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Abstract

A NiAl–Mo eutectic was directionally solidified to produce composites with well-aligned single-crystal Mo-alloy fibers embedded in a
NiAl matrix. They were pre-strained by compressing along the fiber axis and then the matrix was etched away to expose free-standing
micropillars having different sizes (360–1400 nm) and different amounts of pre-strain (0–11%). Compression testing of the pillars revealed
a variety of behaviors. At one extreme were the as-grown pillars (0% pre-strain) which behaved like dislocation-free materials, with yield
stresses approaching the theoretical strength, independent of pillar size. At the other extreme were pillars pre-strained 11% which
behaved like the bulk, with reproducible stress–strain curves, relatively low yield strengths, stable work-hardening and no size depen-
dence. At intermediate pre-strains (4–8%), the stress–strain curves were stochastic and exhibited considerable scatter in strength. This
scatter decreased with increasing pre-strain and pillar size, suggesting a transition from discrete to collective dislocation behavior.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

In many cases one needs to be able to measure and
understand the mechanical behavior of small volumes of
materials including, for example, microelectronic devices
and components that have shrunk in size to submicrometer
dimensions and structural materials in which the constitu-
ent phases can have length scales of a few nanometers to
hundreds of nanometers. It is also sometimes necessary
to know how mechanical properties vary from point to
point in a complex structural component in order to under-
stand both how properties evolved from prior processing
and to predict future service behavior. To accomplish this,
spatially resolved mechanical tests can be performed in
situ, e.g., by micro/nanoindentation [1], or ex situ by
micromachining small-scale specimens from the regions
1359-6454/$34.00 � 2008 Acta Materialia Inc. Published by Elsevier Ltd. All

doi:10.1016/j.actamat.2008.05.030

* Corresponding author. Tel.: +1 865 5767196; fax: +1 865 5747659.
E-mail address: Beih@ornl.gov (H. Bei).

Please cite this article in press as: Bei H et al., Effects of pre-strain o
doi:10.1016/j.actamat.2008.05.030
of interest and conducting microcompression/tensile tests
[2]. Regardless of the manner in which the tests are per-
formed, it is important to understand how the measured
mechanical properties are influenced by the small length
scales of the tested materials (i.e., sample size effects).

Sample size effects can be due to the specific specimen
preparation technique or testing method employed. For
example, the measured hardness of a thin film is often influ-
enced by the hardness of the substrate and the residual
stress in the thin film, because measurement of hardness
normally requires that the film be attached to a substrate
[3–6]. Mechanical properties can also be influenced by the
additional strengthening imparted by the geometrically
necessary dislocations [7,8] needed to accommodate the
plastic strain gradients that are unavoidable in certain test
geometries, e.g., in indentation, [9–11] microbending [12]
and microtorsion [13].

Recently, a new microcompression test was developed to
measure the small-scale mechanical behavior of free-stand-
ing pillars [14,15]. Using this method, micropillars with
rights reserved.
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Fig. 1. As-grown (directionally solidified) Mo fibers after complete
removal from the NiAl matrix by selective etching.
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sizes down to a few hundred nanometers have been fabri-
cated and tested in compression [14–24]. The compression
testing is typically conducted in a modified nanoindenta-
tion system equipped with a flat-tip indenter and, as in
the case of bulk compression tests, is believed to largely
avoid strain gradient effects, although recent tensile tests
on long-gage-length specimens [25] suggest that end effects
can influence the measured strengths. Several methods can
be used to fabricate micropillars for compression testing
[14–24], but the most common technique is fabrication
from bulk materials by focused ion beam (FIB) milling
[14–23].

A potential drawback of FIB milling is that it may intro-
duce extrinsic defects into a layer adjacent to the milled
surface. These defects include implanted Ga ions, disloca-
tions, intermetallic compounds and near-surface amor-
phous layers [26–30], which can potentially confuse the
interpretation of intrinsic mechanical behavior, especially
at small size scales [27,31]. The dislocation density after
FIB milling can be high (�1015 m�2), [32] but there is evi-
dence to suggest that it decreases during subsequent com-
pression [32]. The reduction occurs more effectively in
smaller (160 nm) pillars than in larger (290 nm) pillars [32].

Recently, we developed an alternative technique to pro-
duce single-crystal micropillars that avoids FIB milling
altogether. Our technique involves directional solidification
of eutectic alloys to produce long-aspect-ratio fibrous com-
posites followed by etching away of the matrix to expose
the fibers as free-standing micropillars [24]. Compression
tests of single-crystal Mo-alloy micropillars produced in
this way showed that, after an initial elastic regime, they
all yielded at shear stresses close to the theoretical, indepen-
dent of size, for sizes in the range 360–1000 nm [24]. In
other words, the Mo-alloy micropillars produced using
our directional solidification technique behaved like dislo-
cation-free materials [33,34].

Pillars produced by directional solidification offer a
unique opportunity to investigate small-scale mechanical
behavior because we can systematically introduce disloca-
tions by room temperature pre-straining to study the effects
of initial dislocation structure on pillar behavior without
the confounding effects of other defects that may be present
in FIB-milled pillars. Here, we present our initial results on
the effects of pre-strain on body-centered cubic (bcc)-struc-
tured Mo-alloy pillars of varying sizes.

2. Materials and methods

2.1. Sample preparation

Starting with the elemental constituents (Ni, Al and Mo,
all >99.99% pure), eutectic alloys having the composition
Ni–45.5Al–9Mo (at.%) were arc melted and drop-cast into
a cylindrical copper mold measuring 10 mm in diameter
and 100 mm in length. The drop-cast alloys were direction-
ally solidified in a high-temperature optical floating zone
furnace in flowing argon gas to produce well-aligned
Please cite this article in press as: Bei H et al., Effects of pre-strain o
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fibrous composites consisting of [100] oriented Mo-alloy
fibers with approximately square cross-sections embedded
in a NiAl matrix. Details of the growth, microstructural
characterization and mechanical properties of these com-
posites are given elsewhere [35].

Although the fibers in the eutectic composite are actu-
ally Mo solid solutions (86Mo–10Al–4Ni, at.%), we will
refer to them simply as ‘‘Mo fibers” or ‘‘Mo pillars”. Also,
when we refer to the size of the Mo fibers or pillars, what
we mean is the edge length (a) of their square cross-sec-
tions. This dimension was obtained by measuring the
cross-sectional area (A) of the fibers using image analysis
software and assuming that a ¼

ffiffiffi

A
p

. The Mo fiber size
was shown previously [35] to be inversely proportional to
the square root of the directional solidification rate, R,
which allowed us to obtain fiber sizes ranging from �360
to 1400 nm by adjusting R between 5 and 80 mm h–1. The
as-grown fibers are long and have fairly uniform cross-sec-
tions over their entire lengths, as shown in Fig. 1, where the
matrix has been etched away to reveal the fibers.

The directionally solidified composites were cut trans-
versely into 2 mm thick disks (i.e., perpendicular to the
growth direction) by electric-discharge machining. Some
of the disks were pre-strained at room temperature by com-
pression normal to their axes (i.e., parallel to the fiber
axes). The amount of imposed engineering pre-strain (per-
centage thickness reduction) ranged from 0% to 11%.

The as-grown and pre-strained disks were mounted in
epoxy, and ground/polished using standard metallographic
procedures. The final polishing step was carried out in an
automatic vibratory polishing machine with colloidal silica
as the polishing medium. The polished samples were etched
in a solution of 74% H2O, 18% HCl and 8% H2O2 to
remove the NiAl matrix and expose the fibers as free-stand-
ing Mo pillars. The matrix etched away at a rate of approx-
imately 1 lm min–1 which allowed us to control the aspect
ratios of the Mo pillars within the range 2.5–3.0. The
etched specimens were examined in a scanning electron
n the compressive stress–strain response ..., Acta Mater (2008),
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microscope (SEM) to determine the quality of the pillars
and measure their dimensions.

2.2. Microcompression tests

The mechanical response of the Mo pillars was investi-
gated in uniaxial compression with a Nanoindenter XP�

[24]. Cube-corner pyramidal diamond indenters were
FIB-milled to produce cylindrical flat punch tips. An exam-
ple of one such tip having a nominal diameter of 2.2 lm is
shown in Fig. 2. Three different tips with nominal diame-
ters of 4.5, 2.2 and 0.8 lm were fabricated for compression
of the different size pillars. They were chosen to have diam-
eters larger than the pillars but radii smaller than the pillar
spacing, so as to act as effective compression platens with-
out interference from the surrounding pillars.

The experiments were run in load control at a constant
loading rate (dP/dt) in the range 5–25 nN s�1 (scaled for
pillar size) to a prescribed maximum displacement of
�20% of the pillar height, resulting in an initial strain rate
of �10�4 s�1 for all the tests. Compression tests were con-
ducted in 14 � 14 arrays (i.e., at 196 individual locations on
Fig. 2. SEM images of (a) a cube-corner diamond indenter used to
fabricate (b) a cylindrical flat punch indenter with a diameter of �2.2 lm
by focused ion beam milling.
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each sample) with a spacing of 5–10 lm between test loca-
tions. After compression, the samples were photographed
in a SEM. Several of the locations at which compression
tests were conducted coincided with pillar locations. How-
ever, the cylindrical flat punch indenter landed squarely on
only a few of the pillars; in other cases, the indenter com-
pressed only a portion of the pillar or compressed adjacent
pillars simultaneously, as discussed in an earlier paper [24].
By careful examination of the SEM images, the former
were isolated and classified as valid compression tests.
For the larger sizes (a > 600 nm), the actual pillars associ-
ated with the valid compression tests were identified in
the SEM images taken before compression and their
cross-sectional areas measured using image analysis soft-
ware. For the smaller pillars (a < 600 nm), the areas of
the actual pillars that were compressed were not measured;
rather, an average area was used that was obtained by mea-
suring the areas of more than 36 randomly selected pillars
in a region of the sample where the compression tests were
conducted. This procedure is slightly different from that
used in our earlier paper [24] where pillars with sizes down
to �500 nm were individually tracked and average areas
were used only for pillars smaller than 500 nm. Engineering
stress–strain curves were obtained by dividing the load and
displacement data by the initial cross-sectional areas and
heights of the pillars.

3. Results

3.1. Pre-strain effects on the deformation behavior of 500–
550 nm micropillars

For the as-grown Mo pillars (0% pre-strain), the key
findings have been reported previously [24]. However, to
put the new results of this study in context, we briefly
describe some of those earlier results first. The as-grown
pillars exhibited reproducible engineering stress–strain
curves (see examples in Fig. 3) that are initially linear elas-
tic but, upon reaching a high critical stress of
9.3 ± 0.5 GPa, yield with a sudden strain burst correspond-
ing to catastrophic plastic collapse. Stable plastic flow was
not observed in any of the 12 pillars tested and, once plas-
ticity commenced, it continued catastrophically. This phe-
nomenon is similar to that observed in tensile tests of
metal whiskers by Brenner [33,34], suggesting that there
is significant strain softening after yielding. However, the
degree of strain softening and how plasticity takes place
cannot be recorded because the nanoindentation system
used for the compression tests is load-controlled. Scanning
electron micrographs taken after the compression tests
showed that all the pillars collapsed to form pancakes of
deformed material (Fig. 3b,c), indicating that severe plastic
deformation occurs in the pillars. The critical resolved
shear stress for the (112) ½11�1� slip system of these bcc pil-
lars was determined to be �4.6 GPa [24], or �1/25 of the
shear modulus, which is within the range expected for the-
oretical shear strengths [33,34].
n the compressive stress–strain response ..., Acta Mater (2008),



Fig. 3. Results of compression tests of �500 nm Mo pillars in the as-grown condition: (a) engineering stress–strain curves showing yielding at very high
stresses followed by sudden large strain bursts and (b,c) SEM images of pillars after compression tests showing catastrophic plastic collapse.
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In sharp contrast to the unstable plasticity observed in
as-grown pillars, stable plastic flow, similar to that
expected in ‘‘bulk” samples, can be achieved in �550 nm
pillars if they are given a 11% pre-strain prior to testing
(Fig. 4). The engineering stress–strain curves show contin-
uous strain hardening, with a 0.2% offset yield stress of
1.00 ± 0.08 GPa, which is almost an order of magnitude
lower than that of the as-grown pillars (�9.3 GPa).
Together, these results are consistent with the view that,
in dislocation-free materials, yielding occurs at a very high
stress because dislocations have to be first nucleated at the
theoretical stress [36–38], whereas, in materials containing
pre-existing dislocations, yielding occurs at a significantly
Fig. 4. Results of compression tests of �550 nm pillars after 11% pre-strain: (
yield stresses and normal strain hardening and (b,c) SEM images of pillars af
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lower stress by the movement or unlocking of pre-existing
dislocations [37,38].

Unlike the 0% pre-strained pillars (Fig. 3b,c), the 11%
pre-strained pillars (Fig. 4b,c) do not collapse uncontrolla-
bly. Rather, because they yield at a relatively low stress and
then work harden in a stable way, the load-controlled nan-
oindentation system is able to stop the test after the pre-
scribed 20% strain. After compression, at least one major
slip offset can be seen on the pillar surfaces (see Fig. 4b,c).

We also investigated the behavior of pillars after inter-
mediate pre-strains of 4–8%, and found significantly differ-
ent features in their deformation behavior. Fig. 5 shows
several stress–strain curves of �550 nm pillars given a 4%
a) engineering stress–strain curves showing ‘‘bulk-like” behavior with low
ter compression.

n the compressive stress–strain response ..., Acta Mater (2008),



Fig. 5. Results of compression tests of �550 nm pillars after 4% pre-
strain: (a) engineering stress–strain curves showing a variety of deforma-
tion behaviors and (b) SEM images of pillars after compression. The
numbers indicate which pillar corresponds to which stress–strain curve.

Fig. 6. Engineering stress–strain curves of �550 nm pillars after 8% pre-
strain showing a variety of deformation behaviors.
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pre-strain. As can be seen, some of the pillars (e.g. pillar 4)
show relatively stable stress–strain behavior, similar to that
observed in the 11% pre-strained pillars. After compres-
sion, pillar 4 showed evidence of two non-parallel slip
bands that were active during deformation. The lower
one appears to have been constrained at the bottom, which
may have led to the activation of a second, differently ori-
ented slip band at a different location in the gage section.
However, without in situ examination during deformation
it is impossible to know for sure which one became active
first. Other pillars (e.g. those labeled 1–3 in Fig. 5) exhib-
ited jerky flow and ‘‘stair-step” shaped stress–strain curves
similar to what has been reported in the case of FIB-milled
pillars [e.g., 14]. When examined after compression, these
pillars showed evidence of multiple, parallel slip bands.
Still other pillars (e.g., 14 the topmost curve in Fig. 5a)
exhibited behavior that is reminiscent of the unstable plas-
ticity seen in as-grown pillars (Fig. 3), but without their
Please cite this article in press as: Bei H et al., Effects of pre-strain o
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high strength. It should be noted that all the 4% pre-
strained pillars (total of 15 tested) had yield strengths that
are substantially lower than those of the as-grown pillars.

Broadly similar behavior was observed in the �550 nm
pillars given a pre-strain of 8% (Fig. 6). However, the scat-
ter in strengths was found to be less than that for the 4%
pre-strained pillars (cf. Fig. 5a). In both the 4% and 8%
pre-strained pillars the lowest yield strengths observed were
approximately the same (�0.9 GPa). However, the highest
yield strength achieved in the 8% pre-strained pillars
(1.73 GPa) was lower than that of the 4% pre-strained pil-
lars (2.90 GPa). The measured yield strengths of the vari-
ous Mo pillars with different amounts of pre-strain are
listed in Table 1.

Fig. 7 summarizes the effects of pre-strain on the yield
strengths of the 500–550 nm pillars. The yield strength
decreases with increasing pre-strain from approximately
the theoretical strength (�9.3 GPa) for the as-grown pillars
(0% pre-strain) to �1.00 GPa for the 11% pre-strained pil-
lars. As mentioned before, the yield strengths of the as-
grown and the 11% pre-strained pillars exhibit relatively
small scatter (standard deviations of ±8% of the mean val-
ues), whereas, the yield strengths of the 4% and 8% pre-
strained pillars show large scatter (standard deviations of
37% and 17% of the mean values for 4% and 8% pre-
strained pillars, respectively). For pre-strains greater than
4%, the magnitude of the scatter decreases with increasing
pre-strain.

3.2. Sample size effects on strengths of micropillars

We showed in an earlier paper [24] that pillar size (in the
range 360–1000 nm) does not affect the yield strength of as-
grown pillars (0% pre-strain). They all behaved like dislo-
cation-free materials, with reproducible stress–strain curves
n the compressive stress–strain response ..., Acta Mater (2008),



Table 1
Compressive yield strengths of 500–550 nm Mo pillars given different amounts of pre-strain

Pre-strain (%) No. of valid tests Yield strength (GPa) Average yield strength (GPa)

4 15 2.90, 2.19, 1.87. 1.81, 1.36, 1.17, 0.96, 1.12, 2.53, 2.00, 1.49, 1.29, 1.25, 1.14,
0.95

1.61 ± 0.60

8 10 1.38, 0.92, 1.24, 1.53, 1.18, 1.17, 1.23, 1.41, 1.27, 1.73 1.30 ± 0.22
11 12 0.97, 1.14, 0.92, 1.12, 0.90, 0.91, 1.11, 1.06, 0.93, 0.95, 0.96, 1.06 1.00 ± 0.09

Fig. 7. Yield strengths of 500–550 nm pillars as a function of pre-strain.
Note the relatively high scatter at intermediate pre-strains (4% and 8%).
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that exhibited an initial elastic region followed by yielding
and plastic collapse at the theoretical strength, independent
of size. Here, we investigate how sample size affects the
Fig. 8. Engineering stress–strain curves of �1400 nm pillars after 11% pre-
strain showing ‘‘bulk-like” behavior with low yield stresses and normal
strain hardening behavior. Inset is a SEM image of a pillar after
compression.
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behavior of pre-strained pillars. For this we first focus on
those pillars that exhibit stable plastic deformation (i.e.,
those subjected to 11% pre-strain). Fig. 8 shows typical
stress–strain curves of the large 1400 nm pillars. These
curves are similar to those of the �550 nm pillars (Fig.
4), suggesting a minimal effect of pillar size on strength.
A systemic analysis was conducted of the mechanical
response after 11% pre-strain for pillar sizes in the range
�360–1500 nm. As shown in Fig. 9, no pillar size effects
are seen for either the 0.2% offset yield stress, or the 5%
and 15% flow stresses. Therefore, at the two extremes of
pre-strain investigated (0% and 11%), there is no size effect
on the strengths of the Mo pillars.

Next, we examine the effect of pillar size for 4% pre-
strain (i.e., between the above two extremes). Relatively
small pillars (�550 nm) behave in a stochastic manner, as
mentioned earlier (Fig. 5a). In contrast, big pillars
(�1200 nm) have smoother stress–strain curves with more
stable work-hardening, as shown in Fig. 10. In general,
the bigger pillars have less jerky and more reproducible
stress–strain curves (i.e. they exhibit less scatter). The low-
est strengths observed are comparable for the two pillar
sizes but there are more of the �550 nm pillars with higher
strengths than the �1200 nm pillars. Based on the results of
15 tests performed for each pillar size, the average yield
stress for the smaller (�550 nm) pillars was determined to
be 1.61 ± 0.6 GPa and for the larger pillars (�1200 nm)
Fig. 9. Dependence of the 0.2% offset yield stress, and the 5% and 15%
flow stresses, on pillar size for Mo pillars given a 11% pre-strain.
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Fig. 10. Engineering stress–strain curves of �1200 nm pillars after 4% pre-
strain. Insets are SEM images of pillars after compression.

Fig. 11. Dependence of (a) yield strength, and (b) flow stress on pillar size
for different pre-strains.
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1.32 ± 0.2 GPa. An interesting similarity is revealed
between size and pre-strain effects if one compares Figs.
5a and 10 on the one hand, and Figs. 5a and 4 on the
other: the stress–strain curves become more reproducible
(and ‘‘bulk-like”) with increasing pillar size (for a fixed
amount of pre-strain) and increasing pre-strain (for a fixed
pillar size).

4. Discussion

Fig. 11a summarizes our results for the dependence of
yield strength on pillar size and pre-strain. At one extreme,
the data for the 0% pre-strained specimens (360–1000 nm)
represent an upper bound corresponding to the theoretical
strength. This is consistent with transmission electron
microscopy results which have shown that the Mo fibers
in directionally solidified NiAl–Mo eutectics are disloca-
tion-free [39]. They are also consistent with the whisker test
results reported by Brenner many years ago [33,34].

At the other extreme, the data for the 11% pre-strained
pillars appear to represent a lower bound, corresponding to
behavior that may be expected of the ‘‘bulk”. This view is
given credence by the stress–strain curves shown in Fig. 4,
which look like bulk curves even though they are actually
for relatively small �550 nm pillars. The way to confirm
this, of course, is by performing compression tests on bulk
single-crystals having the same orientation and composi-
tion as our Mo pillars (Mo–10Al–4Ni, at.%). Unfortu-
nately, when we tried to grow a single-crystal of this
composition [35], the large difference in the melting points
of Mo and Al made it impossible for us to prevent large-
Please cite this article in press as: Bei H et al., Effects of pre-strain o
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scale evaporation of Al (in fact, the boiling point of Al,
2450 �C, is lower than the melting point of Mo, 2610 �C).

At both the upper and lower extremes, strength is inde-
pendent of pillar size, but for different reasons. The upper
bound is related to the stress needed for dislocation nucle-
ation which is the same for all pillar sizes. It is conceivable
that for much larger sizes than those shown in Fig. 10, one
might encounter a sufficient number of mobile dislocations
even in directionally solidified pillars. But for the size range
investigated so far, the as-grown pillars behave like disloca-
tion-free materials and their yield strength is given by the
size-independent theoretical strength. At the lower bound
the situation is different because a significant number of
dislocations might be already present in the pillars as a
result of the 11% pre-strain. Therefore, they do not have
to be nucleated and the yield/flow stresses are governed
n the compressive stress–strain response ..., Acta Mater (2008),
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by their collective motion and interaction. If a sufficiently
large number of dislocations are introduced, the effects of
individual dislocations would ‘‘average out” and one
would not expect any size effect, as in bulk crystals. This
seems to be the case for the 11% pre-strained pillars; how-
ever, detailed analyses of the dislocation substructures are
needed before any definitive conclusions can be made.

At intermediate pre-strains, the variability in the dislo-
cation distribution from pillar to pillar results in a variety
of observed stress–strain behaviors. This stochastic behav-
ior is expected to dominate when the average dislocation
spacing approaches the specimen dimensions. Consistent
with this view, for a fixed pre-strain of 4%, the scatter in
the measured yield strengths is smaller for the bigger pillars
(Fig. 10). If we assume that a given amount of pre-strain
results in a fixed dislocation density, and, therefore, a fixed
dislocation spacing, it stands to reason that the smaller pil-
lars would exhibit more scatter. A similar trend has been
reported by Uchic et al. [14], although their pillars were
not intentionally pre-strained but contained pre-existing
dislocations from processing. Recent discrete dislocation
simulations also show increasing scatter with decreasing
pillar size for a fixed dislocation density [40]. In addition
to the above specimen size effects, we show here that, for
pre-strains in the range 4–11%, the yield strength scatter
decreases with increasing amounts of pre-strain (Fig. 7).
Both these trends can be rationalized if we assume that
the probability of finding mobile dislocations in the tested
volume increases with increasing specimen size (for a given
dislocation density), and increasing dislocation density/
pre-strain (for a given specimen size).

In principle, there should be size-dependent strengthen-
ing associated with the transition from bulk to ideal (theo-
retical) strength. For the results shown in Fig. 11a,
therefore, one would expect a size effect to be manifested
at intermediate pre-strains. Consistent with this view, the
limited data available for the 4% pre-strained pillars sug-
gest that the average yield stress of the smaller pillars is
�22% higher than that of the larger pillars. However, it
must be noted that there is considerable scatter in the
strengths of the smaller pillars (standard deviation of
±38% of the mean value). Therefore, additional experi-
ments are needed to improve the statistics in the intermedi-
ate pre-strain regime. Meanwhile, we can also evaluate how
the 5% flow stress varies with pillar size for the 4% pre-
strained samples, as shown in Fig. 11b. For this exercise,
we did not include any data from pillars that showed unsta-
ble flow after yielding (single pop-in with no intervening
hardening events). Our reasoning was that, in a load-con-
trolled experiment, it is impossible to know what the flow
behavior is during an unstable pop-in event. Nevertheless,
such exclusion biases the data shown in Fig. 11b to 550 nm
pillars that on average have lower yield stresses. Whether it
also results in a bias towards lower flow stresses cannot be
determined since, as mentioned above, there is no way to
know the relationship of the 5% flow stress to the yield
stress (it could well be lower if there is a large yield drop).
Please cite this article in press as: Bei H et al., Effects of pre-strain o
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With these caveats noted, the average flow stress for the
�550 nm pillars is 1.60 ± 0.6 GPa, and that for the
�1200 nm pillars is 1.46 ± 0.2 GPa. Therefore, the smaller
pillars are again stronger (by �10%) but also exhibit more
scatter (±38% of the mean value).
5. Summary

We investigated the effects of pre-existing dislocations
on the mechanical response of single-crystal Mo-alloy
micropillars using compression tests. The pillars ranged
in size from �360 to �1500 nm and were produced by etch-
ing away the NiAl matrix in directionally solidified NiAl–
Mo fibrous composites. Dislocations were introduced into
the micropillars before compression testing by pre-strain-
ing the composites at room temperature to various
amounts. The NiAl matrix was then etched away to reveal
free-standing Mo pillars having different sizes and different
amounts of pre-strain. Stable plastic deformation (bulk-
like behavior) can be achieved even in pillars as small as
�360 nm provided that enough pre-strain (�11%) is given.
The yield and flow strengths of pillars given this amount of
pre-strain are independent of sample size in the range 360–
1500 nm. For pillars given lower pre-strains (4–8%), the
strengths and stress–strain curves show considerable scat-
ter, with the scatter increasing as the pillar size decreases
and the pre-strain decreases. Pillars tested in the as-grown
condition (i.e., without any pre-strain) behave like disloca-
tion-free materials and yield, independent of size, at very
high stresses, approaching the theoretical strength.
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