then, can be expressed as a sum of exponential
decays based on the Kelvin model [17],

h¼ ∑
n

i ¼ 1
hi 1−exp −

t
τi

� �� �
ð1Þ

where t is the holding time, hi and τi are the indentation depth and
the characteristic relaxation time, respectively, for the ith anelastic
Kelvin element. An excellent fit (R2≥0.99) of Eq. (1), with a sum of
only two exponential decays, to the recovery curves in the inset of
Fig. 3(b) was obtained. The values of the fitting parameters are
listed in Table 1. It is noteworthy that this fitting is much simpler
than that for polymers, implying the anelastic deformation of
BMGs is simpler, as reported before [12]. While τi shows no clear
rate dependency, hi increases with loading rate, which is in
agreement with a prior study of Concustell et al. [20].

It has been suggested that anelasticity during indentation of
metallic glasses can be analyzed in terms of a spectrum of the
characteristic relaxation times τ [21], with the spectrum repre-
sented as [12,13]
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Fig. 3. Analysis of anelastic deformation; (a) results of total recovery displacement
(with the inset showing displacement recovery during load-holding sequence);
(b) relaxation time spectra of the Cr50Zr50 sample from the anelastic curve in
the inset.

Table 1
Parameters from the fits of the recovery curve in the inset of Fig. 3(b) using Eq. (1).

dP/dt [mN/s] h1 τ1 h2 τ2 R2

0.1 10.96 95.22 2.80 13.10 0.99
0.5 23.63 150.93 2.90 12.04 0.99
2.5 34.55 121.51 8.34 15.70 0.99

Fig. 4. Analysis of viscoplastic deformation; (a) variation in permanent deforma-
tion with loading rate; (b) representative morphologies obtained from AFM
analysis.
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where H0 is the hardness and hin is the maximum indentation
depth. Fig. 3(b) shows the relaxation time spectra of the Cu50Zr50
sample. It is seen that each spectrum consists of two relatively
separated peaks, one at around ∼10 s and the other at ∼100 s. This
implies two kinds of relaxation processes in this BMG, which, in
principle, should correlate with two different types of defects
dependending on chemical and topological short-range orders
[12]. Through positron annihilation spectroscopy (PAS) analysis,
Castellero et al. [13] suggested that the short and long lifetime
peaks (i.e., activation of two distinct processes) may be attributed
by small defects (intrinsic open volume region) and large (and
thermally unstable) defects, respectively; the anelastic deforma-
tion tends to occur first in the volume elements for a lower degree
of local relaxation (i.e., small defects) because the lower activation
energy is required for the reversible transition from one energy
configuration to another [13]. In Fig. 3(b), an increase in the peak
intensity with dP/dt is also noted, which indicates that the
increase in dP/dt leads to higher population of structural defects.
We will return to this later.

The difference between the absolute values of hc and hr, hf (¼hc
and hr) gives the amount of visco-plastic deformation that has
occurred due to hold at 50 mN. Fig. 4(a) shows the variation in hf
with dP/dt. It is noteworthy that significant levels of hf remain in
Cu50Zr50 alloy, at dP/dt¼0.5 and 2.5 mN/s. The AFM profiles of the
nanoindentation impressions of the normal indented sample
(i.e. without any hold period at Pmax) and creep tested samples
are shown in Fig. 4(b). From the representative line-scan profiles
made across the indents, it is obvious that the final indentation
depth for the crept sample is higher than that for the normal one
while the material pile-up around the indentation is similar.
4. Discussion

The above results convincingly show that (a) the Cu50Zr50 BMG
(with Tg¼∼693 K) indeed creeps at room temperature (∼0.43Tg)
and (b) the initial structural state of the BMG markedly affects its
time-dependent deformation behavior. We invoke the shear
transformation zones (STZs) model [1,22], widely utilized to
describe the physics of plastic deformation in amorphous materi-
als, to rationalize these. Note that this model is applicable
irrespective of the macroscopic deformation mode (i.e., instanta-
neous or time-dependent; homogeneous or inhomogeneous).
Typically, the operation of STZs is aided by the free volume in
the material, i.e. STZs preferentially get activated in those regions
where the free volume content is high. Thus, a higher initial free
volume content results in easier and more profuse activation of
STZs, which in turn leads to higher plasticity. Therefore, a BMG
with higher initial free volume would exhibit lower resistance to
any mode of deformation. The observed anelasticity in Cu50Zr50
can also be explained on the same basis, as the free volume
enhances the probability of local topology becoming unstable,
which in turn results in the anelastic reshuffling of atomic near-
neighbors [1]. Although only a small number of atoms may
be involved in the anelastic behavior of the glass, the local strains
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are large enough that their cumulative effect makes a significant
contribution to the macroscopic strain [1].

The results also show that in Cu50Zr50 higher dP/dt leads to larger
levels of both anelastic and viscoplastic deformations. At first sight,
this appears to be somewhat of a contradictory result, as displace-
ments associated with these deformations were measured during the
hold period, i.e. P is held constant. Thus, the prior loading rate should,
in principle, not matter. A possible explanation for the observed rate-
dependency can be offered from earlier studies wherein it has been
observed that faster rate of loading induces a higher energy state
[1,22,23]. For instance, de Hey et al. [24] showed that faster loading
leads to a higher production rate of excess free volume (and thus
more STZs). Note that, at steady state, plasticity in metallic glasses is a
balance between free volume creation and annihilation [23]. How-
ever, as dP/dt increases, more free volume is created in the material,
which aids in visco-plastic deformation during the hold period. This
hypothesis is supported by the clear increase in the spectrum peak
intensity with dP/dt in Fig. 3(b). In addition, at higher loading rate,
some portion of the plastic flow (for which there is not sufficient
time during the loading) could have been delayed. Such delayed
deformation can accrue during the holding sequence, which is
similar to the observation by Concustell et al. [25]. For Cu65Zr35, the
rate dependency of viscoplasticity is unclear since the amount of
permanent deformation for each rate is too small and its standard
deviation is relatively large. Further detailed examination on a variety
of metallic glasses, with different initial free volume contents, may
give more insights into these dynamics of anelastic and viscoplastic
deformations in metallic glasses.
5. Conclusions

In summary, we have investigated the room temperature anelas-
ticity and viscoplasticity of the Cu50Zr50 and Cu65Zr35 amorphous
alloys by performing nanoindentation creep experiments under three
different loading rates. Our results reveal that the glass with higher
free volume content is susceptible to both anelastic and viscoplastic
deformations. The time-dependent deformation characteristics in
BMGs is strongly affected by both internal material condition (initial
structural defects) and external testing conditions (loading rate).
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