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Size Independent Shape Memory Behavior of

Nickel-Titanium**

By Blythe G. Clark®, Daniel S. Gianola, Oliver Kraft and Carl P. Frick

While shape memory alloys such as NiTi have strong potential as active materials in many small-scale
applications, much is still unknown about their shape memory and deformation behavior as size scale is
reduced. This paper reports on two sets of experiments which shed light onto an inconsistent body of
research regarding the behavior of NiTi at the nano- to microscale. In situ SEM pillar bending
experiments directly show that the shape memory behavior of NiT1 is still present for pillar diameters as
small as 200 nm. Uniaxial pillar compression experiments demonstrate that plasticity of the phase
transformation in NiTi is size independent and, in contrast to bulk single crystal observations, is not
influenced by heat treatment (i.e., precipitate structure).

Shape memory alloys represent a class of so-called “smart”
materials that can be returned to their original shape after
deformation, either spontaneously or through the application
of heat. While several alloys are capable of shape memory
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behavior, nickel-titanium (NiTi) is the most extensively
researched due primarily to its relatively large deformation
recoverability,!"! as well as its high strength,”” corrosion
resistance,”’ biocompatibility,” and high intrinsic damp-
ing.”! The shape memory effect for NiTi results from a
reversible martensitic phase transformation, in which the
crystal structure shifts from a B2 (austenite) to a B1Y
(martensite) phase in a shear-like manner. Depending upon
composition and processing history, the stress-induced
martensitic phase transformation is capable of two responses:
pseudoelasticity and shape memory behavior. Pseudoelasti-
city occurs when the martensite is unstable at the testing
temperature and spontaneously reverts back to austenite
upon unloading, recovering the previously accumulated
deformation. Shape memory behavior occurs when the
martensite is stable at the testing temperature, requiring heat
torevert to austenite and recover the strain associated with the
phase transformation.

Monotonic uniaxial stress—strain testing of shape memory
NiTi is well-known to exhibit four stages of deformation, each
dominated by a specific mechanism as a function of increasing
strain: (I) elastic deformation of austenite, (II) austenite-
to-martensite phase transformation, (III) elastic deformation
of martensite, and (IV) martensite plasticity.'®! The martensite
phase transformation is exemplified by a critical stress at
which the phase transformation initiates, followed by a
decrease in stress/strain slope signifying the propagation of
the martensite throughout the sample.""! Nominal values of
the critical martensite initiation stress, transformation slope,
and transformation strain are heavily influenced by proces-
sing history, microstructure, and crystallographic orientation.
Because the phase transformation is temperature dependent,
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stress-induced martensite will revert to austenite upon
heating above the austenite finish temperature (Ay), while
plastic deformation induced in the martensite phase will
remain permanent.

Because the actuation mechanism is inherent to the
material, NiTi is of particular interest for small-scale
applications”! and is often proposed as the active material
in functional devices.!®! This feature has been exploited in
micro-electrical-mechanical systems (MEMS),”! as NiTi has
been shown to have a higher work output per unit volume
than any conventional actuator.'”! Although understanding
the mechanical behavior of NiTi at small-scales is crucial to
such applications, it remains unclear how size scale influences
the shape memory effect; to date, investigations into the size
dependency of the NiTi martensitic phase transformation
have yielded contradictory results.''”! Similarly, many
unanswered questions remain concerning the influence of
sample size on martensite plasticity. To shed light on these
areas, this study investigates the size effect on shape
memory behavior and plasticity in focused ion beam (FIB)
machined NiTi pillars that were aged to elicit shape memory
behavior at room temperature."® To study the influence of
size on shape memory effect, pillars ~1 um and 200nm in
diameter were subjected to bending via angled application of
load during in situ scanning electron microscope (SEM)
observation. After subsequent ex situ heating, all pillars
showed partial to full recovery, clearly demonstrating
deformation recovery regardless of sample size. To study
the size effect on plasticity, uniaxial compression experiments
on similar size pillars were conducted using a nanoindenter
equipped with a flat punch. The results indicate that plasticity
of martensite is independent of sample size or precipitate
structure, which is corroborated by previous work of the same

authors.1*21

Experimental

With exception to the specific aging
temperature, preparation of NiTi compres-
sion pillars was nearly identical to the
process used in previous studies.**?"
Nominally Ti-50.9 at% Ni single crystal
was solutionized, and subsequently aged at
450 °C for 1.5h followed by a water quench.
This heat treatment was explicitly used to
form TizNi, precipitates ~50 nm in diameter.
The relatively large internal stress caused by
the semi-coherent interface of the precipitates
is known to assist in phase transformation,'??!
resulting in shape memory behavior at
room temperamre.[23] Bulk Ti-50.9 at% Ni
given an identical aging treatment had
austenite start (A;) and finish (A¢) tempera-
tures of 25 and 33°C, respectively."®! A
~4mmx4mmx7mm  NiTi  specimen
oriented such that the long direction was

aligned with the [111] crystallographic direction was electro-
discharge machined. The sample surface was mechanically
polished under low force (approximately one pound) with
decreasing grit size, ending with a 0.25 pm diamond solution.
In order to remove the surface layer affected by mechanical
polishing, the specimen was then electropolished at 15V for
25min in a 5% perchloric acid, 95% ethanol solution.
Free-standing compression pillars with diameters ranging
from ~2 pm to below 200nm were FIB machined into the
electropolished surface. All FIB cuts were made using a
voltage of 30kV, at currents ranging from 7 nA for rough cuts,
down to 10 pA for the final cuts. Because all pillars were
created using top-down annular FIB milling, all pillars had an
estimated taper angle of ~3°-5°, which is similar to other
micro-pillar studies using the same basic manufacturing
technique.”*!

The in situ SEM pillar bending setup used is shown in
Figure 1. Pillars were fabricated on the electropolished top
edge to assist in lateral SEM imaging. In situ bending was
performed using a flat diamond punch tip oriented at an angle
relative to the long axis of the pillar [Fig. 1(b)]. Because each
free-standing pillar was produced by removal of surrounding
material, essentially creating a circular trough, angles ranging
from 40° to 60° were chosen to ensure that the indenter only
contacted the pillar and did not come in contact with the
trough sidewall. Bending was selected as the mode of
deformation due to the large tip deflections that can be
achieved (i.e.,, large lateral compliance), facilitating the
observation of relative changes in specimen shape due to
plastic deformation and shape recovery. The transducer was
operated in feedback-enabled displacement control, which
provided stable incremental deformation, avoided large strain
bursts, and provided a real-time output of the load and
displacement applied on the specimens. The displacement
rate for testing was 0.5nms ' for the small (~200nm
diameter) and 1nms™" for the large (~1pm) pillars. SEM
images were captured during bending to visualize the

Actuation

/ Direction

e edge
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Fig. 1. SEM images of the in situ bending setup used for pillar bending. (a) Edge-on view of the [111] NiTi
sample and the flat conductive diamond punch tip, and (b) higher magnification view showing the orientation of
the flat punch with respect to the NiTi pillars (0 was in the range of 40°~60° for all tests). The small box drawn in
(a) indicates the location and area of the image in (b).
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deformation and to correlate the load—displacement curve to
testing events. After bending, pillars were heated ex situ at
200°C for 5min to elicit phase transformation deformation
recovery, and reimaged with the SEM.

Due to the inherent pillar taper, the angle of applied force,
indenter/pillar slipping, and unknown constitutive response
(nonlinear relationship between stress and strain) a quanti-
tative transformation of the force—displacement data to
stress—strain values was not attempted. Furthermore, while
displacement and force resolution were adequate for the
pillars tested near 1um in diameter, significant noise was
observed for pillars 200nm in diameter. Therefore, digital
image correlation (DIC) software'®! was used to measure the
strain evolution on the pillar surface from SEM images
obtained during in situ bending experiments. DIC relies on the
correlation of the intensity distribution of small subsets of
pixels between a reference and a deformed digital image,
providing displacement fields. Quasi-full-field strains can be
computed from the gradients of the displacement fields with
respect to spatial position, requiring no recourse to a model of
constitutive behavior for strain measurement. Custom
MATLAB-based scripts'®® were employed for the calculations
reported here. Strain analysis was performed for the two
larger pillars deformed via in situ bending, but a lack of
contrast and poor signal-to-noise ratio in the images of the
small pillars precluded an accurate strain measurement in
those cases. Nevertheless, estimates of strain recovery for all
pillars were obtained by quantifying tip displacement vectors
from the in situ post-heated digital images. Vectors were
computed by measuring the distance between a high-contrast
point on the pillar tips in the undeformed, post-deformed, and
post-heated overlaid SEM images. The amount of recovery is
calculated as percent difference between the magnitude of the
displacement vectors of the post-bending and post-heating
states. This was performed for several points on the pillar tips
to estimate error, which was computed to be less than 5%. It is
important to note that [111] NiTi is well known to exhibit an
asymmetrical tension/compression response. Therefore strain
values measured from image correlation were always taken
from the compression-side, to allow for relative comparison to
pillar compression testing.

Compression tests were conducted with a nanoindenter
system operated in load-control, equipped with a sapphire
conical indenter with a flat 10 um diameter tip. Loading rates
varied with sample length such that the approximate testing
time ranged between 3 and 5min. The martensitic phase
transformation occurs at a rate on the order of dislocation
velocities, therefore it is not expected that significant time-
dependent deformation occurred over this time scale. Pillars
were imaged pre- and post-testing using SEM. In considera-
tion of the slight pillar taper, engineering stress was calculated
using the pillar top diameter. This was done because the top is
straightforward to define and plasticity was often observed
toward the top half of the pillar. It is recognized that this is a
maximum estimate of stress, which will vary ~50% across the
length of the pillar.[z(’]

Results and Discussion

Size Effect on Shape Memory Behavior

Frick ef al. investigated the size dependence of the
martensitic phase transformation via compression of FIB-
machined [111] NiTi pillars heat treated to produce pseu-
doelastic behavior.'?*?!! Results showed that NiTi pillars with
diameters ranging from ~2 pm to 400 nm exhibited pseudo-
elasticity and bulk-like behavior. However, as diameter was
decreased, pseudoelasticity (evidenced by hysteresis during
unloading) was subdued for diameters of 400-200nm, and
fully inhibited for diameters of ~200nm or below. Overall
these observations were extremely robust, with phase
transformation recovery being inhibited at diameters less
than 200nm for multiple single crystal orientations and
precipitate sizes. It was hypothesized that either the
martensitic phase transformation had been suppressed for
the smallest pillars, or the phase transformation had occurred
but the strain recovery had been inhibited. In a recent
investigation by Ye et al., 200 nm diameter pseudoelastic NiTi
pillars were manufactured and compressed in a similar
manner during in situ transmission electron microscope
(TEM) observation.”””! Based on electron diffraction informa-
tion, they concluded that the martensitic phase transformation
is still active in NiTi at small size scales. However their
pseudoelastic behavior was difficult to interpret due to
recoverable deformation beneath the pillar, likely due to
their two-tiered geometry created during FIB machining.
Regardless, direct observation of the martensitic phase for
their 200nm pillars suggests that the suppression of
pseudoelasticity observed previously?>?! can be explained
by a suppression of strain recovery, not that of the martensitic
phase transformation. Although the mechanism for suppres-
sion of strain recovery remains unclear, one possible
explanation may be the mechanical influence of the Ga™ ion
damaged surface layer. FIB milling is known to induce an
amorphous Ga" ion embedded damage layer ~10-20nm in
depth for an angle of incidence close to 90°.*"! For a 200 nm
diameter pillar, the damage layer is estimated to be ~10-20%
of the total cross-section. Thus it is possible that the FIB
damage layer produces a mechanical barrier, becoming more
significant with decrease in diameter and inhibiting reverse
phase transformation for pseudoelastic material upon unload-
ing. However, the mechanical properties of the damaged layer
are unknown, thus inhibiting a quantitative analysis of the
above scenario not possible. The possibility also exists that as
pillar diameter approaches the size of the martensitic plates,
the martensitic phase may remain stable post-deformation.
However, this possibility seems unlikely as TEM images
observe martensitic plates approximately 15-30 nm in width.
A free energy analysis of the phase transformation behavior as
a function of size-scale is beyond the scope of this work.

In order to better understand the recoverability of the
phase transformation in NiTi as a function of sample size and
strain, in situ SEM bending experiments followed by
subsequent heating were chosen for this study, similar to
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Fig. 2. SEM images showing a representative experimental sequence. (a) Initial configuration of a 1.2 yum [111] NiTi pillar and angled flat-tip punch pre-testing, (b) in situ bending
of the pillar via angled application of load, shown at the point of maximum bending, (c) shape of the NiTi pillar after release of load, showing significant residual deformation
(maximum strain = 9%), and (d) pillar after ex situ heating at 200 °C for 5 min, showing near complete shape recovery. Shown in (e) is the corresponding load—displacement curve for
(a—c). White arrows in (a—c) are displacement vectors at various points along the pillar surface produced from digital image correlation. The displacement field gradients are used to

derive strains. See text for details.

testing performed on Cu-Al-Ni shape memory alloys."?®! The
setup for the in situ SEM bending experiments is shown in
Figure 1. The cantilever geometry of the pillar allowed for
large tip displacements enabling facile imaging of deforma-
tion and recovery. In addition, any compliance effects of the
material beneath the pillar are expected to be minimal since
the deformation is relatively localized in bending. In Figure 2,
a representative in situ bending actuation sequence for a
1.2 pm diameter [111] NiTi pillar is shown. The SEM images in
Figure 2(a—d) show, respectively: the initial pillar configura-
tion pre-testing, maximum bending via angled application of
load, residual deformation after release of load, and the pillar
after ex situ heating to 200 °C for 5min demonstrating partial
deformation recovery. For NiTi of the same composition and
heat treatment as that used in this study, Af was measured to
be 33°C.I"81 Thus, the observed behavior is consistent with
expectation: heating the pillars to 200 °C for
5 min should recover deformation associated
with the phase transformation, while plastic
deformation should remain. White arrows in
Figure 2(a—c) represent displacement vectors
of various points on the pillar as computed
by DIC of the in situ image sequences.”®!
Details can be found in the Experimental
section. For the representative 1.2 um pillar

Post-Bendi

shown in Figure 2, the maximum compres-
sive strain resulting from bending was nearly
9% while a residual strain of ~4% remained
upon unloading.

The corresponding load—displacement
data for the 12um diameter pillar
[Fig. 2(e)] demonstrates elastic loading fol-
lowed by a deviation from linearity, consis-
tent with the residual deformation (bent
shape) of the pillar observed in Figure 2(c).
The actuation direction is normal to the face
of the indenter, therefore pillars were sub-
jected to transverse and axial loads during
deformation. However, several load drops
are observed during actuation, which were
found to correspond to discrete slipping
events between the indenter and the pillar.
This observation of sliding suggests that the

stresses are incurred predominately from the transverse
component of the load. The load-displacement behavior in
Figure 2(e) does not exhibit all four stages of deformation
expected for uniaxial loading, despite residual deformation
after heating [Fig. 2(d)] which indicates that the fourth
deformation stage of martensite plasticity was reached.
However, it is important to note that bending elicits a stress
gradient through the cross-section of the pillar, likely
activating multiple deformation mechanisms at once.

Figure 3 shows all four pillars tested via in situ SEM
bending. Two pillars with relatively large diameters
[900 nm—Fig. 3(a), and 1.2 um—TFig. 3(b)], and two smaller
pillars [300 nm—Fig. 3(c), and 200 nm—Fig. 3(d)] were
chosen for testing. Each image in Figure 3 contains three SEM
images overlaid on top of one another, such that relative pillar
shapes during the progression of deformation steps can be

Pre-Testing re-Testing

Post-Bendin

| Pre- Testing

Fig. 3. SEM images overlaid with traces of NiTi pillar shapes pre-testing (solid line), post-bending (dotted line),
and post-heating (dashed line) to illustrate shape recovery observed for an (a) 900 nm, (b) 1.2 wm, (c) 300 nm, and
(d) 200 nm pillar. Pillars shown in (a) and (c) were bent to small total displacements and show complete shape
recovery, while pillars in (b) and (d) were bent to larger total displacements and show partial shape recovery with
some residual deformation. Maximum strains of 3 and 9% were calculated for (a) and (b), respectively, using
digital image correlation. See text for details.
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readily compared. Traces of NiTi pillar shapes pre-testing
(solid line), post-bending (dotted line), and post-heating
(dashed line) are used to illustrate pillar shape at each step. In
summary, the 900 nm pillar shown in Figure 3(a) loaded to a
maximum strain of 3% illustrated ~90% recovery. In contrast,
the 1.2 pm diameter pillar shown in Figure 3(b) was bent to a
larger degree, resulting in a maximum bending strain of ~9%.
Upon heating, the shape memory deformation was partially
recovered, although ~4% residual strain remained. Similar
behavior was observed for the 300 and 200 nm pillars shown in
Figure 3(c) and (d), respectively. The 300 nm pillar showed
nearly 100% recovery after being bent to a small displacement
while the 200 nm bent to a larger total displacement recovered
only about 30% of the total applied deformation.

Based on the results shown in Figure 3 and recovery
measurements, full deformation recovery is possible as long
as the imposed mechanical strains are kept low enough as to
avoid plasticity of the martensite. Nominal recovery values
are similar to those shown in bulk studies.”” Results clearly
demonstrate that the underlying deformation mechanisms
remain relatively unchanged over the size scales tested; the
recovery behavior provides direct evidence that [stress-
induced] martensite is induced and remains stable, and is
therefore not fundamentally inhibited, at this size scale.

Unfortunately, the size independent shape memory results
shown in Figure 3 cannot explain the observed size dependent
suppression of pseudoelasticity.?>*"! However, a scenario
exists where the damaged surface layer estimated to be
10-20nm in depth may be strong enough to inhibit
pseudoelastic recovery, but too weak to suppress shape
memory recovery. Intuitively, this explanation is plausible, as
bulk testing of pseudoelastic NiTi demon-
strates a relatively low stress at which
pseudoelastic recovery occurs,'? however,
forces generated during shape memory
recovery are known to be quite large.'”!
However, no quantitative attempt was made
to analyze this possibility, due to the
complications of the unknown mechanical
behavior of the damaged surface layer, the
tapered geometry of the pillars, and the
bending loading mode. Therefore, further
testing is required to substantiate this theory.
Additionally the possibility certainly exists at
the scale may have a critical influence on the
nature of the martensitic phase transforma-
tion, as discussed in the next section.

Size Effect on Plasticity of Martensite

To further understand the deformation of
NiTi, especially with respect to the transition
from phase transformation deformation to
martensite plasticity, additional pillar experi-
ments of uniaxial compression to high strains
were conducted. Whereas similar testing of
conventional single-crystal metals has shown

that strength scales with decreasing diameter,?#?°32! i
compression testing of NiTi no strong size effect has been
observed.?" In contrast to conventional metals, mechanical
deformation of NiTi involves a complex interplay between
martensitic phase transformation and plasticity. The relatively
large local stresses thought to occur at the austenite—
martensite interfaces are believed to generate dislocations,
observed in cyclically-loaded single crystal studies for both
bulk™ and micropillar®*! specimens. A technique often
employed to inhibit cyclic degradation is aging to elicit
semi-coherent TizNi4 precipitates, whose internal stress acts to
both limit dislocation motion while promoting the phase
transformation.!82%%°! Consequently, in Frick et al.? the
absence of a size effect in the flow stress of martensite was
believed to be due to the influence of dislocation obstacles
within the microstructure with spacing smaller than the pillar
diameter. In NiTi, the martensite is known to take the form of a
twinned structure on the order of tens of nanometers,2>3>°¢!
and the NiTi tested in Frick et al.”?Y contained finely dispersed
TizNi, precipitates ~10nm in size.

In order to better understand the influence of precipitates
on the martensite plasticity, the nickel-rich bulk sample used
for this study was aged prior to FIB pillar manufacture, to
form TizNi, precipitates ~50 nm in diameter.””®! The results of
representative ex situ compression tests performed using a
conventional force-controlled nanoindenter followed by
post-compression SEM imaging are shown in Figure 4. Each
sample was loaded to a maximum nominal strain value of 15
to 25% under load control, with two intermediate unloading
cycles at ~3 and 5% strain. The maximum strain values were
chosen to be past the point of the martensite phase
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Fig. 4. SEM images and corresponding engineering stress—strain curves for (a, b) a 900 nm pillar and (c, d) a
230nm [111] NiTi pillar. Stresses were calculated using the top diameter of the pillar.
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transformation, and to the point of dislocation motion in the
martensite. The initial stress—strain behavior of a 900 nm
diameter [Fig. 4(b)] and a 230 nm pillar [Fig. 4(d)] are relatively
similar. Each pillar exhibits a relatively low stiffness during
initial loading. This has been observed in other micro/nano
pillar studies and has been attributed to surface roughness as
well as to the small misalignment between pillar and
indenter.?*! In both cases, as nominal strain approaches 1%
the stiffness dramatically increases (stage I). As strain
increases to ~2% strain, the slope begins to decrease, which
is an indication that the martensitic phase transformation has
been nucleated and has begun propagating through the pillar
(stage II). Because the phase transformation is not crystal-
lographically favored in the compressive [111] direction
relative to other orientations (e.g., [210]),! the pillar does not
have a distinct critical transformation stress, and the
transformation behavior exhibits significant apparent strain
hardening, similar to bulk.

Unloading at 3% strain exhibits a much larger stiffness than
observed upon initial loading, however, in-depth analysis of
nominal values is considered inappropriate because it is likely
that the transformation is incomplete. Furthermore, modulus
calculations of pillars have been shown to have significant
variation between samples due to the non-uniform stress as a
result of pillar taper,”” and possible non-elastic deformation
beneath the pillar.””! Elastic modulus estimates vary sig-
nificantly between the samples tested here, but never reach the
value of 47GPa that has been observed in bulk <111>
textured NiTi with the same heat treatment."® It is also
important to note that unloading in Figure 4(b) is nonlinear,
and the unloading/loading curves exhibit small hysteresis.
Hysteresis is an indication that the martensite is reverting back
to austenite spontaneously upon the removal of stress, a
signature of a pseudoelastic response. However, the magni-
tude of strain recovery and the size of the hysteresis envelope
is qualitatively well below that observed typically in
pseudoelastic pillars of similar size.?*'! Because the A,
and A¢ transformation temperatures are close to the testing
temperature,“sl it is likely that the NiTi experiences a mixture
between pseudoelastic and shape memory response. The
example shown in Figure 4(b) represents the most extreme
case, with most pillars exhibiting much smaller hysteresis.

Upon further loading the deformation becomes increas-
ingly dominated by elastic behavior of martensite (stage III),
although not completely. At relatively high strains (>10%),
dislocation motion within the martensite crystal structure
causes a substantial deviation from linear elasticity (stage IV).
SEM micrographs shown in Figure 4(a) and (c) demonstrate
slip traces on the sample surface. This behavior is relatively
consistent with recent compression pillar post mortem” and
in situ TEM" results, which demonstrate dislocation motion
in stress-induced martensite. The residual plastic strain
measured from pillar compression is in accordance with the
in situ bending results, where full recovery was not observed if
the maximum strain incurred during bending was ~9%. This
degree of deformation is approximately the transition from

elastic to plastic deformation of the martensite (stage III to
stage IV) measured in compression of the 900nm pillar
[Fig. 4(b)].

To quantify the effect of pillar size on martensite plasticity,
the stress values at 10% strain as a function of pillar diameter
for [111] NiTi aged at 450 °C are plotted in Figure 5. Stress at
10% strain was chosen because all pillars deformed to 10%
strain or above exhibited slip events on the pillar surface, and
this is well above the strain required for martensite plasticity
of aged [111] bulk NiTi compression samples.”! For
comparison purposes, stress values taken from [111] NiTi
pillars aged at 350 °C,”*" as well as pure [111] Ni pillars,”*"' are
also included in Figure 5. The two NiTi samples were cut from
the same parent single crystal, and differ only in aging
temperature. Both materials are believed to contain evenly
distributed TizNi, precipitates, with approximate sizes of 10
and 50nm for the 350 and 450 °C heat treatments, respec-
tively.“g] The [111] Ni sample is of high purity, containing no
secondary structure, and shows size effect behavior (i.e.,
increase in strength with decrease in diameter) typical of
single crystal metals. Both NiTi heat treatments do not
demonstrate a size effect, but rather exhibit a relatively
constant martensite strength value regardless of diameter. The
350°C aged NiTi pillars give an average stress value of
2860 MPa with a standard deviation of 380 MPa. The 450 °C
aged pillars have a similar average stress value of 2934 MPa,
with a larger standard deviation of 632 MPa.

Compression testing of the NiTi pillars in this study
demonstrates size independent martensite yielding. Similar
results have been observed for materials with internal obstacle
spacing significantly smaller than pillar diameter.””! Surpris-
ingly, martensite yield strength was comparable to [111] NiTi
pillars with a much smaller precipitate structure, inconsistent

(18] 171 studies.

[20]

with previous micro and nanoindentation
Comparison of current results with previous results
indicates that in contrast to bulk, martensite plasticity in
small-scale pillars is highly dependent on crystal orientation
rather than precipitate structure. This indicates that the flow
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Fig. 5. Comparison of the size effect in [111] Ni pillars to the size-independent behavior
of [111] NiTi pillars subjected to different heat treatments (HT). Stress at 10% strain is
plotted versus pillar diameter.
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stress is driven by a fundamental interaction between the
martensitic phase transformation and the dislocation beha-
vior; although further testing is required to better understand
this phenomenon.

Conclusions

In summary, in situ SEM bending experiments and uniaxial
compression experiments were performed on [111] NiTi nano-
and micro-pillars aged to induce shape memory behavior at
room temperature. Both bending and compressive testing
results of NiTi pillars were consistent with the occurrence and
stability of martensite phase transformation and shape
memory behavior. Bending results showed full recovery for
pillars deformed to low maximum strain (=3%), convincingly
demonstrating that the recoverable martensitic phase trans-
formation in NiTi occurs for pillars as small as 200nm in
diameter. This indicates that loss of pseudoelasticity in small
NiTi pillars®'! is not reflective of martensite inhibition.
Bending of pillars to larger strains (=9%) resulted in partial
recovery with some permanent deformation. It is argued that
this non-recoverable strain is related to martensite plasticity,
which was also found in the uniaxial compression test in this
strain regime. However, a significant portion of the deforma-
tion was recovered upon heating, indicating that increased
dislocation density is not significant enough to inhibit
martensitic recovery. For uniaxial compression experiments,
stress—strain behavior showed Stage I-IV deformation for all
pillars tested, indicating that deformation mechanisms over
this size scale is similar to bulk. For strains above 10%,
deformation was dominated by martensite plasticity. No size
effect for dislocation motion in martensite and no influence of
precipitate size was observed. In addition, martensite flow
stress remained stable at ~3 GPa regardless of heat treatment,
which is consistent with previous pillar results'"” confirming
that martensite plasticity for small-scale pillars is highly
dependent on crystal orientation rather than on precipitate
structure, sample size, or deformation mode.
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