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ABSTRACT
The size-dependent hardness, strain-rate sensitivity (SRS) and shear transformation zone (STZ) vol-
ume of co-sputtered Cu–Zrmetallic glass films with film thickness h spanning from 1000 to 3000 nm
were systematically investigated by nanoindentation creep tests at room temperature. Experimen-
tal results manifested an exceptional decrease in hardness and a monotonic increment in SRS (or a
monotonic decline in STZ volume) with reducing h. The deformation mechanism could be rational-
ized in light of more free volume combined with smaller STZs in thinner films, which likely trigger
the strain-softening behavior. Moreover, STZs and deformation-induced devitrification promote the
homogeneous-like plastic flow.

IMPACT STATEMENT
Employingnanoindentation creep tests revealed size-dependent hardness and strain-rate sensitivity
inmetallic glass films, enabling comprehensive understandingof thedeformationmechanismbased
on atomic-scale shear transformation zone theory.
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1. Introduction

Metallic glasses (MGs) alloys as a group of promising
materials have been widely applied for their outstand-
ing mechanical properties, such as the high strength,
large elastic strain limit and excellent corrosion resis-
tance [1,2]. However, the plastic deformation capability
of MGs, especially the tensile ductility at room temper-
ature, is very inferior which usually leads to the brit-
tle failure [3,4]. Since MGs have no microstructures
like dislocations and grain boundaries in ordered crys-
talline materials, they cannot avoid the occurrence of the
highly localized shearing deformation, finally resulting
in macroscopically catastrophic failure [5,6]. Therefore,
enhancing the ductility and plastic deformability is sig-
nificant for the rational design and further application of
these MGs materials.
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Reducing the sample size is one potential way to
enable MGs to be capable of exhibiting some ductility,
such as the two-dimensional film materials, which can
restrict the existing shear transformation zones (STZs)
from reaching a critical size to form a mature shear band
(SB) [7–9]. Recently, some researchers have studied the
evolution of deformation morphology, microstructural
characterization and mechanical properties for various
MG film thicknesses. Jiang et al. [9,10] reported that
the elastic strain limit in Ni–Nb glassy films exhibited a
significant size effect, and there was a critical transforma-
tion of plastic flow from highly localized to non-localized
deformation with a decrease in the film thickness during
bending tests. Ghidelli et al. [11] found that the frac-
ture mode of Zr–Ni amorphous films transformed from
corrugations to a perfectly flat fracture surface with a
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decrease in the film thickness, revealing the size effect
and transition of fracture mechanism derived from the
constraint on plastic dissipation. However, the investiga-
tions of time-dependent creep deformation behavior in
MG thin films are quite limited [12,13], and the under-
lying deformation mechanism becomes ambiguous due
to lack of long-range ordered structure, especially when
the deformed volume is decreased into nanoscale [2].
Currently, although atomic-scale mechanisms have been
proposed to accommodate the plastic deformation of
MGs, i.e. STZ [14] and free volume [15], their contribu-
tion to MG creep behavior is still not fully understood.
Therefore, the present work aims to systematically inves-
tigate the nanoindentation creep behavior of a set of
Cu–ZrMG thin films with thickness spanning from 1000
to 3000 nm using nanoindentation creep tests to reveal
the size-dependent hardness and strain-rate sensitivity
(SRS), and interpret it based on the free volume and STZ
theory.

2. Experimental details

Monolithic Cu75Zr25 MG films were deposited on (100)-
Si wafers by using direct current magnetron sputtering
at room temperature. Targets of pure Cu (99.995%) and
Zr (99.95%) were used to prepare the Cu–Zr films. The
chamber was evacuated to a base pressure of 3.0× 10−7

Torr, and 7.5× 10−3 Torr of Ar was maintained during
the deposition process. The Cu–Zr films with thickness
h spanning from 1000 to 3000 nm were directly co-
deposited on substrates. X-ray diffraction (XRD) experi-
ments were performed on a Bruker D8 Discover powder
X-ray diffractometer at room temperature. Transmission
electron microscopy (TEM) and energy-dispersive X-
ray (EDX) analyses were conducted on a JEOL-2100F
high-resolution electron microscope.

Nanoindentation measurements were performed on
all MG films deposited on Si substrates by using a TI950
TriboIndenter (Hysitron, Minneapolis) with a standard
Berkovich tip at room temperature. The creep proper-
ties of the MG films were characterized under a constant
loading rate Ḟ = 200μN/s, with different holding loads
F of 1200, 4500 and 8000μN, respectively. The holding
time was kept for 100 s in order to obtain the quasi-static
strain rate. A minimum of nine indents were performed
on each specimen to obtain averages and standard devi-
ations for hardness. The hardness after the load-holding
stage is given automatically by the instrumental system
software. For the Berkovich tip, the indentation strain
rate ε̇ is usually expressed as [16]

ε̇ = 1
l

· dl
dt
, (1)

where l is the indentation depth and t the time. dl/dt is
calculated by first fitting the l–t plot during the holding
time using the empirical equation [17]

l(t) = l0 + a(t − t0)b + ct, (2)

where l0 and t0 are the initial values of the creep process
started, and a, b and c are the fitting constants. The strain-
rate sensitivity (SRS, m) is experimentally defined as the
slope of the double logarithmic plot of hardness H and ε̇

under isothermal conditions, which can be expressed as

m = ∂ log(H)

∂ log(ε̇)
. (3)

3. Results and discussion

3.1. Microstructure

High-angle XRD spectra for the as-deposited Cu–ZrMG
films are displayed in Figure 1. The Cu–Zr films with dif-
ferent thickness exhibit obvious amorphous humps in the
diffraction angle-range of 35°–45°, which become more
apparentwith increasing h, andno other crystalline peaks
are observed.

The microstructure of a Cu–Zr MG film with
h = 2000 nm examined in detail via high-resolution
TEM (HRTEM) observations is exemplarily displayed
in Figure 2(a). One can see the Cu–Zr film has a fully
amorphous structure without any crystalline phase. The
selected area diffraction pattern (SADP) also exhibits dif-
fuse amorphous rings, as shown in Figure 2(b). EDX
mapping analysis of the rectangle region in Figure 2(c,d)
shows that the constituent elements (i.e. Cu and Zr) are
uniformly distributed in the film, and the atom per-
centage of Cu and Zr are 74.85 at.% and 25.15 at.%,
respectively (see Figure 2(d)). This is consistent with the

Figure 1. XRD patterns for the Cu–Zr films with different film
thickness h.
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Figure 2. Representative HRTEM (a) and SADP (b) images of as-deposited Cu–Zr film with h = 2000 nm. Typical EDX mapping analysis
for the Cu–Zr film (c,d) shows a uniform distribution of constituent elements. The atom percentages of Cu and Zr in the MG film are
inserted in (d).

nominal atom percentage of Cu75Zr25 calculated from
the deposition rates.

3.2. Creep behavior

Figure 3(a,b), respectively, presents the typical load–depth
curves of nanoindentation creep tests at three differ-
ent holding loads of h = 1000 nm film and four differ-
ent thickness films under a constant F = 4500μN, all
of which manifest smooth mechanical response with-
out notable discrete burst of rapid displacement under
the load-controlled mode. Obviously, the smaller hold-
ing load results in a shallower creep depth, while as the
film thickness is decreased, the creep depth becomes
larger, indicating softening behavior in the thinner
films.

The indenter displacement vs. creep time curve at a
constant indentation load during the load-holding stage
can be fitted by the function in Equation (2). The exper-
imental data and fitting curve of a representative sample

(h = 2000 nm, F = 4500μN) are shown in Figure 4(a).
Variations in creep depth as a function of creep time
during the load-holding stage with different thickness
films are displayed in Figure 4(b), which indicates an
initial rapid increase in creep depth (transient creep),
followed by a stage with a lower creep rate (steady-
state creep). Besides, the creep depth under a constant
F increases with decreasing h, manifesting a softening
behavior in thinner MG films. Figure 4(c) representa-
tively shows the creep strain rate vs. creep time curves of
1500 nm thick film calculated by Equation (1) at differ-
ent holding loads. For all three holding loads, the strain
rate decreases towards the steady-state creep stage with
prolonged holding time, but the smaller holding load
approaches a higher creep rate. Figure 4(d) presents the
variation in hardness with creep strain rate during the
load-holding stage. In order to further investigate the
creepmechanismofCu–ZrMGfilms, the SRSm could be
determined through the slope of the log (hardness)–log
(strain rate) curve.
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Figure 3. Representative load–depth curves of the Cu–Zr film
withh = 1000 nmat different holding loads (a) andwith different
h at a constant holding load of 4500μN (b).

3.3. Size-dependent hardness and SRS

The experimental hardness of Cu–Zr films at three dif-
ferent holding loads gradually decreases with decreasing
h, as shown in Figure 5(a), presenting apparent soft-
ening behavior. This is inverse with the general situa-
tion in nanocrystalline metals that hardness is enhanced
with reducing the grain size or/and film thickness [2],
exhibiting obvious inverse size-dependent effect. Mean-
while, the hardness at a smaller holding load (shallower
creep depth) is higher than that at a larger holding load
(deeper creep depth), which is usually the result of the
indentation size effects (ISE) [18,19]. Interestingly, the
SRS m of Cu–Zr films at different holding loads calcu-
lated by Equation (3) exhibits an opposite trend com-
pared with the variation in hardness, also showing obvi-
ous h-dependence (see Figure 5(b)). The m value over
this h-range increased remarkably with reducing h, and
decreased with raising the holding load for one given
MG film.

In MG materials, it has been generally accepted that
the fundamental flow unit of plasticity is STZ, which is
a small cluster of atoms consisting of large free volume
site with immediate adjacent atoms. These atomic-scale

STZs cooperatively reorganize under the applied shear
stress for triggering the formation and propagation of SBs
via the collective operation. According to the general flow
equation that considers the shear strain rate, shear stress
and free volume by Spaepen [20], a relationship between
hardness and free volume at a fixed strain rate can be
described as

H = 6
√
3kT

ε0v0

(
2β + α · v∗

vf

)
, (4)

where k is the Boltzmann constant, T the absolute tem-
perature, ε0 the strain of a unit flow, v0 the volume of
a unit flow, β a constant, α a geometrical factor, v* the
effective hard sphere size of the atom and vf the average
free volume of an atom. Apparently, when the average
free volume decreases, hardness will be enhanced. As
Jiang et al. reported [10], the thinner metallic glassy film
contains more free volume or STZs due to the lower den-
sity. Therefore, more free volume or/and STZs and their
cooperation will induce the dilatation of MG structure
and a more viscous-like plastic deformation in the thin-
ner Cu–Zr films, thus the mechanical softening will be
more likely to occur. In addition, there exists an inho-
mogeneous strain field with the strong gradient in the
plastic deformation zone underneath the indenter [21].
The strain gradient could lead to an extra imbalance
among the STZs, i.e. inhomogeneous distribution, and
promote the cooperative flow of STZs (or free volume).
At low holding load (shallow creep depth), the strain gra-
dient is significantly larger than that at high holding load
(high creep depth) [22]. Since the volume of material
involved in the deformation is smaller, the SBs created
at lower holding load should be generally much smaller
than that at a higher holding load. Thus, it is harder
for these numerous smaller SBs to collectively produce
localized deformation, whereas few larger SBs at higher
holding load would result in more inhomogeneous plas-
tic flow, subsequently inducing local structural relaxation
and/or strain-softening behavior. Thus the so-called ISE
happens, as confirmed through our hardness results in
Figure 5(a).

SRS m of bulk MGs has been intensively studied in
recent years, yet the value has been reported to be positive
[23,24], negative [25] or close to zero [26]. This incon-
sistency may be related to the difference in composition,
loading mode and sample geometry. However, limited
literatures have been reported for the MG films. Liu
et al. revealed a seemingly negative SRS in Zr-based films
using displacement controlled nanoindentation, which
was qualitatively interpreted by the effective strain rate-
dependent degree of elastic deformation [27]. In the
previous study [8], the size-dependent negative SRS of
Cu–Zr films was measured by the method of changing
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Figure 4. (a) Representative experimental results and fitting curve of h = 2000 nm Cu-Zr MG film. (b) Fitting creep responses for Cu–Zr
films with different h. (c) Representative creep strain rate as a function of creep time for h = 1500 nm Cu–Zr film at different holding
loads. (d) Example of the experimental method to determine the SRS.

nanoindentation loading rate, and explained in terms of
the deformation-induced devitrification (DID) behavior.
In any case, the deformationmechanism during the plas-
tic flow is closely related to the variation of free volume
inmaterials. Considering theDIDduring the nanoinden-
tation creep tests, it would produce significant effects on
the microstructure evolution and creep behavior. Since
DID is a process of reduction in localized volume, the
density of the amorphous region around the crystallites
would decrease naturally, leading to the reduction in vis-
cosity and the increment in free volume. Moreover, the
nucleation of SBs will also promote plasticity and cause
dilatation of the atomic structure (e.g. generation of free
volume) in the vicinity of SBs.With the steady-state creep
proceeding, more and more plastic deformation will be
accumulated within the small deformed volume under-
neath the indenter, i.e. more sites with larger free volumes
are created for shearing flow in the films, whichwill result
in more significant dilatation of the atomic structure and
decrease in viscosity. Therefore, the creep strength of
films will gradually decrease with a decline in the creep
strain rate, exhibiting positive SRS.

According to the conventional free volume theory
[15], a large SRS value indicates homogeneous plastic
flow of the material. During the creep deformation, the

movement of STZs will cause local dilatation of the
nearby free volume, which creates localized distortions
of neighboring STZs and promotes the SB initiation by
either decreasing the required activation energy or ren-
deringmore possible STZs. Asmentioned in the previous
study [8], DID becomes more intense in thinner Cu–Zr
films during plastic deformation, inducing more pro-
nounced localized dilatation. That means there will be
more flow units STZs (associated with more free vol-
umes) participating in the collective operation and gen-
erating many fine SBs in thinner films, which induces
a more homogeneous-like plastic flow of the material.
Subsequently, the applied strain relaxes, leading to small
but rapid stress drops in the vicinity of SBs and higher
SRS m values. In the most widely accepted theory of the
amorphous plasticity, at low temperature or high stress,
inhomogeneous plastic deformation occurs at localized
sites via forming SBs. At steady-state creep, atomic dif-
fusion may be enhanced as a result of a higher rate of
dynamic equilibrium of the rearrangement of STZs [12].
Thus, the fine SBs created at a low holding load due to the
larger strain gradient underneath the indenter are likely
to exhibit collectively a more homogeneous flow behav-
ior with higher SRS, and vice versa at a high holding load,
as shown in Figure 5(b).
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Figure 5. Experimental results of nanoindentation hardness (a),
strain-rate sensitivity m (b) and STZ volume (c) as a function of h
for the Cu–Zr films at different holding loads.

Additionally, the activation and subsequent evolution
of STZs play a significant role in the shearing events, con-
necting the internal flow units and external mechanical
properties in MGs. Some efforts have been devoted to
investigate the effect of STZ volume on the ductility of
MGs [28]. According to Johnson and Pan’s work [28,29],
the STZ volume � in MGs can be expressed as

� = kT/C′mH, (5)

where C′ = 2RG0ζγ 2
C√

3τC

(
1 − τCT

τC

)1/2
, the constants

R ≈ 1/4 and ζ ≈ 3.0, the average elastic strain limit
γ C = 0.027, τC andG0 are the threshold shear resistance
and the shear modulus at temperature 0K, respectively,
τC/G0 ≈ 0.036. τCT/τC at a certain temperatureT can be
estimated by the equation τCT/τC = 1 − (0.016/0.036)
(T/Tg)

2/3, Tg is the glass transition temperature of MGs
(∼787K for the Cu–Zr films) [29]. Thus, the calculated
STZ volume in Cu–Zr films decreases with reducing h, as
shown in Figure 5(c). Generally, the plastic deformation

ofMGs is realized through the activation and cooperative
shearing of STZs. A smaller STZ volume enables a more
number of STZs to be activated for sustaining the plas-
tic strain,which could enhance the atomic rearrangement
and carry the homogeneous deformation. Moreover, the
smaller STZs can relax or regenerate more easily, thus
promoting the evolution of STZs for homogeneous-like
plasticity and suppressing the internal stress concentra-
tions at larger STZ positions in case the aggregation of
STZs develops into mature SBs. In this study, the calcu-
lated STZ volume in thicker Cu–Zr films is larger than
that in thinner films, implying that large STZs promote
the formation of highly localized SBs and subsequent
shear deformation, which is consistent with the analy-
sis results of SRS. Certainly, STZs with a smaller size at a
lower holding load are more likely to drive the homoge-
neous plastic deformation through generating embryonic
SBs compared to that at a higher load, as discussed above,
also showing the observed ISE. In a word, the activa-
tion of smaller STZs combined with more free volume
in MGs would be more inclined to induce the homo-
geneously plastic flow rather than highly localized shear
banding. Our findings provide an intrinsic insight of the
relationship betweenflowunit anddeformation behavior.

4. Conclusions

This work systematically investigated the mechanical
properties of Cu–Zr metallic glass films with film thick-
ness ranging from 1000 to 3000 nm by nanoindenta-
tion creep testing, shedding light on their size-dependent
creep behavior. Experimental results demonstrated that
the creep hardness of Cu–Zr films decreased with reduc-
ing h, presenting an inverse size effect. However, a posi-
tive SRSwasmeasured that increasedmonotonically with
decreasing h (or STZ volume decreased monotonically).
The deformation mechanism is depicted by the free vol-
ume and STZ theory, indicating that more free volume
combined with smaller STZs in thinner films will cause
the mechanical softening behavior but a homogeneous-
like plastic flow. In addition, the indentation size effect
on the mechanical properties of Cu–Zr films was dis-
cussed based on the strain gradient in deformed zone
underneath the indenter.
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