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Abstract

The existence of an indentation size effect (ISE) in the onset of yield in a Zr-based bulk metallic glass (BMG) is investigated by
employing spherical-tip nanoindentation experiments. Statistically significant data on the load at which the first pop-in in the displace-
ment occurs were obtained for three different tip radii and in two different structural states (as-cast and structurally relaxed) of the BMG.
Hertzian contact mechanics were employed to convert the pop-in loads to the maximum shear stress underneath the indenter. Results
establish the existence of an ISE in the BMG of both structural states, with shear yield stress increasing with decreasing tip radius. Struc-
tural relaxation was found to increase the yield stress and decrease the variability in the data, indicating “structural homogenization”
with annealing. Statistical analysis of the data was employed to estimate the shear transformation zone (STZ) size. Results of this anal-
ysis indicate an STZ size of ~25 atoms, which increases to ~34 atoms upon annealing. These observations are discussed in terms of inter-
nal structure changes that occur during structural relaxation and their interaction with the stressed volumes in spherical indentation of a

metallic glass.
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1. Introduction

The small-scale strength and plasticity of metals and
alloys has been a topic of active research over the past
two decades. It is now well recognized that size plays an
important role in the mechanical properties, especially at
the submicrometer scale with “smaller typically being
stronger”. One well-known manifestation of this phenome-
non is the indentation size effect (ISE), which causes the
measured hardness, H, to increase with decreasing indenta-
tion depth, 4, for a sharp indenter and decreasing indenter
radius, R, for a spherical indenter [1]. Strain gradient plas-
ticity, which invokes the concept of geometrically necessary
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dislocations within the framework of Taylor hardening, is
popular for rationalizing ISE [1,2]. In a recent study, Shim
et al. [3], who performed spherical indentation on single-
crystal Ni, found that the yield stress (which manifests as
a sudden displacement excursion or “pop-in” at the elas-
tic-to-plastic transition) increases as R decreases. This phe-
nomenon was rationalized by recourse to the connection
between the volume of the highly stressed material under-
neath the indenter and the distribution of mobile disloca-
tions within it [3,4]. It was argued that as R decreases,
the likelihood of the stressed zone containing the required
preexisting mobile dislocations gets lowered, resulting in
the elevation of yield stress. For a very small indenter,
the stressed zone may be dislocation-free and thus stresses
that are close to theoretical strength are required for yield-
ing [3,4].
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Hitherto, all the mechanisms suggested as possible
sources for ISE are based on dislocation-mediated plastic-
ity. Naturally, an important scientific question to consider
is: would a material that does not rely on such processes
also exhibit ISE? An example of such a material is metallic
glass, the plasticity of which occurs through atomic cluster
shearing (the clusters are often referred to as shear trans-
formation zones (STZs)), and subsequent localization of
flow into narrow bands (“shear bands”) at low tempera-
tures and high stresses [5-7]. In addition to being scientifi-
cally intriguing, there has been considerable technological
interest in these materials as they can be processed in bulk
form. While there are several reports on ISE in H of vari-
ous bulk metallic glasses (BMGs) (see Ref. [8] for a sum-
mary), only Bei et al. [9] have examined the ISE on the
first pop-in stress through nanoindentation tests with
spherical tips of different R on a Zr-based BMG. However,
because their data sets were rather limited in size, about 20
for each condition, a definitive conclusion on the existence
of ISE could not be drawn. In this work, we overcome this
problem by generating large data sets (about 120 in each
case). In addition, the BMG’s response was examined in
both as-cast and annealed states in order to study the effect
of structural relaxation, which generally increases the yield
stress, on ISE. Importantly, these results were utilized to
estimate the size of STZs through a statistical analysis of
the data. Variation of the STZ size with annealing is dis-
cussed in terms of the structural changes affected by
relaxation.

2. Experimental

A ~7 mm diameter and ~70 mm long rod of Zr-based
BMG, ZI‘52.5CU17‘9Ni14A6A110Ti5 (Commercial designation:
Vit 105) was examined in this work. The glass-transition
temperature (7;) of this alloy is ~673 K [10]. The glass
was structurally relaxed by annealing at 630 K, which cor-
responds to ~0.937,, for 3600 s. X-ray diffraction spectra
obtained from both the as-cast and annealed specimens
(not shown here) suggests that both the materials are X-
ray amorphous. Further, the time-temperature combina-
tion employed for the annealing treatment is such that it
produces a fully or almost-fully relaxed atomic configura-
tion on the basis of the reported relaxation kinetics of a
similar Zr-based metallic glass [11]. Yet it was far below
the temperature for initiating crystallization of the glass.
Thus, it is reasonable to assume that the structural relaxa-
tion treatment only alters the structural state of the BMG
but does not lead to crystallization.

Nanoindentation experiments were conducted at room
temperature using a Nanoindenter-XP (formerly MTS;
now Agilent, Oak Ridge, TN) instrument with three differ-
ent spherical indenter tips having tip radii, R, of 2.91, 5.75
and 31.5 um. Each tip radius was calibrated, both before
and after the experiments, by Hertzian contact analysis
[12] of indentations made on fused quartz. Tests were con-
ducted in load-control mode with a fixed loading rate of

1 mNs~'. More than 120 tests were conducted for each
testing condition so as to obtain statistically significant
data sets. In all experiments, thermal drift was maintained

to be <0.05 nm s~ .

3. Results
3.1. ISE in as-cast state

Fig. 1 shows representative load—displacement (P-h)
curves for the three indenters. Here, the data are normal-
ized with respective peak values. The actual peak loads
(Pmax) were 15, 60 and 300 mN for tip radii of 2.91, 5.75
and 31.5 um, respectively. Each curve exhibits a pop-in
where the P-4 relation starts to deviate from that expected
from Hertzian elastic contact mechanics, given by [12]:

4
P=§E,\/1_e-h%, (1a)
and

E, I A

1_v3=<fr— o h (1b)

where E and v are the elastic modulus and Poisson’s ratio,
with the subscripts s and 7 indicating the sample and the in-
denter, respectively. The reduced modulus, E,, accounts for
the fact that elastic deformations occur in both the indenter
and the sample. Since a diamond tip is used, E; = 1141 GPa
and v;=0.07 [13]. By fitting the loading part of the P/
curves with Eq. (1), the indentation modulus of the sam-
ples, E;/(1 —v?), was estimated to be ~100-110 GPa,
which is in an agreement with the reported value for this
BMG (~103 GPa based on E;=89 GPa and v,=0.37)
[14]. In addition, the loading and unloading segments of
the P-h curves, wherein P, kept lower than the first
pop-in load, completely overlap, with no residual indenta-
tion depth whatsoever. This indicates that the deformation
is purely elastic prior to the first pop-in.
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Fig. 1. Representative load vs. depth of penetration curves for the as-cast
sample. Here, for comparison purposes, the data are normalized with
respective maximum values, which are given in the figure.
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Fig. 2. Variation of the first pop-in loads with the indenter radius in the
as-cast alloy. Data reported by Wang et al. [15] for the same alloy and with
a tip radius of 780 nm is also plotted for comparison purposes. The solid
red line is a power-law (Eq. (2)) fit to the data.

Fig. 2 summarizes the dependence of the first pop-in
load, Py, on tip radius R. In addition, the data obtained
by Wang et al. [15], wherein a tip of 780 nm radius was
employed on nominally the same glass as that used in the
current study and at the same loading rate (1 mNs™ '), is
also plotted. Note that Wang et al.’s dataset is compara-
tively small (~30), resulting in a relatively small range of
P;. The range, average and standard deviations of the each
data set are summarized in Table 1. An obvious trend is
seen; all of them increase monotonically with increasing
R. The data appears to be described well with a power law:

Py = 0.7 x R™"7, (2)

The maximum shear stress at the first-pop-in, 7,,,., rep-
resents the critical shear strength for the onset of plasticity
in the indented material. In spherical indentation, t,,,.,
occurs at a distance approximately half the contact radius
directly below the rotational axis of the contact and is

6E2

given as [12]:
=0.31p, = 0.31 3 =0.31 p %
Tmax = V.21py = V. Epm - Y 7T3R2 1 )

where pg and p,, are maximum and mean pressures of the
contact, respectively. P data plotted in Fig. 2 is converted
into 71,,,,, with the aid of Eq. (3), as displayed in Fig. 3, with

(3)

Table 1
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Fig. 3. Variation of the maximum shear stress, estimated from the first
pop-in load using Eq. (3), as a function of indenter radius for the as-cast
alloy.

details such as range, average and variance listed in Table 1.
Again, size dependence emerges, while the average value of
Tmax INCreases as R gets smaller, whereas the variance (gi-
ven by the ratio of standard deviation and the average va-
lue) increases with R. These trends are similar to those
reported by Shim et al. [3] for the ISE on yield of single-
crystal Ni. It is worth noting again that Bei et al. [9] also
estimated 7,,,. for various indenters with different R, but
did not find a clear trend. In their case the upper bound
of t,,,c remained invariant with R, whereas the lower
bound decreased with increasing R.

3.2. ISE in annealed sample

Annealing of the as-cast metallic glasses at temperatures
below their T, causes free volume annihilation and thus an
increase in atomic packing density [5]. This process is often
referred to as structural relaxation and alters the mechani-
cal behavior of the BMG dramatically [10,16,17]. The
change in P; of the annealed sample with R is shown in
Fig. 4. The inset image of Fig. 4 shows that, for
R=31.5um, deformation is purely elastic up to
Prax = 500 mN, which is the maximum load capacity of
the equipment available to us. Therefore, we could not
get Py data for this R. However, data obtained with the
other two indenters clearly show that trend in P; vs. R
on the structurally relaxed alloy is similar to that seen in

Summary of first pop-in loads and stresses. Average and standard deviation are abbreviated as AVE and STD, respectively.

Tip radius, R First pop-in load, Py

First pop-in stress, Tmax

(wm) Measured full range AVE & STD STD/AVE Measured full range AVE & STD STD/AVE
(mN) (mN) (%) (GPa) (GPa) (%)
As-cast 291 1.60-7.00 344 +1.11 32.3 2.21-3.63 2.83 +0.30 10.6
5.75 2.94-16.6 7.86 +3.07 39.1 1.72-3.07 2.3540.30 12.8
31.5 46.7-215 107 +48.4 452 1.39-2.41 1.80 +0.26 14.4
Annealed 2.91 3.87-12.6 9.08 +1.70 18.7 2.97-4.40 3.94+0.27 6.85
5.75 10.6-27.1 15.8 +3.30 20.9 2.67-3.65 3.04 +£0.20 6.58
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Fig. 4. Variation in the first pop-in load with the indenter radius in the
structurally relaxed alloy. Inset shows a representative P—h curve obtained
with an indenter whose tip radius is 31.5 um.
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Fig. 5. Variations in the maximum shear stress at first pop-in with the tip
radius for both as-cast and annealed BMG. Original full dataset for the
annealed sample is provided in the inset. While a proper fitting is not
possible for annealed sample (because only two R values are available), the
data for as-cast sample are described very well with a power-law (whose
exponent is approximately —0.2).

the as-cast sample. Variations in the average values of t,,,,
with R for both as-cast and annealed sample are plotted in
Fig. 5. The original dataset for the annealed sample is dis-
played in the inset. While an ISE in 7,,,, (i.. increasing
Tmax With reducing R) is evident for both alloys, two dis-
tinct features of the annealed alloy vis-a-vis the as-cast
alloy are noteworthy: (i) for a given R, P; is much higher
(~30 to 40%) in the annealed sample as compared to that
in the as-cast alloy; (ii) the variability in the data for the
structurally relaxed alloy is substantially smaller than that
recorded in the as-cast alloy. Additionally, annealing
appears to eliminate the size dependence of the variability,
i.e. the variance in 1,,,, of the structurally relaxed alloy is
independent of R.

4. Discussion
4.1. Influence of structural relaxation on ISE

Shim et al. [3] rationalize the ISE in crystalline Ni on the
basis of the relative sizes of the highly stressed zone under-

neath the indenter and the average spacing between mobile
dislocations. As the indenter gets smaller, the probability
for finding pre-existing mobile dislocations in the highly-
stressed volume decreases, which in turn elevates the flow
stress of the metal.

In metallic glasses, the unit carriers of plasticity are
STZs and regions with high free volume (or low local den-
sity) are the preferred locations for the STZ activation.
Since STZs are mobile dislocation analogues, an approach
that is similar to that employed by Shim et al. [3] can be
adopted for understanding the mechanism of the ISE noted
in Figs. 3 and 5. However, cognizance of the intrinsic dif-
ference between STZs and dislocations is a must here.
Unlike dislocations, STZs are not structural defects and
hence they do not pre-exist in the glass before deformation.
The structure of metallic glasses is inherently inhomoge-
neous in nature due to the disordered arrangement of
atoms. As a result, wide fluctuations in local atomic pack-
ing densities can be expected. This in turn results in a sta-
tistical distribution of free volume, which exerts a strong
influence on elastic and plastic properties. For example,
recent studies show that the local nanoscale elastic modu-
lus in a metallic glass can vary significantly [18]. With
respect of plastic deformation, STZs occur at high free vol-
ume sites and then percolate to form a shear band along
the maximum shear stress direction. Thus, as R increases
and the volume of material being sampled during indenta-
tion becomes larger, the probability of finding the weaker
region is higher and hence lower stresses are needed to ini-
tiate plasticity. In this context, the potential energy land-
scape (PEL) perspective [19,20] is noteworthy. The
kinetics of an elastic-to-plastic transition in metallic glasses
can be separated into slow o and fast B relaxation pro-
cesses, which are related to irreversible and reversible hop-
ping of atomic clusters, respectively. With decreasing
“volume,” the number of o events increases but their
amplitude decreases, both of which are strong functions
of the size and density of isolated STZs since the events
may be directly linked to the collapse of the STZ-matrix
coherency condition. In contrast, the amplitude of revers-
ible B events is more or less independent of the volume size.
Additionally, STZs can result in long-range internal stress,
such as an Eshelby back-stress [20], which is not the case
with glide of mobile dislocations. These internal stresses
may also have a role to play in the observed ISE, although
we do not yet have a clear picture as to the precise nature of
this.

The observed trends in the data of both P; and 7,,,,,
summarized in Table 1 for both the as-cast and the
annealed alloys, can be also rationalized by recourse to
the above STZ-free volume concept. During sub-T, anneal-
ing of metallic glasses, atoms in the “compressed” regions
(i.e. closer-packed regions) move slightly so as to relax
internal stresses by redistributing them at the expense of
the relatively more “open” regions next to the atoms. This
“structural relaxation” reduces the number of “liquid like”
(i.e. regions with high local free volume concentrations)
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potential sites for the STZ operation, and effectively ele-
vates the flow stress of the glass. This behavior explains
why the annealed sample exhibits a higher 7,,,, at the first
pop-in on average as well as lower bound (or threshold).
Another important feature in Table 1 is the variance in 7,
of the annealed sample vis-a-vis the as-cast sample. It is
well understood that structural relaxation leads to “redis-
tribution” of free volume, making the overall free volume
content less and its distribution much narrower. For exam-
ple, X-ray scattering measurements suggest that structural
inhomogeneity in the glass decreases by annealing the glass
below its T, [21]. A natural consequence of such “homog-
enization” is the reduction in the variability for STZ activa-
tion stresses, which is what is seen in the experimental
results of this work.

Before closing this section on the ISE, it is important to
note the following deficiency in the ., vs. R analysis. As
mentioned earlier, there is a statistical distribution in the
free volume in the material. This, combined with the stress
gradients that are inevitable in contact mechanics prob-
lems, imply that yielding will occur in regions where the
stress-free volume combination is optimum. Thus, the first
STZ does not need to occur at the specific location of 7,,y.
Instead, it will tend to occur at the place where the combi-
nation of internal structure and applied indentation stress
is the most favorable. An analysis that combines the inho-
mogeneous stress distribution with the stochastic nature of
the material is desirable in future, especially when descrip-
tion of the actual distribution of the weaker region
becomes possible.

4.2. Size of the STZs

An additional information, which is vital in the context
of physics of plastic deformation in metallic glasses, that
can be obtained from the experimental data of this work
is the size of STZs involved in yielding. Based on the ther-
mally activated, stress-assisted behavior of STZs, in an ear-
lier study we have suggested a way to estimate the STZ size
as a function of the strain rate [22], of which a brief sum-
mary is presented below.

In the cooperative shear model (CSM) model of John-
son and Samwer [23], yielding is determined by the
cooperative shear motion of STZs and hence intrinsically
depends on activation volume V*. By differentiation of
the activation energy in the CSM model, the relation
between the STZ volume Q and activation volume V™ can
be obtained as:

e 4)
6CGrc(1- )

Tco

Q=

where G is the shear modulus (= 32.5 GPa for the BMG
under consideration here), 1ot and 7o are the threshold
shear strengths at 7" and 0 K, respectively, yc is the critical
shear strain (=t1/G), and constants C~ 1/4 and {~3
[23]. With the data from 30 different metallic glasses,

Johnson and Samwer [23] arrived at a scaling law for their
flow stress as:

Tcr T M 5
VCE'VCO_VC]<T_g> ) (5)
where  yc0=0.036 £0.002, 7y =0.016+0.002 and
M =0.62 £0.2. Therefore, for a given G and T, both
Ter and 19 (i.e. yoG at T =0 K) of a metallic glass can
be estimated from this constitutive equation. Collectively,
if " of the pop-in event can be estimated through nanoin-
dentation tests, the size of STZ involved in the yielding can
be determined according to Eq. (4). It is worth noting that,
in Eq. (4), G does not affect the calculated STZ volume be-
cause both tc7 and 7 are linearly proportional to it.
The cumulative distribution of 7,,,, is illustrated in
Fig. 6. Schuh and Lund [24] suggested that the thermally-
assisted and stress-biased yielding always exhibits a spread
in the yield strengths. This is because the thermal noise
sometimes favors yielding and sometimes works against
it. On this basis, the cumulative distribution function of
pop-in events (i.e. cumulative probability in Fig. 6) can
be described as a function of the shear stress beneath the
indenter, t [24]:
kT AF* T
(-5r) e ()] ©
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Fig. 6. Cumulative probability distributions of the maximum shear
stresses at first pop-in loads for the (a) as-cast and (b) annealed BMG.
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where kT is thermal energy (k is the Boltzmann constant, 7'
is the temperature), j, is the attempt frequency (i.e. the fre-
quency of the fundamental mode vibration along the reac-
tion pathway), and AF" and V* are the Helmholtz
activation energy and volume of the event, respectively.
Eq. (6) can be rewritten as:

In[In(1 — /)] = {L;{—I;*—Hn {%} } + (Z—T>f (7)

Note that (dt/d7) is a constant for nanoindentation tests
conducted at a fixed loading rate of dP/ds. Therefore, at
T=Tu V° can be estimated from the slope of
In[In(1 — /)~'] vs. T,ax plot, as shown in Fig. 7 where the
tails of the distribution are excluded (so as to obtain repre-
sentative values that are not dominated by the tail values).
The correlation factor (R?) for every case of the linear fit-
tings in the Fig. 7 is higher than 0.9.

Values of 7 and Q obtained from Figs. 6 and 7 are
listed in Table 2. By combining these with Tt and 1
(determined by Eq. (5)), Q can be estimated through Eq.
(4), which are also listed in Table 2. In turn, the number
of atoms in the STZ, N, can be estimated on the basis of
dense-packing hard-sphere model of mletallic glass with
an average atomic radius, R = (>.74,r})%. Here, A; and r;
are the atomic fraction and the atomic radius of each ele-
ment, respectively [25]. The calculated average atomic

-4 4
as-cast
T T T T T T T T T T
1.0 1.5 2.0 25 3.0 35
T max at pop-in [GPa]
4
(b)
24
P
< 0
£
=)
24
-4 4
annealed
29 3.0 35 4.0 4.5

T at pop-in [GPa]

ma

Fig. 7. Linear fits to the In[In(1 — f)~'] vs. 7.y data, employed to estimate
the STZ size in (a) the as-cast and (b) the annealed BMG.

Table 2
The activation volume and STZ size calculated based on the statistical
analysis of the first pop-in data.

Sample Tip Activation STZ size
radius, R volu3rne, v* STZ Number of
(wm) (nm) volume, Q  atoms in the
(nm?) STZ, N
As-cast 291 0.0156 0.347 26
5.75 0.0150 0.335 25
31.5 0.0151 0.337 25
Annealed 2.91 0.0208 0.464 34
5.75 0.0199 0.443 33

radius for the Zr-based BMG used in this study is
0.148 nm.

Estimated N values for the BMG in both the structural
states examined in this work are listed in Table 2. The fact
that the estimated N, which is an intrinsic material param-
eter, seems independent of the indenter radius, which is an
externally imposed experimental variable, supports partly
the validity of the above way to estimate the STZ size.
The overall range of N (25-34 atoms) is in good agreement
with literature data [5-7,26-28]. Computer simulations also
reveal local shear events to be of the same size scale [5].
Estimates made by Pan et al. [25] are higher at 200-300
atoms for the STZ in Zr-based BMGs. However, and as
discussed below, their analysis was made with rate-dependent
hardness data whereas we use the elastic—plastic transition
in our analysis.

About 25% increase, from ~25 in the as-cast sample to
~34 in the annealed sample, in the STZ size due to struc-
tural relaxation is noted. Intuitively, this appears reason-
able; by structural relaxation, free volume decreases and
becomes distributed more uniformly, and thus the atoms
are somewhat better packed in the annealed sample.
Indeed, an increase in mass density (or atomic packing den-
sity) of the BMG was observed upon sub-7, annealing has
been reported by Pan et al. [29]. A more uniform structure
might be able to engage greater numbers of atoms into col-
lective movement in adjusting to the external stress, the dis-
tance to which strains are accommodated (that should be
approximately the same as the STZ size) increases.

To the best of our knowledge, only one experimental
report is available in the literature on the effect of structural
relaxation on STZ size. Pan et al. [29] utilized the strain
rate sensitivity, m, of hardness of a Zr—Ni—Cu—Al metallic
glass to estimate the STZ size, with a model that is a mod-
ified form of CSM. For estimating m, they have utilized the
rate-jump nanoindentation tests. Their results show that
the STZ size decreases with annealing, which is in contrast
to our results. However, it is important to note that their
method cannot be adopted for, at least, the BMG exam-
ined in this work. Like many other BMGs, at room temper-
ature this BMG (Vit-105) has been reported to be
negatively strain rate sensitive (m <0) in compression
[30,31] or almost rate insensitive (m = 0) in spherical inden-
tation [32]. The negative sensitivity is understandable given
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the flow localization tendency in them. Additionally, it
appears that Pan et al. [29] have not considered the mate-
rial pile-up in hardness estimation, which is significant in
BMG [10] and could have a pronounced effect on the
inferred hardness values. This and the fact that m <0
can make a proper estimation of activation volume from
m very difficult. On the contrary, the current work relies
on a fairly large amount of robust data and a proven anal-
ysis. Thus, an increase in STZ size with structural relaxa-
tion appears to be correct and also physically meaningful.

5. Summary and conclusions

The size effect on the yield strength of a Zr-based BMG
was investigated by recourse to spherical nanoindentation
experiments with different tip radii. Unlike an earlier study,
we have conducted a large number of experiments so as to
obtain statistically significant data on the load at which the
first pop-in occurs. This was then converted into the max-
imum shear stress underneath the indenter with the help of
Hertz’s spherical indentation contact mechanics. The
experimental results establish an ISE, with the pop-in load
increasing with decreasing tip radius, which can be
described well by a power law. The size of the STZs in
the as-cast and structurally relaxed BMG was estimated
through a statistical analysis of the data through a model
based on the stress-biased activation fluctuations. The esti-
mated STZ size is about 25 atom clusters and increases to
about 34 atoms upon structural relaxation.
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