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ABSTRACT

The effects of specimen size and strain rate on the plastic deformation response of sub-pum-sized
nanocrystalline Cu pillars were examined through a series of micro-compression experiments, with
particular emphasis on the stochastic nature of the measured responses. A large number of micropillars
two different diameters, both with an average grain size of 6 nm, were prepared by employing the single
batch process of e-beam lithography and electroplating and tested. By recourse to statistical analysis, it
was recognized the yield strength and flow stress increase with pillar size and strain rate. Further, the
rate sensitivity in smaller pillars was more pronounced, implying synergetic interactions between the
deformed volume and the strain rate imposed. The coupling influence of size and rate on yield was
analyzed by estimating the parameters in a statistical distribution having Weibull-like formula, revealing
that the enhanced role of free surface in smaller pillar may make it easy to trigger yielding. The size-
dependence of rate-sensitive plastic flow was also statistically examined in detail and discussed in
terms of strain-rate sensitivity, activation volume, and the combined roles of free surfaces and grain
boundaries.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

experimentally variable size of the specimen. For example, an in-
crease in m with decreasing average grain size, d, has long been

The strain-rate sensitivity (SRS) of plastic deformation in metals
and alloys is an extensively researched topic, as it is essential not
only for better understanding of thermally activated processes, but
also for developing improved manufacturing processes such as
metal forming, high-speed machining, and other dynamic pro-
cesses. This is accomplished by examining the mechanical proper-
ties of the material under investigation over a wide range of strain
rates, ¢ and SRS is expressed in terms of the parameter m which is

aln &

given by (61“ "> where ¢ is the flow stress. The published liter-
e T

ature suggests that m is both the intrinsic length scales such as the
grain size as well as extrinsic parameters such as the
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observed in face-centered cubic (fcc) metals [1—6]. This trend ex-
tends even to nanocrystalline (nc) metals (with d < 100 nm) of
which m values are now known as ~0.01-0.03 [2—7]. This
enhancement was attributed the increased role of grain boundaries
(GBs) in the plastic deformation with decreasing d [3,4]. Likewise,
the dependence of m on the sample diameter, D, - higher m for a
smaller D-is attributed to the enhanced contribution of free surface
[8—10]. Then, it is reasonable to expect that considerable
enhancement in m could occur when micro-/nano-pillars having
nano-sized grains are tested. This aspect remains unexplored
hitherto. Further, only limited efforts have been made for investi-
gating the possible synergetic effects of intrinsic and extrinsic size
effects on the rate dependence of deformation (i.e., for the pillars
having both D < 1 pm and d < 100 nm). A previous work by Zhang
et al. [9,10] reported relatively high m (~0.18) of poly-crystal Cu
pillars with D~500 nm. However, their pillars had relatively larger
d (110 and 180 nm). Recent works by Mohanty et al. [ 11] and Wehrs
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et al. [12] explored the m of nc Ni pillars with d < 30 nm. However,
these studies do not complete the picture as only size pillars (D
larger than 1.5 um) was utilized in both the studies [11,12]. We [13]
have also reported the m of nc Ni pillars (with d~12 nm), but still the
used pillars had single D of 1 pm. Therefore, better understanding of
the synergetic effects of both intrinsic and extrinsic sizes on the
rate-dependent deformation becomes the first motive of this study.

The second motive of this study, which is perhaps relatively
more important, is related to the stochastic nature of the me-
chanical responses measured on small-volume sample, which is
imparted by the smaller number of grains in combination with the
finite number of dislocation sources at the very small scale (for
example, see recent review [14]). Such inevitable stochastic
behavior in the analysis of the size effects on the rate-dependent
deformation is, hitherto, one of the issues remaining unsolved in
the literature on the micro-compression experiments of small-
sized pillars. To examine this, statistical analysis of the large data
is essential. However, in most of the studies, which are concerned
with plasticity, only limited number of the pillars were probed, e.g.,
only three pillars were tested for each condition in Refs. [11,12]. In
prior studies, the tested pillars were usually prepared by focused
ion beam (FIB) milling, which requires long time and hence is
costly. Therefore, it is economically-unviable to conduct statistically
significant number of micro-compression experiments on FIB-
prepared pillars. For this reason, among a variety of nano-
mechanical tests, nanoindentation test has been the most popularly
used for statistical analysis of the strength fluctuations (using
hardness and pop-in stress data [ 14—22]) thanks to its merits such
as simple testing procedure and easy sample preparation.

Keeping the above factors in mind, we explored the stochastic
nature of size effects on the rate-sensitive deformation of sub-pm-
sized nc Cu pillars (having both d < 10 nm and D < 1 um) through a
series of micro-compression experiments under three different e.
More than ~380 pillars (with d~7 nm, and D~550 and ~1000 nm)
were prepared by a single batch process of e-beam lithography and
electroplating. This fabrication technique offers several advantages:
First is the high throughput with the possibility of simultaneous
manufacturing hundreds of pillars. Second, the produced pillars are
free from any surface damage that is typically attributed to FIB
milling process [23]. Last, but not the least, strong sample unifor-
mity across each substrate can be obtained through this fabrication
method. From the statistical analysis of the results, the coupled
influences of both size and rate on the yielding and plastic flow of
the sub-pm-sized nc pillars were discussed in terms of statistical
parameters, strain-rate sensitivity, activation volume, and com-
bined roles of free surfaces and GBs.

2. Experimental

The nc Cu pillars examined in this work were fabricated via
electron beam lithography and electroplating methods [23] as
following. First, the silicon substrates covered with thin Ti (~25 nm)
and Au (~25 nm) seed layers were spin coated with a poly-
methylmethacrylate (PMMA) resist. Subsequently, arrays of circular
via-holes with diameters, D, of ~550 and ~1000 nm were patterned
in the PMMA film using electron beam lithography. Next, these
patterned molds were filled with nc Cu by electroplating by using a
commercial grade pure Cu as anode. The solution was made of
sulfuric acid, Cu (II) sulfate pentahydrate, thiourea, and ultra-pure
water. After electroplating, the remaining PMMA resist was
removed with acetone, so as to obtain pillar arrays.

Quasi-static micro-compression tests were performed on the
pillars at room temperature (RT) using Nanoindenter XP (formerly
MTS; now Keysight Tech., Oak Ridge, TN) with a FIB-milled cylin-
drical diamond punch having a top diameter of ~8 pm. During the

tests, the pillars were loaded with nominal strain rates, &, ranging
from 0.0002 to 0.005/s. The morphologies of pillars were imaged
before and after the micro-compression tests through scanning
electron microscopy (SEM) with Nova NanoSEM 450 (FEI Inc.,
Hillsboro, OR). Additionally, in-situ micro-compression tests were
performed on pillars inside a Quanta 250 FEG SEM (FEI Inc., Hills-
boro, OR) using a PI 85 picoindenter (Hysitron Inc., Mineapolis,
MN). The microstructure of the pillars was examined with the aid of

(b) ©

Fig. 1. Representative SEM images of prepared sample geometry; (a) electroplated
pillar array; (b) morphology of as-fabricated pillar with D of ~1000 nm and (c) of
~550 nm.

Fig. 2. Typical-high resolution TEM image revealing the nano-sized grains.
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transmission electron microscopy (TEM) with JEM-2010F (JEOL Ltd.,
Tokyo, Japan).

3. Results
3.1. Micro-compression tests

Fig. 1 shows the arrays and morphologies of as-fabricated nc Cu
pillars. As already mentioned, a particular advantage of the applied
fabrication method is high throughput with hundreds of uniformly
spaced pillars on one substrate, which is clearly seen through
Fig. 1(a). An additional advantage is that the top surfaces of the
pillars are flat while the side-surfaces are almost taper-free, as seen
from Fig. 1(b) and (c) that display higher magnification images of
the pillars with the nominal outer diameter D of ~1000 and
~550 nm and aspect ratios of are ~1.4 and ~1.5 respectively. A high-
resolution TEM image obtained from a pillar with D~1000 nm is
displayed in Fig. 2. From such images, the grain size, d, of the pillars
was determined to be ~6 nm, which was measured using multiple
TEM micrographs taken at various locations on each pillar.

Typical examples of load-displacement (P-h) curves that were
recorded during micro-compression tests are provided in Fig. 3(a).
From the P—h data, true stress (¢) vs. true strain (e) curves were
extracted with general assumptions of volume conservation
(AoLo = ApLp where A and L are cross-sectional area and height of
pillar, respectively, whereas subscripts “0” and “p” indicate “initial”
and “during plastic deformation,” respectively). In Fig. 3(b), repre-
sentative g-¢ curves for both D~1000 and ~550 nm obtained at ¢ of
0.001/s are compared. It is seen that the plastic flow resistance of
the larger diameter pillars (D~1000 nm) is considerably higher than
those with smaller D (~550 nm). Similar “smaller is weaker”
behavior was previously reported for the pillars of nc fcc metals
such as nc Cu [24,25], Ni-W [26], Ni [27], and Pt [28].

Fig. 4 shows representative SEM images of the ~1000 and
~550 nm diameter pillars taken before and after micro-
compression tests. In both the cases, large plasticity was
observed, i.e., the pillars could be deformed until they become pan-
cake-shaped. This interesting superplastic-like deformation at
relatively high # (10~3-10"/s) and at RT was also reported for nc Ni

500 nm

Fig. 4. SEM images taken before and after the micro-compression tests (for £ ~ 0.005/s).
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D~1000 nm

Fig. 5. Snap shots taken during in-situ micro-compression test (for ¢ ~ 0.005/s).

previously [13,29]. To directly visualize the deformation, in-situ
micro-compression tests were performed on the pillars for
D~1000 nm. The captured video frames are provided in Fig. 5.
During loading, the deformation was found to be uniform with
neither a sudden geometry change nor localization of failure.

3.2. Statistical inference

We have conducted more than 60 tests for each condition, so as
to conduct a critical statistical examination of the mechanical
behavior of the micropillars. The P-h data for a large number of
tests, displayed in Fig. 6, illustrates the disperse nature of the
measured mechanical responses and justifies a detailed statistical
analysis. For this, both yield strength, oy, and flow stress, oy, were
analyzed to investigate their dependence on D and é. Since the
determination of the exact value of gy is difficult due to a contin-
uous transition from elastic to elasto-plastic deformation regimes
of the stress-strain response, flow stress obtained by a strain offset
of 1%, was designated as gy (see Fig. 7). Additionally, of at various
remnant plastic strain, ep, values where ¢, is the amount of
remaining ¢ after unloading, i.e., the total strain minus elastic strain,
€e, as illustrated in Fig. 7.
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Fig. 6. The data set of P-h curves for D~1000 nm and ¢ ~ 0.005/s.
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Fig. 7. Schematic illustration showing how to determine ¢, and oy

The dispersions in gy and o (for ¢, = 0.1, for instance) for the two
different D examined in this study are illustrated through histo-
grams (whose bin sizes are 0.025 GPa for D~1000 nm and 0.05 GPa
for D~550 nm) in Figs. 8 and 9, respectively. We approximate these
distributions to be Gaussian in nature; the continuous distributions
(estimated by using the mean and standard deviations) are drawn
as solid lines on these histograms. Two trends are noteworthy. First,
in all the cases, the mean value increases with & which is pro-
nounced for D~550 nm. Second, the distribution obtained at
& = 0.005/s is much wider as compared to the others obtained at
different & We also observe that the dispersion gets wider with
increasing é.

For further analysis of the observed trends, statistical inference
was obtained by using a two-way analysis of variance (ANOVA)
[30,31]. It enables us to assess not only the effect of each inde-
pendent experimental variable (i.e., D and & in this study) on the
overall dispersion, but also the synergy between them, if any. De-
tails of the analysis procedure adapted are provided elsewhere
[30,31]. The results of such an analysis for ¢y, and ofare summarized
in Table 1 from which, it is clear that the interaction between each
source (D and &) is statistically significant; i.e., the p-value is very
close to zero. This suggests that the rate sensitivity depends on the
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Fig. 8. Histograms and Gaussian distributions of ¢, for pillars with (a) D~1000 and (b)
D~550 nm.

pillar diameter; i.e., smaller the pillar, more pronounced it is to the
imposed rate of deformation.

Although some inferences can be drawn from the above anal-
ysis, it is insufficient to ascertain whether or not one pair (or group)
of mean values for a specific set of experimental conditions
(especially, for ) is significantly different from others. Here, since
three different ¢ (0.0002, 0.001, and 0.005/s) were utilized, it is
necessary to check the validity of the influence at each level (i.e.,
between 0.0002 and 0.001/s and between 0.001 and 0.005/s)
independently, which cannot be examined by two-way ANOVA.
Thus, for each D, we additionally performed one-way ANOVA, fol-
lowed by Tukey’s test for the post-hoc analysis [30,31]. The results
reveal that both oy, and oy increase significantly within the ¢ ranges
of 0.0002—0.001 and 0.001—0.005/s. Specifically, the mean differ-
ence obtained from Tukey’s test is larger for D ~550 nm than that
for D ~1000 nm, which indicates to a more obvious ¢ dependency of
the former. A comparison of the mean differences suggested that a
lower ¢ can lead to more pronounced reduction in gy and of with
decreasing D. These trends are graphically summarized in Fig. 10.

4. Size-dependence of rate sensitivity
4.1. Yield strength

Rate dependency of plastic deformation in small volumes of
single- as well as poly-crystal materials has been investigated in a
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Fig. 9. Histograms and Gaussian distributions of of at ¢, = 0.1 for pillars with (a)
D~1000 and (b) D~550 nm.

Table 1
Two-way ANOVA results for “interaction” of D and é.

Degree of freedom Sum of squares Mean squares F-value p-value

Foroy, 2 1.852 0.926 208.1
For oy 2 1.449 0.724 183.8

1.8E-60
1.8E-55

number of recent studies [8—12,32]. Zhu et al.’s simulation work on
Cu nanowires [32] suggests that the rate-sensitive yielding in a
small volume of material is governed by the nucleation of dislo-
cations at the free surfaces. On this basis, an analytical expression
for the dislocation nucleation stress (¢,;) was derived as [32];

KT . KTNv
In=0a— eIy

(1)

where o4 is the athermal stress associated with the dislocation
nucleation, V* is the activation volume, k is Boltzmann constant, T is
the absolute temperature, N is the number of nucleation sites
available, v is the attempt frequency, and E is Young’s modulus. This
equation provides a basis for the understanding of some of the
results of the present study. First, ¢, is dependent not only on T and
& but also on N, which implies a size effect as smaller pillars will
necessarily mean smaller N. Second, in the equation, the term (kT/
V*) pre-multiplies the logarithm. Thus, at a given Tand N, smaller V*
results in higher rate sensitivity of ay,.
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Fig. 10. Summary of the variation in ¢, for pillars as a function of ¢ and the inset image show the variation in oy at e, = 0.1.

An interesting observation made in Zhu et al.’s study [32] is that
the V* associated with the surface dislocation nucleation is in the
range of ~1—10b> (where b is the Burgers vector) which is much
lower than that of a dislocation in the bulk and is close to that for
diffusion process. Recently, Chen et al. [33] also reported that sur-
face dislocation nucleation requires a small V*, which is similar to
that for diffusion process. From these studies, it is reasonable to
assume that the size-dependence of rate-sensitive yielding
observed in the present study is also related to surface diffusion and
dislocation nucleation.

The cumulative probability for yielding, f, and V* are often
related through the following equation [15,16]:

_ kTvq AF TV
rer-on - paee(ir)ee(ir)] @
The above equation can be rewritten as

ponfin(t "] o olnfin(t - ']

vi=k orT day

(3)
Although V* can capture the effects of T and & on the strength
variation, it cannot capture their possible influences on the
strength distribution. It is important to recognize that the potential
dislocation source at nanoscale is intrinsically stochastic in nature.
Therefore, a dispersion in the measured ¢, would be natural (see
Fig. 8). In this regard, some efforts to use the Weibull distribution
for statistical analysis of the nanomechanical measurements (i.e.,
jerky flow and size effect in micro-compression results [34—38])
were made, although the Weibull distribution is typically used for
analyzing the fracture strength of brittle materials [39—41]. For
yielding, the applied formula of Weibull distribution is typically
given by,

fren] +(2)]

where V is volume, w is the shape parameter (or Weibull modulus),
and oy is the scale parameter. Equation (4) suggests that a larger V
corresponds to a higher probability for yielding, indicating that the
weakest-link scaling of strength implicitly assumed in Weibull
statistics imparts a size effect automatically [39,40]. In this study,
however, the observed size effect is opposite to this expectation,
ie, the smaller pillar has lower gy. As elaborated above, the
weakening mechanism is conceivably associated with increased
fraction of free surface in a smaller pillar. This observation implies
that it may be more apt to replace V in Eq. (4) with the surface-to-
volume ratio (SVR), S/V where S is surface area:

S ¢ Uy @

r=i-e-(g) (3) ®
where « is the SVR-dependent exponent. Note that although there
is a mathematical similarity, Eq. (5) cannot be called a real Weibull
distribution formula because the physical meaning for the influ-
ence of SVR on yield strength can be against the weakest-link
theory. Since a higher value of (S/V) in a smaller pillar results in
higher f for yielding, this equation may be appropriate to explain
the yielding behavior of nc Cu pillars examined here. In this
“Weibull-like” formula, the shape parameter, w, can reflect not only
the strength variability but also the magnitude of activation volume
V*. The value of w can be simply expressed by

aln[lnm - f)”]

©= oln gy (6)
By integrating Eqs. (3) and (6), one can readily show
ayV*
W= . 7
V3kT )

Since w is proportional to V¥, it can be deduced that w may play a
similar role to that of V*in Eq. (1); i.e., a lower w (thus, lower V*) can
bring out the enhancement of rate-sensitive deformation. The SVR-
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dependent exponent, «, is an indicator for the probed material’s
sensitivity to SVR; e.g., if « is zero or close to zero, the material’s
yield response is size-insensitive. The value of « can be estimated
from the relation between mean strength, gy, and (S/V):

7y = aor(1 +%) (é) o, 8)

where oI’ (1 + (l)> is constant, and T(] + %) is a gamma function.

The -a/w values can be obtained from the slope of the linear plot of
In(S/V) and Ingy, and then the value of « for each condition can be
determined by dividing into w.

Based on Egs. (6) and (8), the best fits for the datasets of gy are
provided in Fig. 11 where estimated w and « are also given. When D is
reduced from ~1000 to ~550 nm, the SVR increases from 0.0046 to
0.0082/nm and the w value decreases from ~11-16 to ~6—9, sug-
gesting that the increased fraction of the surfaces results in a wider
distribution of the yield strength. More importantly, it reveals that a
smaller pillar exhibits a lower activation volume and thus a higher
rate sensitivity. In turn, it provides a plausible explanation that in a
smaller pillar, the enhanced role of the surface nucleation may make
it easy to trigger yielding at lower stresses and clearly manifest the
rate sensitivity. In addition, extremely high value of a (~4—25) and a
significant change with & support that the SVR markedly affect the
rate-sensitive deformation and its mechanism.

1.0+

1/ w~11, a~25
0.8 A 02 (R?=0.995)
0.6

S
044 w~14,a~4
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(b) d

Fig. 11. Weibull plots for yield strength of nc Cu pillars with the parameters of v and «;
(a) D~1000 and (b) D~550 nm.

4.2. Flow stress

To explore the plastic deformation mechanism beyond yield, we
examined strain-rate sensitivity in the plastic flow regime, m,
which is determined by relating oy and ¢ through

(Tf = K™ (9)

where K is a correlation constant. As a representative example, the
plot of g7 (at ep of 0.1) vs. ¢ is given in the inset image of Fig. 12(a)
where m is 0.042 and 0.29 for D~1000 and ~550 nm, respectively.
The values of m are summarized as a function of ¢, in Fig. 12(a);
note that m for D ~550 nm is ~7—8 times higher than that for
D~1000 nm.

Rate sensitivity of deformation in nc metals is through to be a
result of the high GB fraction in them [2—7]. For an fcc metal, the
relation between m and d is given as [5]

m:k—T—l (10)

¢b x(oz\/ﬁa+ﬁ\/a>.

Here, £, «, and g are proportionality factors, x is the unit distance
that is swept by a mobile dislocation and is approximately constant
on the order of b, and p is the dislocation density (which can be

0.9 I—/_I__,_,_,,__!

w
0D &5 os m~ 0.04
O 550 nm § v
8 m 1000nm g
0.35 @ 03
5 | % 3 —
= 0.304 e i 0° 0°
‘D ~~._  Strain rate [/s]
e =
: o 38
D 0254 - -
Q *
$ 0.20.%
£ 0051 ~-F---___
5 oo . -
@D 0.00 . : . . . ' '
0.05 0.10 0.15 0.20
Plastic strain, ¢
(@) p
0.3+ This study
E- ® ® D~ 550nm
= t O D~1000 nm
> ‘ ‘ D ~550 nm O Literature
-
8 024 (9 V=0.0082 /nm)
g Reduction
inD
. ' D~1000 nm
© S V=0.0046 /nm
S o1 B ¢ )
£
S Q Eq. (10)
= Oogg qg.
? oo e Eﬂ ----------- -
10° 10' 10° 10° 10° 10°
(b) Grain size, d[nm]

Fig. 12. Variations in m (a) as a function of ¢, with the inset showing how to estimate
m (for ¢, = 0.1), and (b) as a function of d for Cu using experimental data from the
literature [1,4,43,44] and from the present work.
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correlated with e, by Orowan equation p = ep/(bA) where 4 is the
mean free path of dislocation slip [42]). Representative m values for
Cu bulk samples reported in the literature [1,4,43,44| along with
those obtained in the present study are plotted in Fig. 12(b). The
best fit of Eq. (10) through the entire data is also plotted. The m for
D~1000 nm appears to be in a good agreement with that predicted
using Eq. (10), implying that the nature of the plasticity in the
pillars with D ~1000 nm is similar to those of bulk samples. In the
case of D ~550 nm, however, the m value is much higher than the
value expected from Eq. (10). This indicates that the pillar size itself
(if it is smaller than a critical value) can markedly affect the plastic
deformation of nc metals independent of microstructural effects
such as effects of d.

The procedure for the estimation of V* associated with the
plastic flow is generally different from that used for yielding [i.e.,
based on Eq. (3)] since it is less stochastic in nature. From its
definition, it can be simply determined by:

V= \@kT<@> (11)
acrf

The estimated values of V* at various g, are shown in Fig. 13(a). Of

that, grat ep 0f 0.1 as a function of ¢ is plotted in the inset image. The
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Fig. 13. Variations in activation volume, V*; (a) V* vs. &, (with inset showing an
example of how to determine V*, for &, = 0.1); (b) V* vs. D relations from this study and
literature [8,10].

V* for D ~1000 nm is ~11b> and for D~550 nm is ~3b>.

To better understand the influence of the pillar size on the rate
sensitivity of plastic deformation, V* obtained in the present work are
plotted along those reported in literature [8,10] as a function of D in
Fig.13(b) where literature Cu data for single-crystal [8] and d~180 nm
[10] are also given. For both poly-and single-crystal cases, a linear
relation between V* and D on a log-log scale is observed; i.e., V* values
decrease significantly with decreasing D. Although direct compari-
son of all the data plotted in this figure may not be accurate in view of
the differences in applied & as well as the ranges of ¢ over which they
are obtained [8,10], a clear trend of a increase in the slope with a
reduction in d (and thus increasing faction of GBs) can be noted. This
observation implies that the size-dependency of V* is more pro-
nounced for a smaller d. On this basis, it is reasonable to conclude that
a strong coupling between free surfaces and GBs (whose fractions are
associated with D and d, respectively) influences the rate sensitivity
of plasticity in micropillars. A possibility for this could be surface-
enhanced GB-mediated deformation and/or high dislocation activ-
ities at surface/GB intersections. Both experimental and simulation
works reported in literature [24,45—48] suggest that the GB-
mediated deformation (including GB sliding and grain rotation
which are directly related with superplasticity and high m in con-
ventional fine-grained metals [49]) in the proximity of free surface
occurs more easily than in the pillar interior, possibly due to the role
of free surface as a relaxer of mechanical constraints [46]. In addition,
such noticeable GB-mediated process near surface can lead to the
formation of small surface steps/grooves on the order of atomic
spacing at some of the GB/free surface intersections [25,50]. Such
surface defects of the nanostructures can lower the activation barrier
for plastic deformation due to local stress concentration, which is
helpful for superplastic-like behavior. Thus, the pillar with larger
fraction of GBs (that can lead larger fraction of potential stress con-
centration sites) may exhibit a noticeable rate-sensitive deformation
than that with smaller fraction.

5. Conclusion

In the present study, the size-dependence of rate-sensitive
deformation in nc Cu pillars having two different sizes was sys-
tematically investigated with a particular emphasis on the sto-
chastic aspects of deformation. The influence of two experimental
variables (D and &) on the yield as well as the plastic flow behavior
was statistically analyzed. Results reveal that both ¢y, and orincrease
with D and &. Further, synergy between D and ¢ was noticed, i.e., the
rate sensitivity in smaller pillars is more pronounced. This was
discussed in terms of the estimated w, «, and V*. Increased contri-
bution of free surface for smaller pillars results in a wider strength
distribution and a lower activation volume, which can be indirectly
evidenced by lower w. The enhanced role of the surface nucleation
can lead to an easier trigger of yielding and obvious rate-sensitive
deformation in small pillars. Beyond yield, the assessment of m
for plastic flow showed a considerably higher m in smaller pillars
compared with nc bulk counterparts. In addition, the obtained V*
values were compared with those in the literature, leading to the
trend that larger reduction in V* with decreasing D is exhibited in a
smaller d pillar. It can be rationalized in consideration of the
enlarged contribution of free surface and the enhanced coupling
with GBs.
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