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Room temperature, uniaxial compression creep experiments were performed on micro-/
nano-sized pillars (having diameters in the range of 250–2000 nm) of a Zr-based bulk
metallic glass (BMG) to investigate the influence of sample size on the time-dependent
plastic deformation behavior in amorphous alloys. Experimental results reveal that plastic
deformation indeed occurs at ambient temperature and at stresses that are well below the
nominal quasi-static yield stress. At a given stress, higher total strains accrue in the smaller
specimens. In all cases, plastic deformation was found to be devoid of shear bands, i.e., it
occurs in homogeneous manner. The stress exponent obtained from the slope of the linear
relation between strain rate and applied stress also shows a strong size effect, which is
rationalized in terms of the amount of free volume created during deformation and the
surface-to-volume ratio of the pillar.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The physics of plastic deformation in metallic glasses is distinctly different from their crystalline counterparts due to the
absence of long-range periodicity and hence dislocations. While dislocation activity is the main reason for accrual of plastic
strains upon loading of crystalline materials, plastic deformation in metallic glasses occurs through shear transformation
zones (STZs, that are the fundamental carriers of plasticity) and then shear bands, and its plasticity is intrinsically controlled
by the ‘free volume’ in it. With the recent discovery of bulk metallic glasses (BMGs) offering high strength and moderate
toughness, considerable interest is evinced by the research community in understanding plasticity of metallic glasses.
One of the distinct features of the mechanical behavior of BMGs is the temperature- and stress-dependent deformation mode
in BMGs (Argon, 1979; Schuh et al., 2007; Spaepen, 1977). At high temperatures (above the glass transition temperature Tg)
and low stresses, STZs operate profusely and hence the flow is homogeneous. In contrast, localized plastic flow, in terms of
shear bands, dominates at relatively low temperatures and sufficiently high stresses. By far, this feature has led to consid-
erable activity in trying to understand the origins and kinetics of shear bands and their relationship with ductility and tough-
ness. Recently, some simulations and experiments demonstrated that at sufficiently long loading periods, homogeneous
deformation can be observed even when the applied stresses are well below the nominal yield strength, ry, at room temper-
. All rights reserved.
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ature (RT) (Albano and Falk, 2005; Falk and Langer, 1998; Lee et al., 2008; Park et al., 2008, 2009a,b). While atomistic sim-
ulations have suggested that such loads can produce irreversible changes in the glass structure (Albano and Falk, 2005; Falk
and Langer, 1998), creep-like behavior at RT was experimentally observed through the uniaxial elastostatic compression
tests in mm-sized Cu–Zr (Lee et al., 2008; Park et al., 2008, 2009a,b) and Zr-based (Ke et al., 2011) BMG samples.

One of the highly active research areas, in the context of mechanical behavior of materials, has been the size effects on
mechanical properties such as strength and ductility. For crystalline materials, it has been well documented that the size of
sample, and the length scale of the microstructural unit (such as the grain size), and the size of the deforming zone may sig-
nificantly affect the mechanical behavior (Kim et al., 2011; Greer and De Hosson, 2011). The ‘size-dependence’ of the prop-
erties in metallic glasses (where no crystalline defects can be defined) has also evinced interest as there is sufficient
technological interest in using them for micro-/nano-components in micro-electro-mechanical system (MEMS) such as
gears, mirrors and membranes (Chen, 2011; Inoue and Takeuchi, 2011; Kumar et al., 2011; Schroers, 2010; Wang, 2009).
While it has been reported that the deforming volume size (e.g., indentation size effect) may also follow the ‘smaller, stron-
ger’ concept in metallic glasses (Jang et al., 2011b; Van Steenberge et al., 2007), the sample size effect observed from uniaxial
micro-/nano-pillar tests is somewhat controversial; some researchers showed ‘smaller is stronger (Jang and Greer, 2010;
Jang et al., 2011a; Schuster et al., 2008; Shan et al., 2008; Ye et al., 2009),’ whereas others reported the opposite softening
trend (Huang et al., 2007; Volkert et al., 2008). It has been also proposed that the strength of BMG is actually size-indepen-
dent (Chen et al., 2010; Dubach et al., 2009).

Our attention has been drawn to the fact that the size effect on time-dependent plastic deformation of metallic glasses
has never been analyzed through uniaxial micro-/nano-pillar creep experiments, despite the importance of understanding
such deformation at small scale in the materials’ applications to micro-/nano-scale components. The work reported in this
paper is conducted in this spirit, with the particular objective of examining whether the creep-like response in metallic glass
exhibits size-dependent or not? A number of nanoindentation creep studies have been performed on metallic glasses
(Castellero et al., 2008; Huang et al., 2009a,b; Li et al., 2008; Yoo et al., 2010a,b). However, the stress state underneath
the indenter is complex and hence deductions on the operative physical mechanisms are not straightforward (Wang
et al., 2010). Keeping this in view, for the first time, we have performed RT creep experiments in uniaxial compression on
different sized micro- and nano-pillars of a Zr-based metallic glass, which are reported in this paper.
2. Experiments

The material examined in this work is a Zr-based BMG, Zr52.5Cu17.9Ni14.6Al10Ti5 (commercially designation: Vit 105),
which was produced in the form of a rod having diameter and length of about 7 and 70 mm respectively. The amorphous
nature of the sample was confirmed by the absence of crystalline peak in X-ray diffraction pattern (shown elsewhere
(Yoo et al., 2009b)). After cutting the rod samples into �1 mm disk-shaped specimens, the surfaces were ground with SiC
papers, and then polished with a cloth using 0.3 lm alumina.

Pillars having various diameters (�250, 500, 1000, and 2000 nm) were fabricated through the focused ion beam (FIB)
milling with a Nova 200 NanoLab (FEI Co., Hillsboro, OR, USA) following the method described in Ref. (Kim and Greer,
2009). More than 20 pillars for each diameter were fabricated by top–down ion beam patterning with the final ion current
of 0.1 nA and at a constant ion accelerating voltage of 30 kV. The pillars were made to reside at the center of a 50 lm crater,
which provides enough space for the indenter to come down on the sample during the test without contacting the crater rim.
Fig. 1. Schematic illustration of the creep testing sequences. Inset micrographs show 17 lm-diameter flat punch tip and a 2000 nm-diameter pillar.
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The aspect ratio in all pillars was maintained at �3 so that the relative contributions from friction and constraint at the ends
of pillars remain constant (Chen et al., 2010; Dubach et al., 2009; Schuster et al., 2008; Shan et al., 2008; Volkert et al., 2008;
Ye et al., 2009).

Time-dependent deformation experiments were performed using the Nanoindenter-XP (Agilent Corp., Oak Ridge, TN,
USA) with a FIB-milled cylindrical diamond punch whose top diameter is �17 lm (see the inset of Fig. 1). A major issue
while conducting creep experiments with a nanoindenter is the thermal drift. To avoid any possible experimental artifacts
associated with it, thermal drift was maintained below 0.05 nm/s. Fig. 1 shows a schematic illustration of the testing proce-
dure adapted. Prior to the creep segment, a preload was applied (with the same stress as that applied during the subsequent
creep test) so to minimize the top surface effects (Chen et al., 2010; Dubach et al., 2009; Jang et al., 2011a; Volkert et al.,
2008). During the creep test, the load was increased up to the desired maximum stress level (i.e., 400, 600, 800,
Fig. 2. Representative SEM images of pillar before [(a), (c), (e), (g)] and after [(b), (d), (f), (h)] the creep test (at r = 1000 MPa); (a), (b) for 250 nm, (c), (d) for
500 nm, (e), (f) for 1000 nm, and (g), (h) for 2000 nm, respectively.
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1000 MPa, respectively) at a fixed loading rate, (dP/dt)/P = 1/s, then held for 200 s, and finally removed at the same rate as the
loading segment. The holding time was chosen in consideration of the thermal and the instrumental drift (Yoo et al., 2010a).
From the recorded indentation load–displacement (P–h) data, the engineering stress r and engineering strain e were calcu-
lated as r � P/[p(d/2)2] and e � h/l0, respectively, where d is the pillar diameter (empirically determined as the diameter
measured at �30% of the pillar height from the pillar top for considering tapering effect) and l0 is the initial height of pillar
(see the inset of Fig. 1). Morphology of each pillar was imaged before and after creep test using scanning electron microscopy
(SEM), JSM-6330F (JEOL Ltd., Tokyo, Japan).

3. Results

3.1. Deformation morphology

Fig. 2 shows a series of scanning electron microscopy (SEM) images of the pillars taken before and after the creep exper-
iments conducted at a stress of 1000 MPa, the highest stress level at which creep experiments were conducted in this study.
In all cases, no shear bands could be observed in any of the pillars. In addition, the displacement-time plots did not exhibit
any prominent serrations or strain-bursts, which are usually associated with the inhomogeneous flow through shear band
nucleation and propagation. This indicates that the creep deformation that is explored in this work is essentially homoge-
nous in nature for all sample sizes. Unlike pillars having a larger diameter, the �250 nm diameter pillar that was crept exhib-
its relatively larger deformation near the top than in the rest of the pillar. This difference may be related with the difficulties
in controlling precise pillar shape (especially at smaller pillar diameters) and thus relatively severe top roundness and non-
planarity in such a small pillar (Volkert et al., 2008; Zhang et al., 2006).

3.2. Engineering stress vs. strain

In Fig. 3, representative plots (for d = �500 nm) of the engineering stress vs. engineering strain obtained from creep tests
are shown along with those obtained in quasi-static compression of the same-sized pillar. Overlapping of the loading portion
of the creep test curves with that of the quasi-static test indicates that the stress applied at the onset of creep is within the
nominal elastic regime for this BMG. The most important feature in the figure is that the creep indeed occurs well below the
nominal yield strength of 1.78 GPa for this BMG (measured through uniaxial compression experiments on macroscopic sam-
ples having a diameter of 7 mm (Bei et al., 2010)). It is also noteworthy in the figure that the amount of creep strain, e, is
found to increase significantly with r. This stress-dependency of the creep strain indicates that the observed creep behavior
is not an artifact caused by thermal drift which does not depend on load (and thus stress).

3.3. Creep strain

Fig. 4 provides representative e vs. hold time, t, plots. The influences of r, and the pillar diameter, d, on the creep strain are
highlighted in this figure; i.e., e increases with increasing r and decreasing d. The e–t curves are smooth (without any prom-
inent serrations or pop-ins indicating inhomogeneous deformation) and mostly parabolic in nature (especially for higher r
and smaller d). This behavior is similar to those reported for high-temperature creep of crystalline metals (Wang et al.,
Fig. 3. Typical example of the change in engineering stress–strain curve with the applied stress (for the pillar sample having diameter of 500 nm). Normal
quasi-static compression result is also shown.
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2010); the creep curves consist of two regimes in the early stages: transient (primary) creep regime and steady-state (sec-
ondary) creep.
Fig. 4. Representative examples of creep strain–time curve: (a) effect of the applied stress; (b) effect of the pillar size.

Fig. 5. Variation in creep strain as a function of pillar diameter. For clarifying the trend, 400 and 1000 MPa cases are separately shown in the inset figure.
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The influences of d and r on the creep amount are summarized in Fig. 5 where the total creep strain, etotal, is plotted as a
function of d. For clarity, the results obtained with the lowest and highest stress (400 and 1000 MPa, respectively) are sep-
arately shown in the inset of the figure. The following three points are noteworthy: First, for a given r, etotal increases with
decreasing d. Second, for a given d, etotal increases with increasing r. Third, these two trends appear to be size- and stress-
sensitive, i.e., they become more pronounced at smaller d and higher r.

As mentioned before, some recent studies have reported the RT creep of metallic glasses using millimeter scale compres-
sion specimens. Thus, it is instructive to compare our data from micro- or nanometer scale specimens with those in the lit-
erature (Ke et al., 2011; Lee et al., 2008; Park et al., 2008; Park et al., 2009a,b) (see summary in Table 1). In comparison, the
creep strains from micro-/nano-pillars (in Fig. 5) are order(s) of magnitude larger than those from millimeter samples (see
Table 1). Note that such a direct comparison is fraught with some difficulties as the creep time in Table 1 is far longer than
that in this work. The secondary creep regime (where the strain rate is the minimum) takes a substantially large portion of
the observed creep response of the literature data. In contrast, primary creep regime (in which the strain rate is high) is dom-
inant in the present pillar creep tests. Note also that the creep amount is markedly affected by structural state of the metallic
glass (such as free volume amount and atomic packing density), and thus chemical composition and glass forming ability
(Park et al., 2009a). These factors add additional complexities in direct comparison of the creep responses of different BMGs.

4. Discussion

4.1. Steady-state strain rate

One of the key parameters that is used to systematically analyze the time-dependent deformation behavior of a material
is the creep strain rate, _e. To estimate _e, the creep curves (in Fig. 4) were fitted with the Garofalo’s equation, which was orig-
inally suggested for analyzing conventional tensile creep (Garofalo, 1960):
Table 1
Summa

Mate

Cu65

Cu57

Cu50

Zr46.
e ¼ e0 þ að1� e�rtÞ þxt ð1Þ
where e0 is an instantaneous strain during loading (which is 0 in Fig. 4), and a, x, r are creep constants. In Fig. 6(a) the good-
ness of the fit of the experimental strain-time data with Eq. (1) is illustrated. High values of correlation coefficients
(R2 > 0.97) were obtained for all the creep curves. By differentiating Eq. (1) with respect to t, _e is obtained.

Fig. 6(b) shows the variation of _e as a function of t. At all the stress levels examined in this work, two distinct stages can be
noted. In the first stage, _e decreases rapidly with t, which is akin to that seen in high temperature creep of crystalline mate-
rials, before reaching a constant plateau (second stage). In the creep of crystalline metals, the steady-state creep is often con-
sidered as a result of the balance between strain hardening (due to dislocation-mediated plastic flow and subsequent
entanglement of the dislocations) and softening (recovery) (Dieter, 1988). In analogy, a steady-state condition of metallic
glasses during homogeneous deformation may be regarded as a balance between free volume creation, which causes plastic
flow softening, and its annihilation that results in hardening (Bhowmick et al., 2006; Yoo et al, 2009a). If this hypothesis is
valid, a possible scenario that can be construed is that in the early stage, the applied stress induces the generation of excess
free volume and thus mechanical softening (Argon, 1979; Schuh et al., 2007; Spaepen, 1977). Then, diffusive relaxation grad-
ually comes into play and when it matches the rate of free volume production, steady state condition is attained. Although
this type of transition to steady-state was previously observed during constant strain-rate tests at high temperatures of
metallic glasses (near the glass transition temperature Tg) (Lu et al., 2010), it is noteworthy that such a transition is not ex-
pected to occur at RT. This is the first time that the influence of the applied stress on the steady-state strain rates at RT is
reported. From Fig. 6(b), it is obvious that the estimated values of _e and the time for the transition from transient to stea-
dy-state creep regime, ttrans, are strongly dependent on r with higher r resulting in increased _e and ttrans. It is important
to note that this is in contrast to that observed in crystalline metals where higher r results in lower ttrans. This can be ex-
plained on the basis of the free volume theory that is widely used for phenomenological description of plastic deformation
in metallic glasses (Spaepen, 1977). On one hand, the stress effect on the strain rate can be easily understood by Spaepen’s
general flow equation (Schuh et al., 2007; Spaepen, 1977) that can be easily converted to a relation between normal stress r
and steady-state strain rate _ess:
ry of the room-temperature creep experiments on metallic glasses reported in literature.

rial Sample diameter Applied stress (% of ry) Hold time Creep strain (%) Reference

Zr35 1 mm 1.98 GPa (90%) 12 h 0.40 (Lee et al., 2008; Park et al., 2008, 2009a,b)
1.76 GPa (80%) 0.20 (Park et al., 2009a)
1.54 GPa (70%) 0.13 (Park et al., 2009a)
1.32 GPa (60%) 0.10 (Park et al., 2009a)
1.10 GPa (50%) 0.07 (Park et al., 2009a)

Zr43 1 mm 1.80 GPa (90%) 12 h 0.25 (Park et al., 2008)
Zr50 1 mm 1.44 GPa (90%) 12 h 0.20 (Park et al., 2008)
75Ti8.25Cu7.5Ni10Be27.5 5 mm 1.46 GPa (80%) 5 h 0.0213 (Ke et al., 2011)



Fig. 6. Results of creep curve analysis; (a) experimental strain-time data and its fitting equation; (b) change in strain rate with holding time.
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_ess ¼ A� exp � ct�

tf

� �
sinh

rX

2
ffiffiffi
3
p

kT

� �
exp �DGm

kT

� �
ð2Þ
where A⁄ is the constant, c is a geometrical factor that ranges between 0.5 and 1, t⁄ is the atomic volume, tf is the average
free volume per atom, k is the Boltzmann’s constant, T is the absolute temperature, X is the atomic volume, Gm is the acti-
vation energy of motion. Accordingly, increasing r would certainly result in an increase in _ess.

If the steady-state condition is indeed a consequence of the balance between the free volume creation and annihilation, as
proposed, the effect of r on ttrans can be also rationalized on the basis of Spaepen’s free volume theory (Spaepen, 1977).
According to it, the amount of excess free volume that is created during the creep deformation is
Dþtf ¼
ct�

tf

2kT
S

cosh
rX

2
ffiffiffi
3
p

kT

� �
� 1

� �
Nm exp �DGm

kT

� �
exp � ct�

tf

� �
ð3Þ
where S is the elastic distortion energy, m is the frequency, and N is the total number of the atoms. In Eq. (3), the process of
free volume operation during creep can be regarded as a stress-assisted nucleation event. While Eq. (3) suggests that the
amount of excess free volume increases with the applied shear stress s (that can be estimated from the applied normal stress
r), the amount of the annihilation of free volume per jump can be expressed without stress term (Spaepen, 1977):
D�tf ¼
t�

nD
Nm exp � ct�

tf

� �
exp �DGm

kT

� �
ð4Þ
where t�=nD is amount of free volume annihilated per jump. This equation suggests that the diffusional annihilation can be
affected by stress-induced structural state, and most importantly not by r itself. Note that (i) the steady-state condition can
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be achieved at D+tf = D�tf and (ii) the creation amount Dþtf is stress-dependent while the annihilation amount D�tf is not.
Therefore it is reasonable to conclude that ttrans is directly affected by the level of r.

4.2. Creep stress exponent

Fig. 7 shows the variation of _ess with r for each pillar diameter. Data in this plot follows the well known power-law:
Fig. 7.
�2000,
_e ¼ Krn; ð5Þ
where K is the material- and temperature-dependent factor and n ¼ @ ln _e
@ ln r

� �
is the creep stress exponent. The value of n that

was determined from Fig. 7 is plotted in Fig. 8 as a function of d. It clearly indicates that the creep behavior of metallic glasses
is size-dependent; as the pillar diameter decreases, the value of n increases. The power law fits in Fig. 7 are extrapolated to
the global quasi-static ry to estimate the strain rate at ry, which increases rapidly with reducing d, i.e., _e � 9:8� 10�5,
1.7 � 10�4, 2.9 � 10�4, and 1 � 10�3/s for d = �2000, 1000, 500, 250 nm, respectively.

The power-law fitting led to the values of n as 2.54, 2.64, 2.97, and 3.21 for d = �2000, 1000, 500, and 250 nm, respec-
tively. From the viewpoint of the classical creep mechanisms developed for crystalline metals and alloys, these n values
are between diffusion-dominant creep (n = 1–2) and dislocation-dominant creep (n = 3–8). Recent work reported that elas-
tostatic stress can induce a small amount of structural disorder whose size may be much smaller than so-called shear trans-
formation zones (STZs) (Albano and Falk, 2005; Falk and Langer, 1998; Ke et al., 2011; Park et al., 2008; Yoo et al., 2010a). If
this scenario holds valid, it is possible that the homogeneous deformation observed in this work is mainly controlled by
atomic diffusion in a similar fashion. This provides an interesting way to understand the size effect on the creep behavior.

A comparison of the data obtained in the present work to that reported in literature (mostly in the form of strain-rate
sensitivity m (=1/n)) brings out the following two points. First, our data fall within the range of n values reported for
non-Newtonian homogeneous deformation, which are obtained from either constant strain-rate tests (Johnson et al.,
2002; Kawamura et al., 1998; Nieh et al., 2001) or constant load tests (Csach et al., 1998; Heggen et al., 2005) at temperatures
near Tg; e.g., n = 1.4–3.7 (Kawamura et al., 1998), �2 (Csach et al., 1998; Heggen et al., 2005; Nieh et al., 2001), 2–6 (Johnson
et al., 2002). In contrast, only one paper has reported the relation between creep stress and strain rate at RT: the n value
estimate from the work on Cu65Zr35 (Park et al., 2009a) is �1.23. Since the diameter of the compressive samples used in that
work is 1 mm, the higher n values observed in the present work are possibly be due to the enhanced creep in the smaller
diameter samples used.

It is possible to qualitatively estimate the pillar size effect on the relative amount of free volume creation by making a key
assumption that the homogeneous creep deformation at RT can induce structural changes leading to anisotropic structure
(Harmon et al., 2007; Ke et al., 2011). At low r and high temperatures (rX << kT), the term sinhðrX=2

ffiffiffi
3
p

kTÞ in Eq. (2)
can be reduced to rX=2

ffiffiffi
3
p

kT . In this case, the creep stress exponent n in Eq. (5) is unity, implying the deformation is New-
tonian (Schuh et al., 2007). At sufficiently higher stress level (rX >> kT), Dþtf is very large, but D�tf is somewhat negligible.
Therefore, Eq. (2) can be rearranged as (Schuh et al., 2007)
_e ¼ B� exp � ct�

tf

� �
exp �DGm � rX

kT

� �
: ð6Þ
Variation in the steady-state strain rate with the applied stress. The correlation factor R2 is 0.96, 0.95, 0.94, and 0.96 for d = �250, �500, �1000, and
respectively.



Fig. 8. Influence of pillar size on the stress exponent n (obtained from the slope of linear relations shown in Fig. 6) and (b) the relative amount of free
volume creation.
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where B⁄ is a constant. In this case, n – 1, and can increase to extremely high value (i.e., for non-Newtonian unstable flow) as
r and strain rate are increased. The transition from Newtonian to non-Newtonian flow depends on the testing temperature
(Csach et al., 1998; Heggen et al., 2005; Johnson et al., 2002; Kawamura et al., 1998; Lu et al., 2010; Nieh et al., 2001). From
Eqs. (2) and (5), the relation between r and _e can be rewritten as:
_e
rn
¼ C�exp � ct�

tf

� �
: ð7Þ
where C⁄ is a constant.
When an external stress is applied, excess free volume is created by the diffusive atomic jumps (Cohen and Turnbull,

1959; Spaepen, 1977; Turnbull and Cohen, 1961, 1970). The term exp(�ct⁄/tf) (that is the potential jump site or the defect
concentration) is an indicator for the amount of free volume created. To estimate the influence of pillar size on the defect
concentration clearly, one may use the extrapolated steady-state strain rates at a certain high stress value (e.g., the global
ry as in this work) because the fluctuation in experimental data can often mislead the trend of size effect. Thus, from Eq.
(7), the relative defect concentration is estimated as a function of d, which is additionally plotted in Fig. 8. It is evident that,
with reducing d, the defect concentration increases. For example, the relative defect concentration (that is the normalized
difference in the left-hand term of Eq. (7) between two pillars with different d) in the pillar with d = �250 nm is approxi-
mately six times higher than that in d = �2000 nm.

A pertinent question that arises at this juncture is what is the physical phenomenon that leads to the enhanced creep in
smaller pillars? A clue for the answer can be gained from the fact that free surfaces of the creep specimens provide an effi-
cient diffusion path vis-à-vis the bulk. This is particularly prominent at the nano-scale, where the activation energy for dif-
fusion is significantly lowered as the surface-to-volume ratio (SVR) increases (Guisbiers and Buchaillot, 2008). Thus, the SVR
is an important parameter to consider for understanding the marked increase in the e and _e with reducing d. In this regard, it
should be noted that the volume diffusion in metallic glasses is far faster than that in crystalline metals, because there is no
long range order in the atomic arrangement of the glasses and hence volume diffusion in them is more similar to the diffu-
sion along grain boundaries (having an amorphous-like structure) in polycrystalline aggregates. Although the diffusivity of
the so-called ‘short circuit diffusion’ along surface or grain boundaries in a crystalline metal may vary depending on the crys-
tallographic orientation, it is often roughly approximated by summarizing the data in a random direction (Gjostein, 1973;
Gleiter and Chalmer, 1972; Nishizawa, 2008); for a surface diffusion,
Dsurf � 7� 10�6exp �9:3� 10�23Tm

kT

 !
ðin m2

=sÞ ð8Þ
and for a grain boundary diffusion
DGB � 4� 10�5exp �1:36� 10�22Tm

kT

 !
ðin m2

=sÞ ð9Þ
where Tm is the melting temperature. Note again that Eqs. (8) and (9) are conceivably applied to any crystalline material
independent of crystal structure. For adapting these to the metallic glasses, the glass transition temperature, Tg, may be more
appropriate parameter than Tm. By putting Tg of 673 K for the examined BMG (Yoo et al., 2009b) and testing temperature T of
298 K into the above equations, we could estimate Dsurf � 1.72 � 10�12 m2/s and DGB � 8.63 � 10�15 m2/s and thus the ratio
of Dsurf/DGB is about 200. This large ratio suggests that SVR can significantly affect the time-dependent deformation charac-
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teristics of the amorphous pillars. By assuming a perfect cylindrical geometry for the pillars, the SVRs are calculated as
1.8 � 10�4, 3.6 � 10�4, 7.2 � 10�4, and 1.4 � 10�3/nm for d = �2000, 1000, 500, and 250 nm, respectively. This rapid increase
in the ratio with reducing size provides a clue for understanding not only the largely enhanced e and _e in smaller pillars but
also their higher amount of free volume created by atomic diffusive jumps.
5. Conclusion

In the present work, uniaxial compression creep tests were performed on micro-/nano-sized pillars of a Zr-based BMG to
investigate the influence of sample size on the room-temperature creep behavior of metallic glass. The primary results of this
investigation are:

– The load-displacement data and the postmortem SEM analysis suggested that, in all examined pillars, the creep deforma-
tion indeed occurred at RT is homogeneous in nature.

– The amount of time-dependent plastic strain is significantly affected by both the applied stress and the pillar size; i.e.
with increasing stress or decreasing pillar diameter, the total strain was largely increased.

– Experimental data showed that the creep test certainly reached at the steady-state condition that may be regarded as a
balance between free volume creation (softening) and annihilation (hardening). The applied stress was found to straight-
forwardly affect not only the steady-state strain rate value but also the critical holding time required for the primary-to-
secondary-regime transition, which could be analyzed through free volume theory.

– There was a linear relationship between log( _e) vs. log(r), and the creep stress exponent n (estimated from the slope of the
plot) was not unity and increased from �2.5 to �3.2 with reducing pillar size.

– The largely increased time-dependent room temperature plasticity of the metallic glass nano-/micro-pillars and its size
effect are discussed in terms of the increases in both relative defect concentration and surface-to-volume ratio with
decreasing pillar size.
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