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Focused ion beam machined compression pillars created from [1 1 1], [0 0 1] and [2 1 0] NiTi demonstrate that orientation plays a
dominant role in determining dislocation ﬂow stress in stress-induced martensite. This is in contrast to bulk NiTi in which martensite
strength is primarily dictated by precipitate size. Post-mortem transmission electron microscopy and Laue microdiﬀraction measurements reveal respectively dense dislocation structures and stabilized martensite consistent with bulk observations in heavily
deformed NiTi.
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Nickel–titanium (NiTi) is of particular interest
because of its unique strain recovery behavior. Under
the appropriate conditions, NiTi is capable of recovering up to approximately 8% strain upon removal of
the applied load (i.e. pseudoelasticity) or upon the application of heat (i.e. shape memory behavior) [1,2]. Essentially, NiTi experiences a thermoelastic, stress-induced
martensitic phase transformation, whereby the original
crystal lattice experiences a shear-like phase transformation that is reversible.
Widespread use of NiTi is limited because mechanical
behavior is extremely sensitive to composition, microstructure and processing history. For example, applied
strain recovery associated with the martensitic phase
transformation for various microstructures degrades signiﬁcantly before 16 cycles [3], and high-cycle fatigue
shows relatively low fracture toughness values [4]. It
has been theorized that an increased propensity for defect nucleation exists at the austenite–martensite interface, which hinders phase transformation recovery [3].
However, martensitic stabilization associated with cold
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working of NiTi has also proven to be useful by generating a two-way shape memory eﬀect; when processed
correctly, dislocations can be used to direct the formation of the martensite variants, allowing a spontaneous
shape recovery under thermal cycling in the absence of
applied stress [5]. While dislocations are well known to
inﬂuence or inhibit the martensitic phase transformation
in NiTi, the fundamental relationship between the two is
not well understood.
In order to gain deeper insight into the mechanisms
associated with NiTi plastic deformation, the eﬀect of
size scale on the compressive ﬂow stress of stress-induced martensite is investigated in this study. Focused
ion beam (FIB) machined compression pillars created
from aged [1 1 1], [0 0 1] and [2 1 0] Ti–50.9 at.% Ni single crystals, as well as pillars cut from individual grains
in solutionized polycrystalline NiTi were tested. For the
NiTi used in this study, the austenite parent phase (B2)
is stable at room temperature, and the martensite phase
(B19’) is induced upon loading [6,7].
However, to better understand the mechanisms involved, additional microstructural analysis was ﬁrst performed on previously deformed samples. In a prior study
by the current authors, martensite ﬂow stress values in
aged [1 1 1] NiTi compression pillars ranging in diameter
from 2 lm to 200 nm were shown to be unaﬀected by pil-
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lar size [7]. This was partly expected due to randomly distributed, semicoherent Ti3Ni4 precipitates 10 nm in
diameter, with interparticle spacing of the same order.
Because the precipitate spacing was signiﬁcantly smaller
than the smallest diameter tested (below 200 nm), these
precipitates probably dominated the stress needed for
dislocation motion. However, despite the known inﬂuence of these precipitates, preliminary testing of a 1 lm
diameter [2 1 0] NiTi pillar surprisingly demonstrated a
reduced martensite ﬂow stress at approximately onethird the average value of the [1 1 1] from [7]. This observed orientation dependence is in stark contrast with
bulk [8] and micro/nanoindentation NiTi studies [9,10],
which show that precipitate size and coherency strongly
inﬂuence martensite ﬂow stress and dominate over single-crystal orientation.
Figure 1 displays the stress–strain behavior and a
scanning electron microscope (SEM) image of a heavily
deformed [1 1 1] NiTi pillar approximately 2 lm in
diameter. The initial loading/unloading cycles of the pillar at low strains (<6%) demonstrate pseudoelasticity, as
evidenced by the ﬂag-shaped hysteresis loops in the
stress–strain graph (Fig. 1a). This is a signature of the
recoverable austenite-to-martensite phase transformation, which dominates deformation at low strains. Upon
further loading the pillar transforms to martensite,
which proceeds to deform primarily elastically until
the curve exhibits a large burst in displacement at a
stress of approximately 3000 MPa. Such bursts have
been demonstrated in other load-controlled micropillar
studies, and have been shown to correlate to dislocation
events [11,12]. Because the focus of this study is the martensite plastic deformation, only pillars taken to high
strains (>10%) were investigated. SEM imaging of the

Figure 1. Compression behavior and electron microscopy images of a
heavily deformed [1 1 1] NiTi pillar approximately 2 lm in diameter
taken from a previous study [7]. (a) Stress–strain curve demonstrating
pseudoelasticity in the ﬁrst two loading cycles, and upon further
loading a large burst in displacement at a stress of approximately
3000 MPa, after which the strain is not recovered. (b) SEM image
showing massive slip primarily along three slip planes. (c) Bright-ﬁeld
TEM micrographs of a cross-sectional sample overlapped together to
display the entire pillar. (d) Higher-magniﬁcation TEM image taken
from the upper left corner of the pillar. TEM images show distinct slip
traces and pockets of twins, believed to be residual martensite.
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pillar (Fig. 1b) shows massive slip deformation, which
is representative of all pillars tested to large strains.
Interestingly, saw-tooth features are also observed on
the surface. Such triangular features were infrequently
observed, and are probably caused by the stabilized
martensite variants formed during the phase transformation, previously observed in NiTi samples [13].
Post-deformation, the pillar shown in Figure 1b was
sectioned via FIB into a transmission electron microscopy (TEM) sample, in a manner similar to that outlined in Frick et al. [12]. Figure 1c shows bright-ﬁeld
TEM micrographs overlapped together to display the
entire pillar, while Figure 1d shows a higher-magniﬁcation image of the upper left pillar corner. Both Figure 1c
and d illustrate distinct slip traces and pockets of twins,
believed to be residual martensite. Although the phase
transformation is pseudoelasitic, dislocation-assisted
stabilized martensite is often observed in heavily deformed NiTi [10]. Compression-induced martensite is
known to take the form of two twin-related martensite
plates, formally termed correspondence variant pairs
(CVPs) [14,15]. From Figure 1d, the width of the CVPs
range from approximately 15 to 30 nm. Additionally,
Figure 1c and d show dense dislocation tangles throughout the pillar. These results are not expected to signiﬁcantly vary over the size scales tested in this study, as
near 200 nm diameter NiTi pillars compressed to
approximately 20% strain during in situ TEM testing
also demonstrated residual dislocations and stabilized
martensite [16]. It is important to note that Figure 1b
and c also demonstrate large slip traces through the entire pillar diameter, between 30° and 40° relative to the
applied load. Therefore, although the dispersed Ti3Ni4
precipitates and CVP martensite structure heavily inﬂuence dislocation motion, once the ﬂow stress was
reached, dislocations propagated across the width of
the sample.
Similar results shown in Figure 2 were obtained for a
2.8 lm diameter NiTi pillar tested by Laue microdiﬀraction at the MicroXAS beam line of the Swiss Light
Source [17]. This sample was cut from the same parent
crystal as the previous example in Figure 1, and therefore
has the same nominal composition and precipitate microstructure. The [2 1 0] orientation was chosen because preliminary results demonstrated a much lower martensitic
ﬂow stress than that observed in [1 1 1] NiTi [7]. Discrete
spatial diﬀraction measurements along the pillar length
before testing (Fig. 2a) and after testing (Fig. 2b) demonstrate the presence of austenite phase throughout. However, after compression, the upper one-ﬁfth of the pillar
revealed the presence of the martensite phase (Fig. 2c).
Thus, Laue diﬀraction measurements of [2 1 0] NiTi coincide with TEM imaging of [1 1 1] NiTi, demonstrating
stabilized stress-induced martensite. It is important to
note that due to pillar taper, stress values will nominally
depend on spatial location along the length of the pillar
[12], being largest at the top. Using the diameter at the
pillar top, the maximum stress measured during compression was approximately 900 MPa, approximately onethird the average ﬂow stress value observed for the
[1 1 1] NiTi pillars [7]. Figure 2d and e display the
ð0 2 2Þ-peak of the austenite phase before and after testing, respectively. Before testing a mild anisotropic broad-
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Figure 2. Spatially resolved Laue diﬀraction maps for a [2 1 0] NiTi
pillar (a) before deformation showing the ð0 2 2Þ austenite peak
throughout the pillar, and (b) after deformation revealing that the
austenite is strongly reduced in the upper pillar post-deformation. (c)
A diﬀraction peak corresponding to residual stabilized martensite
appears post-deformation, observed near the top of the pillar. A blowup of the ð0 2 
2Þ austenite diﬀraction peak taken at the center of the
pillars before and after deformation is shown in (d) and (e),
respectively. W and 2h describe the azimuthal and radial angle,
respectively. (f) SEM micrograph of the pillar post-compression
illustrating signiﬁcant slip on preferential slip planes.

ening is observed, possibly due to the presence of the
semicoherent Ti3Ni4 precipitates and/or the sample preparation technique. After deformation the diﬀraction
peaks are strongly broadened, both symmetrically and
asymmetrically, or even split, depending on the probing
position. SEM imaging of the pillar post-deformation
shown in Figure 2f reveals heavy localized slip. These
observations are qualitatively in agreement with Figure 1,
indicating a pronounced heterogeneous microstructure
with an increase in dislocation density and the presence
of angular misorientations.
In order to further investigate the eﬀect of orientation
on martensite plasticity of small-scale NiTi, several compression pillars with crystal orientations of [1 1 1], [0 0 1]
and [2 1 0] were tested. All compression samples were taken from a previous study, which focused on the
pseudoelastic response rather than martensitic plasticity
[6]. An important ﬁnding from the previous study is that
pseudoelasticity becomes inhibited for diameters below
400 nm, and fully inhibited for diameters below
200 nm. However, in situ TEM investigations [16] for
similar sized specimens reveal that at low strains a recoverable martensitic transformation does occur, and at
high strains recovery becomes inhibited, probably due
to dislocation-stabilized martensite. Therefore it is believed that the martensitic transformation occurs for
all samples shown here, regardless of diameter.
All single-crystal samples were cut from the same parent specimen (Ti–50.9 at.% Ni), and each was given a
heat treatment of 350 °C for 1.5 h to induce randomly

distributed, semicoherent Ti3Ni4 precipitates approximately 10 nm in diameter. In the case of bulk singlecrystal NiTi, the precipitate structure has clearly been
shown to have a dominating eﬀect on the martensite
ﬂow stress [8]. Thus, to gauge the inﬂuence of precipitates on the mechanical behavior at small scales, additional pillars were cut from bulk polycrystalline NiTi
heat treated at 600 °C for 1.5 h and immediately water
quenched. Previous studies with polycrystalline NiTi
of the same composition and given identical heat treatment illustrate a virtually solutionized microstructure
(i.e. Ti3Ni4 precipitates are less than 1 nm in size) [10].
Because grains in the polycrystalline NiTi are 70 lm in
diameter on average, it was possible to cut single-orientation pillars within individual grains. Electron backscatter diﬀraction was utilized to measure the crystal
orientation of each grain.
It is important to note that for isothermal testing, due
to the directional nature of the martensitic phase transformation, the transformation will proceed on the most
favorably oriented CVP. This behavior is analogous to
the Schmid law in conventional elastic–plastic materials,
which relates the applied stress to the resolved shear
stress needed for dislocation motion. In a comparable
fashion, a resolved shear stress factor (RSSFM) for the
formation of the most favorable martensite CVP can
be calculated using previously determined martensite
crystallographic data [18]. For the orientations tested
in this study in compression, the RSSFM values for
the [1 1 1], [0 0 1] and [2 1 0] orientations are 0.24, 0.37
and 0.50, respectively. A low RSSFM means that the
phase transformation is not favored, and a higher stress
is needed to initiate and propagate the martensitic phase
transformation, relative to a high RSSFM. It is acknowledged that these transformation parameters are not
strictly valid for NiTi with ﬁnely distributed, semicoherent precipitates [19]. The local coherency stress ﬁelds
caused by the precipitates will act as nucleation sites
for the martensite, while inhibiting plastic ﬂow [20,21].
Additionally, it is important to note that for bulk crystals, there is suﬃcient volume of material to sample multiple variants to achieve a volume–average response.
TEM measurements shown in Figure 1d illustrate martensite variants approximately 15–30 nm in width.
Therefore it is acknowledged that for the pillars tested
in this study, with diameters ranging from approximately 200 nm to 2 lm, the “volume–average” assumption may fall into question.
Figure 3 shows two graphs using the stress value at
10% strain for all orientations and microstructures
tested. This strain amount was chosen because it is beyond the theoretical compressive transformation strain
for any of the tested orientations [8], and all pillars
loaded beyond 10% strain exhibited visual deformation
in SEM images, as well as signiﬁcant irrecoverable
stress–strain deformation. Figure 3a plots these martensitic ﬂow stress values as a function of pillar diameter. Flow stress of the [1 1 1] and [0 0 1] NiTi pillars
showed no signiﬁcant correlation with diameter, while
the [2 1 0] and solutionized pillars exhibited a weak relationship (r10% / d0.23) relative to conventional facecentered cubic metals (ry / d0.6  d1.0) [12,22,23]. Flow
stress values for solutionized pillars vary signiﬁcantly
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(Fig. 2) that also show residual martensite in combination with plasticity. Further in situ TEM investigation
is needed to provide insight into the microstructural
deformation evolution in nanoscale NiTi pillars.
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Figure 3. Stress values at 10% strain plotted as a function of (a) pillar
diameter and (b) resolved shear stress factor for all samples tested. The
[1 1 1] NiTi (taken from Ref. [7]) and [0 0 1] NiTi pillars exhibit no
correlation between ﬂow stress and pillar diameter, while [2 1 0]
demonstrates a slight correlation (stress related to d0.2). Solutionized
NiTi pillars cut from individual grains in polycrystalline NiTi exhibited
a wide range of values.

within the observed range, and no well-deﬁned connection
to diameter was observed.
However, measured ﬂow stresses did correlate well
with the orientation dependence of the stress-induced
martensitic phase transformation, shown in Figure 3b.
For example, the average and standard deviation of
the ﬂow stresses for the [2 1 0], [0 0 1] and the [1 1 1] pillars were 1410 ± 388, 2322 ± 303 and 2939 ± 206 MPa,
respectively. Although signiﬁcant scatter exists, the disparity of strength values between the orientations
strongly indicates that the orientation has a pronounced
inﬂuence on the martensite ﬂow stress. This phenomenon is not observed in bulk samples of similar microstructure where martensitic ﬂow stresses between 2000
and 2100 MPa are observed regardless of orientation
for peak-aged bulk single-crystal NiTi [8].
It is important to note that although Figure 3b demonstrates that the stress needed to initiate/propagate
martensite and the martensite ﬂow stress are strongly
correlated, post-mortem TEM and Laue diﬀraction
analysis are inherently limited when describing the
kinetics of both the martensite and dislocation behavior.
Therefore the precise governing mechanism explaining
this observation remains ambiguous.
The strong relationship between orientation and martensite ﬂow stress irrespective of precipitate structure
indicates an extremely unique ﬁnding for small-scale
NiTi. TEM images (Fig. 1c and d) demonstrate stabilized martensite CVPs approximately 15–30 nm in width
alongside dense dislocation structures, indicating that
the progression of dislocation motion and martensite
formation is complex and probably interwoven, as suggested by previous studies [3,24]. This observation is
complemented by the Laue diﬀraction measurements
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