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In this work, the time-dependent plastic deformation behavior of TiyZr,5NisCu;,Besq

bulk and ribbon metallic glass alloys was investigated using a nanoindentation technique
at room temperature with the applied load ranging from 5 to 100 mN. The stress exponent
n, defined as € = Ad”, has been derived as a measure of the creep resistance. It was found

that the measured stress exponent increases rapidly with increasing indentation size,
exhibiting a positive size effect. The size effect on the stress exponent n obtained from
the bulk sample is more pronounced than that obtained from the ribbon sample.

The deformation mechanism involved will be discussed.

. INTRODUCTION

Due to the high-strength, high elastic limit and excel-
lent corrosion resistance, bulk metallic glasses (BMGs)
have attracted increasing interest in the research commu-
nity.' However, BMGs often have limited plasticity
when deformed at temperatures below their glass transi-
tion temperatures.“’5 Depth-sensing nanoindentation is
an ideal technique to probe the mechanical properties of
glassy alloys from a small volume.®™® During indenta-
tion, the applied load can be controlled at a constant
value, whereas the penetration of the indenter tip into
the sample surface is continuously recorded. This is often
called the constant-load indentation creep test, and it has
been widely used to study the time-dependent plasticity
(creep) of crystalline materials.”~'? The stress exponent,
n, of steady-state creep can be derived from the constant-
load indentation tests.””'%!*!* However, nanoindentation
creep studies of glassy alloys are rare.'>~"’
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In this work, the time-dependent deformation behav-
ior of Ti-based metallic glass has been studied using the
nanoindentation technique. Our experiments have shown
a size effect on the stress exponent n, and this effect is
more significant on the ribbon sample, and the stress
exponent measured from the bulk metallic glass sample
is larger than that measured from the ribbon sample.

Il. EXPERIMENTAL PROCEDURE

Alloy ingots with nominal composition of TiyyZr,s
Ni;Cu;,Bes (at.%) were prepared by arc melting a mix-
ture of pure elements in a Ti-gettered argon atmosphere.
Bulk glassy samples (10 mm in diameter and 60 mm in
length) were obtained by drop cast into a copper mold.
Ribbon samples (40 um in thickness and 2 mm in width)
were produced from the same master alloy by using the
conventional single-roller spinning technique. The speci-
mens were mechanically polished down to 1 um before
nanoindentation experiments were conducted at room
temperature on an MTS Nano Indenter XP system (Oak
Ridge, TN) using a Berkovich indenter. Fused silica was
used as a standard sample for the initial tip calibration
procedure. Before each test, efforts were made to minimize
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possible effects such as noise and vibration on the mea-
surement. After the creep holding period, the applied load
was decreased to 10% of the maximum load and held for
100 s to correct the thermal drift. Constant-load indenta-
tion creep tests were carried out with a constant loading
rate of 0.1 mN s~ ! to different peak loads of 5, 10, 35, 50,
and 100 mN. In the tests, the peak load was held for 2000
s and then unloaded 0.1 mN s '. At least six indentation
tests were performed under each test condition. The stan-
dard deviation was found to be less than 10%.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows load-displacement nanoindentation
curves under load control mode, for the tests on the bulk
metallic glass sample. It can be seen that all of the
loading curves overlapped and the associated serrated
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FIG. 1. (a) Typical load-displacement curves of Ti-based bulk glass
sample under different peak loads at room temperature and (b) the
corresponding creep displacement during load hold. The displacement
axis was reset to show only the creep displacement, and time was reset
to zero at the beginning of the hold period to facilitate comparison.
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flow, typical of metallic glass alloys. The serration
(i.e., pop-in) becomes more obvious at larger loads on
the loading curve, consistent with literature on nanoin-
dentation studies on BMG alloys.” The recent uniaxial
test of a Zr-based BMG by Jiang et al. further confirms
that the serration is a result of shear bands.'® They also
noticed that the serration magnitude recorded is asso-
ciated with the applied strain rate in that high strain rate
promotes serration of small magnitude, whereas low
strain rate produces large serration. In the present study,
we used constant-rate loading (i.e., P= constant), the
indentation strain rate (~P /P) thus continuously
decreases with increasing load P. Therefore, our obser-
vation, where less dense but more obvious serrations
(pop-ins) occur at large load (i.e., low strain rate) on the
loading curve, agrees with that reported by Jiang et al.'®

During the peak load holding, the indenter continues
to penetrate into the test sample with time. Figure 1(b)
shows the penetration of the indenter tip into the sample
surface (i.e., creep displacement) during the peak load
holding against the holding time. The magnitude of the
total creep displacement during the peak load holding is
strongly load dependent, i.e., larger peak load causes
larger penetration. The creep displacement increases but
at a decreasing rate, and it becomes almost linear with
regard to the holding time. The total creep displacements
are in the range of 10~50 nm for different holding loads.
The consistent load dependency observed and the differ-
ent creep deformation magnitude observed between the
bulk sample and the ribbon sample suggest that thermal
drift is unlikely to have a dominant effect on the dis-
placement measurement.

Following Johnson’s expanding cavity model'” and the
calculation of Bower et al.,>’ a self-similar stress/stain
field can be assumed underneath a self-similar indenter.
We further assume that steady-state creep has been
reached during the creep holding and use the following
procedure to derive the stress exponent n, as defined in the
conventional power-law creep, which writes'*-*

& =Ad" | (1)

where ¢ is the strain rate, ¢ is the applied stress, and
A is a temperature-dependent material constant. The
stress exponent that often provides useful indication on
the creep mechanisms involved can then be derived
as n=0(In¢)/d(Ing). In indentation, the strain-rate
and stress can be written following the scaling relations:

g~ h/ha ~P/245K | (2)

where P is the applied load, £ is the instantaneous inden-
tation depth, and the displacement rate is & = dh/dt'o,
which can be obtained by fitting the creep displacement-
holding time curve at a constant load using an empirical
equation'’:
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h(t) = ho +a(t —10)” + kt (3)

where hy, a, b, ty, and k are fitting constants. An example
of the experimental data and fitted curve is shown
in Fig. 2(a), where the total creep displacement was
15.5 nm. Equation (3) was found to fit the creep curves
very well.

Figure 2(b) shows the log(strain rate) versus log
(stress) relation of the bulk glass sample for hold period
of 2000 s at 10 mN. The slope of the decreases rapidly
with the holding time (i.e., where the stress decreases)
and then gradually become constant at the end of the
holding period. The slope at the left hand of the curve
(i.e., 2.6), which corresponds to the end of the holding
period, was taken to be the stress exponent n for the
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FIG. 2. (a) Creep response of Ti-based bulk glass sample for hold
period of 2000 s at 10 mN [Data points show experimental results,
and the solid line shows the fitted response according to Eq. (3)] with
ho = 277.01436 + 0.13059, a = 0.8401 £ 0.07576, b = 0.3241 £+
0.011, and k& = 0.0042 £ 0.00004. (b) The corresponding In(strain
rate) versus In(stress) plot.

peak load. Figure 3 shows the variation of n values as a
function of the contact depth for the Ti-based bulk me-
tallic glass samples. For the purpose of comparison, the
n values as a function of the peak loads for ribbon sam-
ple were also presented in Fig. 3. It is clear that as peak
load increases from 5 to 100 mN (i.e., as the contact
depth increases from 188.8 to 939.1 nm), the n value
increases from 1.4 to 5.1 for the bulk metallic glass
sample, and in the case of the ribbon sample, the n value
increases from 0.67 to 1.75. The stress exponent exhibits
clear size-dependent indentation. At the same time, the
stress exponent obtained from the ribbon sample is con-
sistently smaller than that obtained from the bulk sample
under the same loading conditions. This further confirms
that the thermal drift is not dominant in the creep dis-
placement, because otherwise one would not expect the
consistency observed at different loads and samples.

A few studies have reported the indentation size effect
on the n values measured in the indentation creep for
crystalline materials and oxide glass materials.'*'**! For
pure Al polycrystalline and Ni3Al single crystal, the creep
mechanism changes from linear diffusional flow to a
climb-controlled and eventually glide-controlled process
as the indentation size gets lalrger.13 In the case of tin-
antimony alloys, a transition from climb-controlled creep
at low stress to viscous glide-controlled creep at high
stresses was observed during indentation creep.”' A strong
size effect on the indentation creep response was also
found in as-deposited plasma-enhanced chemical vapor
deposition silicon oxide-thin films, where the creep mech-
anism was depicted using defect flowing.'* However, to
date, the indentation size effect on the stress exponent of
indentation creep for glassy alloy has not been reported.

The plastic deformation mechanisms of metallic glass
have been proposed based on the concept of diffusive

5 - .__,__.—-—-'_"_'__'_.
—&— Bulk
—&— Ribbon
4
- [ |
3k /

A |
T/
o

s
®

Stress exponent

@
80—

U 1 n 1 " 1 L 1 " 1
200 400 600 800 1000

Contact depth, nm

FIG. 3. Steady-state stress exponent, n, as a function of the contact
depths for Ti-based ribbon and bulk glass samples.
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atomic jump (developed by Turnbull and coworkers>?)
and applied to the case of glass deformation (developed
by Spaepen23) or that of “shear transformation zone”
(STZ; proposed by Argon®*) (see the discussion by Falk
and Langer® and the recent review by Schuh et al.”®).
STZ is considered as the basic shear unit, which consists
of a large, free volume site with immediate adjacent
atoms. These atomic-scale STZs collectively deform un-
der an applied shear stress to produce shear band-
ing.**?° The size-dependent indentation of the stress
exponent observed is interesting in the present work. Dur-
ing nanoindentation tests, plastic deformation is confined
within a small volume of material associated with a non-
uniform stress and strain field of strong gradient.®” At
small indentation depth, the strain gradient is significantly
larger than that at large indentation depth. The strain gra-
dient exerts a crucial role in determining the plastic flow
of materials during nanoindentation.”®* It was presumed
that the strain gradient would lead to an extra imbalance
among the STZs and increase the rate at which the shear
bands form and relax underneath the indenter of metallic
glass."* Because the volume involved in the deformation
is smaller, the shear bands generated at shallow depths
should generally be much smaller than those generated at
larger depths. The evolution of shear band patterns from
small and semicircular shape to secondary and tertiary
shear bands with increasing load during indentation tests
has been observed for a Zr-based glassy alloy.30 At steady
state, atomic diffusion may be enhanced as a result of the
higher rate of dynamic equilibrium in the rearrangement
of STZs.'* As such, the numerous smaller shear bands in
the specimen may collectively exhibit a more macroscop-
ically viscous-like flow behavior, whereas the localization
in few shear banding at larger indentation size results in
more inhomogeneous plastic flow. This is consistent with
the lower stress exponent at smaller indentation size, as
shown in Fig. 3.

According to the STZ theory,* a large n value indi-
cates the inhomogeneous plastic flow of the material. It
is natural to envisage that the structure (e.g., the level of
free volume) of a metallic glass is dependent on the
cooling rate of glass formation.”" In fast-cooled glass,
more sites with higher free volume are more easily asso-
ciated with the existence of STZs. This may in turn
facilitate the shear band initiation by either decreasing
the required activation energy as looser structure eases
the atomic jump and/or atomic rearrangement in the STZ
or rendering more possible STZs. Compared with the
results from the bulk metallic glass sample, more sites
with higher free volume are created in the ribbon sample
due to a higher cooling rate used,’! easing the shear
banding and leading to a more homogeneous flow, thus
resulting in smaller n values. In other words, the plastic
deformation of open glass structure tends to be more
homogeneous.

996 M cuRNALS
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Plastic flow patterns generated during indentation
creeps of BMG will help to understand the creep
mechanisms involved, e.g., to answer whether it is the
shear band nucleation or the propagation of existent
shear bands that accounts for the creep deformation. To
isolate the creep-induced plastic flow patterns from that
introduced in the preceding loading process, it is essen-
tial to image the plastic flow patterns before the creep
holding; this method is possible using the bonded inter-
face technique. The interface-bonded sample will be
indented without the holding period at the maximal load
and then unloaded, debonded, and imaged.18 However,
after the imaging, the interface has to be rebonded exact-
ly as the previous bonding and then a second indentation
test with creep holding has to be done on the exact
indent position, to the same maximal load as the first
test, and then the plastic flow patterns can be imaged at
the end of the test. To rebond the interface exactly the
same and to make the second indentation test on an
interface-rebonded sample at the exact position as the
first test remains a challenge. To this end, a set of inden-
tation creep tests were performed (on the same nanoin-
dentation machine) using a flat punch indenter on the
focused ion beam machined micropillars of a Zr-based
BMG with composition similar to that reported by Jiang
et al.'® The shear band patterns on the surface of the
column have been imaged using SEM, and the results
showed that the creep observed was caused by propaga-
tion and/or branching of existing shear bands, rather than
the nucleation of shear bands.*> According to Jiang
et al.,'® the spatial shear band distribution is closely related
to the temporality of shear banding such that, in nanoin-
dentation, a low strain rate promotes the temporal hetero-
geneity of shear banding and vice versa for a high strain
rate. During indentation loading, many fine and spatially
homogenous shear bands are generated at the low load
level (i.e., high strain rate), and as the load gradually
increases, the strain rate decreases, thus coarse and loca-
lized shear bands are generated. The localized coarse shear
bands effectively promote the following creep deforma-
tion by further branching and/or propagation, resulting in a
larger stress exponent value, as shown in Fig. 3.

During an indentation test, the stress/strain field un-
derneath an indenter is not homogeneous, and the volume
of material involved expands as the indenter penetrates
into the testing material.”® The assumption of steady-state
creep in an indentation holding test has been discussed by
Bower et al.?® Although deformation behavior of amor-
phous alloys may be affected by strain softening and/or
structural relaxation, they have homogeneous structure,
which is a significant advantage over the heterogeneous
structure associated with crystalline materials for time-
dependent deformation studies. For example, the micro-
structure characteristics such as interface and interphase
are important factors that influence the creep resistance of
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the testing crystalline materials. These microstructure
characteristics are often temporal and spatial dependent.
Using amorphous alloys for time-dependent creep study
simplifies the microstructure concern.

Note that, due to the inhomogeneous strain field and
expanding volume, the stress exponent value derived from
the present indentation creep may be different from that
measured in a conventional tensile/compression creep test.
Nonetheless, nanoindentation provides a straightforward
method to evaluate the time-dependent deformation be-
havior of small metallic glassy alloys. However, a better
understanding of the indentation creep mechanisms, such
as the indentation size dependence and the cooling rate
dependence observed in the present study of Ti-based
BMG alloys, requires further experimental investigations,
such as elevated temperature indentation creep.

IV. CONCLUSION

In summary, indentation creep tests on TignZr,sNij
Cuy,Beyy metallic glass have been performed by con-
stant load holding at room temperature. The stress expo-
nent value measured on both bulk and ribbon glass
samples increases with the increasing holding load,
showing a positive indentation size dependence. The
ribbon sample, which was prepared with a faster cooling,
has smaller n values than that measured on a bulk glass
sample, indicating a more homogeneous flow behavior.
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