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Abstract

Room temperature monotonic and cyclic stress–strain curves for single crystal and polycrystalline NiTi shape memory alloys
containing Ti3Ni4 precipitates are presented. The tensile and compressive single crystal results illustrate the importance of
crystallographic texture, the unidirectional nature of the martensitic transformation, and martensite detwinning on tension-com-
pression stress–strain asymmetry in polycrystalline NiTi. Moreover, results on the fatigue of NiTi single crystals demonstrate the
fundamental characteristics of cyclic deformation in NiTi alloys and the importance of texture on the fatigue of polycrystalline
NiTi. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

At the microscopic level, the distinct mechanical
properties of shape memory alloys are produced by a
reversible thermo-elastic martensitic transformation [1].
Of the dozen or more [2] intermetallic alloys that
undergo a thermo-elastic martensitic transformation,
equiatomic NiTi alloys have the greatest promise for
wide-scale applications due to their exceptional physical
and mechanical properties [2]. Owing to intense re-
search efforts around the world, the mechanisms of
deformation are well-characterized in polycrystalline
NiTi shape memory alloys subjected to monotonic ten-
sile loading conditions. However, the characteristics of
deformation in polycrystalline NiTi subjected to com-
pression [3] and cyclic loading conditions [4] deviate
significantly from the well-documented monotonic ten-
sile response. In polycrystalline NiTi materials de-
formed under monotonic compression, the critical
transformation stress level is higher, the transformation

stress–strain slope is steeper, and the recoverable strain
levels are smaller compared with tensile results [3].
Furthermore, during mechanical cycling, the stress–
strain response of polycrystalline NiTi demonstrates a
lowering of the critical transformation stress level, an
increase in the transformation stress–strain slope, and a
decrease in the transformation hysteresis compared
with the first loading cycle [4].

More recent experimental efforts have confirmed the
tension-compression asymmetry [5–12] and cyclic ef-
fects [9,13–21] in polycrystalline NiTi for a wide range
of NiTi alloys and testing conditions. Despite the docu-
mented influence of the loading direction and cyclic
loading conditions on the deformation of NiTi alloys,
many recent constitutive models (phenomenological
and micro-mechanical) do not contain the framework
to accurately capture the pertinent stress-state and
cyclic loading effects. The current deficiencies in shape
memory alloy constitutive models are rooted in a poor
comprehension of the dominant mechanisms contribut-
ing to tension-compression asymmetry and fatigue ef-
fects in NiTi alloys. Many earlier studies have focused
on the macroscopic deformation characteristics in poly-
crystalline NiTi or the local mechanisms of deformation
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Table 1
Transformation temperatures for the Ti–50.8at.% Ni materials in two different aged statesa

Mf (K) Rs (K) Rf (K)Ms (K) As (K) Af (K)

214 266 251Aged l.5 h at a temperature of 823 K 266231 280
253 285 274270 300Aged 15.0 h at the rate of 773 K 320

a The materials were solutionized before aging.

at the electron microscope size scale. However, the
unique stress–strain behavior of NiTi polycrystals is
also strongly dependent on phenomena best represented
at the single crystal (grain) size scale.

Until recently [12,21–24], experimental results on
single crystal NiTi shape memory alloys were absent
from the literature with exception to one study on the
tensile deformation of NiTi single crystals [25]. Without
experimental results on single crystal NiTi, it is difficult
to understand the deformation behavior of NiTi poly-
crystals, particularly since the processing of such poly-
crystals leads to extremely strong crystallographic
textures [11,26,27]. To further complicate the physical
understandings in polycrystalline NiTi, alloys with
compositions that deviate a few percent from equi-
atomic NiTi may contain precipitates that are unable to
undergo the martensitic phase transformation. Elasti-
cally deforming second phase precipitates modify the
martensitic transformation in the surrounding B2 par-
ent phase, and often invalidate the phenomenological
theory of martensitic transformations [22,23]. Without
theoretical models for the martensitic transformation in
precipitated NiTi, it is difficult to understand and pre-
dict the behavior of precipitated textured polycrystals,
thus making single crystal experimental results particu-
larly useful. Hence, in this work, we provide a basis for
understanding the origins of tension–compression
asymmetry and cyclic effects in polycrystalline NiTi
shape memory alloys using unique single crystal experi-
mental results.

2. Experimental techniques

Polycrystalline NiTi samples were electro-discharge
machined from 25.4 mm diameter Ti–50.8at.% Ni
cylindrical bars (grain size �20 �m). Bars from the
same material batch were melted and grown into single
crystal NiTi ingots using the modified Bridgman tech-
nique. Single crystal samples with orientations of [110],
[111], and [211] were electro-discharge machined from
the bulk single crystal ingot. The tensile specimens were
flat dog-bone shaped samples with a 25 mm length and
a 3 mm×1 mm gage cross section. The compressive
specimens were rectangular shaped samples with a 7
mm length and a 4 mm×4 mm cross section. Ma-
chined single crystal and polycrystalline specimens were

solutionized by holding at 1273 K for 2 h followed by
water quenching. The solutionized single crystals of the
[110] and [111] orientations and the polycrystalline NiTi
were subsequently averaged 15.0 h at the rate of 773 K,
yielding 1.0 �m Ti3Ni4 incoherent precipitates. The
solutionized single crystals of the [211] orientation were
subsequently averaged 1.5 h at the rate of 823 K,
yielding 0.4 �m Ti3Ni4 incoherent precipitates. The
transformation temperatures of the NiTi materials
given the two aging treatments are summarized in
Table 1. Room temperature monotonic and cyclic me-
chanical tests were conducted in strain control with an
approximate local strain rate of 10−4 l s−1, as mea-
sured with an extensometer.

3. Idealized single crystal response

Fig. 1 is a schematic of the idealized behavior of a
single crystal of NiTi undergoing a stress-induced
martensitic transformation. At low stress levels, the B2
parent phase deforms elastically (a). At a critical stress

Fig. 1. Schematic demonstrating the stages of the stress-induced
martensitic transformation in single crystal NiTi. A correspondence
variant pair (CVP) is the same as a martensite plate.
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level (b), the martensitic transformation is triggered by
a resolved shear stress acting across the most favorably
oriented martensite habit plane. Based on the phe-
nomenological theory of martensitic transformations
[1], the martensite that forms through a shear across the
habit plane has an internally twinned structure. Such a
martensite plate can be called a correspondence variant
pair (CVP) since two twin related martensite single
crystal variants develop. It may be asserted that the
martensite is a single crystal even at the onset of the
transformation. However, for example, the stress–
strain response of NiTi single crystals oriented along
the [110] direction indicates that the internally twinned
structure is a precursor to a detwinned or single crystal
structure (Section 5). After a finite volume fraction of
martensite has transformed, the internally twinned
martensite may detwin (Fig. 5), as observed within
deformed polycrystalline NiTi grains [27]. As the
martensite detwins, uniaxial strains are accumulated
due to the growth of the favorably oriented single
crystal of martensite at the expense of its twin related
neighbor.

During the detwinning process, the habit plane (in-
variant plane) distorts since the evolving volume frac-
tions of twin related single crystal martensites are no
longer capable of satisfying the phenomenological the-
ory for NiTi martensites [28,29]. The elastic strain
energy caused by the distortion of the habit plane
during detwinning, and the friction of interfacial twin
boundary motion, are the primary barriers to the de-
twinning process. The local distortion of the habit
plane during the stress-induced transformation has
been observed in single crystal shape memory alloys
using Morie interference patterns [30]. The aforemen-
tioned study [30] concluded that the distortion of the
habit plane was caused by the formation of martensite
on the habit plane followed by subsequent detwinning
during deformation. If the detwinning process reaches
100% completion, then the single crystal of NiTi
martensite will deform elastically (d). The idealized
behavior described above is complicated by the pres-
ence of coherent or semi-coherent Ti3Ni4 precipitates
(0.01–0.30 �m), which can alter the internally twinned
state [31,32] and also inhibit detwinning [12].

4. Unidirectional Schmid law

In NiTi shape memory alloys, 24 martensite plate
variants (CVP’s) exist in the B2 parent phase [33–37].
When a single crystal of NiTi is subjected to an external
stress, the CVP with the largest resolved shear stress on
its martensite habit plane and along its transformation
shear direction initiates the transformation. The trans-
formation direction has normal and shear components
with respect to the habit plane, however, the shear

component dominates the transformation due to the
small volume change in NiTi shape memory alloys [35].
A resolved shear stress may exist along the prescribed
transformation shear direction, or in the conjugate
shear direction. However, due to the crystallography of
the martensitic transformation, the transformation will
only initiate, if the resolved shear stress is in the same
direction as the prescribed transformation direction.
Thus, a unidirectional Schmid law is required to de-
scribe the critical transformation behavior of NiTi sin-
gle crystals. In the presence of coherent or
semi-coherent Ti3Ni4 precipitates (0.01–0.30 �m), the
Schmid law does not accurately predict the initial trans-
formation behavior of NiTi single crystals without ac-
counting for internal coherency stress fields [12,22,23].

The unidirectional nature of the martensitic transfor-
mation creates a considerable orientation dependence
and tension-compression asymmetry of the critical
stress required to trigger the transformation in single
crystals of NiTi as experimentally demonstrated
[12,22,23] and predicted by models [35,36,38,39]. There-
fore, if polycrystalline NiTi contains a strong crystallo-
graphic texture, the polycrystal may demonstrate
tension–compression asymmetry. Fig. 2 contains recon-
structed [110], [111], and [211] pole figures created from
texture measurements on typical drawn bar-stock poly-
crystalline NiTi. The pole figures in Fig. 2 indicate that
the predominant texture along the loading direction
(the center of the pole figure) is the �111�{110} type.
Consequently, if the observed tension-compression
asymmetry of the critical transformation stress level in
polycrystalline NiTi [3,5–12] is from texture, then de-
formation characteristics of the textured polycrystalline
NiTi should somewhat resemble the deformation char-
acteristics of single crystals oriented along the [111]
direction.

Fig. 3 presents tensile (a) and compressive (b) stress–
strain curves for the textured polycrystalline NiTi repre-
sented in Fig. 2, and single crystals of NiTi oriented
along the [111] direction. According to Table 1, the test
temperature (295 K) is between the austenite and
martensite start temperatures (300 and 270 K, respec-
tively) for this aging treatment, thus the permanent
strains in Fig. 3 were only recoverable after heating
above the austenite finish temperature (320 K). The
single crystal and polycrystalline NiTi materials demon-
strate a strong similarity in the overall stress–strain
response and the critical transformation stress levels.
The stress–strain response for all specimens was found
to be reproducible (2 or 3 equivalent tests were con-
ducted). Over multiple tests, the [111] single crystal and
polycrystalline NiTi both demonstrate lower critical
transformation stress levels under tension compared
with their respective compressive responses. The
Schmid factors for the transformation in tension versus
compression for the [111] orientation are 0.39 and 0.27,
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Fig. 2. Measured pole figures indicating the strong texture in drawn polycrystalline NiTi. The loading and drawing axis is at the center of the pole
figures.

respectively [12,35], which is consistent with the experi-
mental observations (Fig. 3). The similarity between the
single crystal and textured polycrystalline response
demonstrate that crystallographic texture accounts for
the difference in the tensile and compressive stress–
strain responses for polycrystalline NiTi. We have fur-
thered this argument in polycrystalline NiTi by
employing a distinctly different approach using single
crystal constitutive relationships, a self-consistent aver-
aging scheme, and discretized texture measurements
[11].

5. Detwinning

In Fig. 3, the recoverable strain levels under tension
(a) are significantly larger than under compression (b).
Moreover, owing to the similarity between the stress–
strain response of the [111] single crystals and the
�111�{110} textured polycrystals, Fig. 3 demonstrates
that the tension-compression asymmetry of recoverable
strain levels in NiTi polycrystals originates at the single
crystal level. The reason why single crystals of NiTi
demonstrate an experimental tension–compression
asymmetry of the recoverable strain levels is due to
differences in CVP formation and CVP detwinning
strains (Fig. 1). However, we observe that CVP detwin-
ning provides a stronger contribution to the difference
in recoverable strain levels under tension versus com-
pression. For instance, regardless of the crystallo-
graphic orientations of the NiTi single crystal, the
detwinning strain (for a {−0.072, 1, 1}�0, 1, −1�
Type II twin structure) is always smaller under com-
pression versus tension [37].

In Fig. 3 the [111] crystal is oriented to develop 5.1%
strain due to CVP formation (the local shear magnitude
of 0.13 times the Schmid factor of 0.39), and 3.5%
strain due to CVP detwinning under tension [37]. Con-

versely, under compression, the [111] crystal is oriented
to develop 3.5% strain due to CVP formation (the local
shear magnitude of 0.13 times the Schmid factor of
0.27), and 0.3% strain due to CVP detwinning [37].
Thus, under compression, the [111] crystal (and the
similar polycrystal) is not oriented to develop signifi-

Fig. 3. Comparison of the (a) tensile and (b) compressive stress–
strain response of �111�{110} textured polycrystalline NiTi and a
single crystal of NiTi oriented in the [111] direction. The polycrys-
talline response continues up to 1500 MPa before load reversal.
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Fig. 4. Tensile and compressive stress–strain response of a single
crystal of NiTi oriented in the [110] direction. The test temperature is
in between the Ms and As transformation temperatures.

Since the Schmid factors under tension versus com-
pression are similar for the [110] orientation, the recov-
erable strains due to martensite CVP formation are also
comparable (5.3 and 4.8%, respectively). However, Fig.
4 demonstrates that the experimentally measured maxi-
mum recoverable strains are not equivalent under ten-
sion versus compression for the [110] orientation. The
difference in the recoverable strain levels for the [110]
orientation loaded under tension versus compression is
caused by a difference in the attainable detwinning
strains under the two stress states. When a NiTi single
crystal is loaded along the [110] direction, the crystal is
favorably oriented for detwinning under tension (3.3%
predicted detwinning strain) but not compression (0.2%
predicted detwinning strain) [37]. In summary, the con-
tribution of the martensite detwinning strain is ex-
tremely important in the deformation behavior of single
crystal and polycrystalline NiTi. Moreover, if the ten-
sion-compression asymmetry of the recoverable strain
level in of polycrystalline NiTi is to be accurately
modeled, the contribution of detwinning strains must
be included.

As a final note, some micro-mechanical models as-
sume that the work of the transformation (area under
the stress–strain curve) is constant [35,36,38], regardless
of the orientation of the test sample or loading direc-
tion. We point out that the area under the stress–strain
curve is only constant for different orientations and
stress states in the absence of detwinning. Clearly, Fig. 4
demonstrates that the area under the stress–strain
curves is not the same under tension versus compres-
sion. If the contribution of detwinning strains is re-
moved from the tensile and compressive stress–strain
curves (about 3.3 and 0.2% strain, respectively), then
the areas under the tensile and compressive stress–
strain curves would be the same.

6. Cyclic loading response

The effects of repeated loading cycles on the defor-
mation of single crystal NiTi shape memory alloys is
presented in Figs. 5 and 6. The [211] single crystals in
Figs. 5 and 6 were aged for a much shorter time
compared with the [110] and [111] crystals in Figs. 3
and 4, thus the Ni loss in the matrix was not significant
enough to raise the austenite start temperature above
room temperature [22,23]. Consequently, the single
crystals of the [211] orientation demonstrated pseudoe-
lasticity at room temperature (T=295 K) since their
austenite finish temperature was 280 K (Table 1). The
[211] single crystals have a tensile Schmid factor of 0.46
and a compressive Schmid factor of 0.39 as calculated
using the crystallographic habit plane and transforma-
tion direction for CVP formation in NiTi [28,29]. The
inverse ratio of the Schmid factors in tension over

cant uniaxial strains due to CVP formation or CVP
detwinning compared with tension. The relative unfa-
vorable orientation of the transforming martensite CVP
in the case of compression of the [111] crystal, also
explains why the observed hardening is higher under
compression versus tension. Since the martensite CVP’s
are forming through a local shear process, the observed
uniaxial hardening is greater, when the plates are ori-
ented less favorably with respect to the loading axis. If
the orientation of the martensite plane is accounted for
when transforming the local shear stress–strain behav-
ior to the uniaxial stress–strain behavior, the different
hardening slopes will be captured.

To further elucidate the above hypothesis, a tensile
and compressive stress–strain curve for a NiTi single
crystal oriented along the [110] direction is presented in
Fig. 4. The [110] orientation is also a primary texture
component in the drawn polycrystalline NiTi bar (Fig.
2) and other processed NiTi materials [26]. When a
NiTi single crystal is loaded along the [110] direction,
the critical transformation stress levels under tension
and compression should be similar since the Schmid
factors for the transformation are 0.41 and 0.37, respec-
tively [12,35]. Appropriately, the experimentally ob-
served critical transformation stress levels in tension
and compression are nearly identical within experimen-
tal error (Fig. 4). Furthermore, the transformation
stress–strain slopes are comparable under tension and
compression (Fig. 4), which is consistent with the equiv-
alent orientations (Schmid factors) of the transforming
martensite CVP’s. As an aside, the above Schmid fac-
tors were derived by assuming that an internally
twinned martensite CVP controls the initiation of the
stress-induced transformation [12]. Consequently, the
consistency with the results in Fig. 4 and the Schmid
theory indicate that the formation of an internally
twinned CVP governs the critical transformation stress
level in NiTi.
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compression is 0.39/0.46=0.85, while the ratio of the
critical transformation stress levels in tension over com-
pression is 450/550 MPa=0.82. Consequently, on the
initial loading cycle, the critical transformation stress
levels agree with the predictions of Schmid’s law within
experimental error, which is expected for averaged sin-
gle crystals [12,22,23].

During cycling, the [211] single crystals demonstrate
similar characteristics as polycrystalline NiTi [4,9,13–
21]. In general, the critical transformation stress level
decreases, the transformation stress–strain slope in-
creases, and the dissipated hysteresis energy decreases
(Figs. 5 and 6). The evolution of the stress–strain
response in the precipitated single crystals occurs as
quickly as demonstrated in earlier polycrystalline stud-
ies [18]. Consequently, we believe that grain boundary
interactions are not of first order importance during the
fatigue of the precipitated NiTi alloys. The interaction
between transforming martensite plates and precipitates
may control the cyclic deformation and fatigue pro-
cesses. Recent results on polycrystalline NiTi deformed

in the fully martensitic state support the importance of
damage induced by intersecting martensite plates [9].
The most intriguing feature in Figs. 5 and 6 is the
extremely poor fatigue resistance of the [211] orienta-
tion deformed under both tension and compression.
Under tension (Fig. 5), numerous samples fractured
well below 20 cycles. Under compression (Fig. 6), frac-
ture was not observed, but the samples deformed so
dramatically that the characteristic pseudoelastic hys-
teresis loop became indistinguishable. In the textured
polycrystalline NiTi, the [211] orientation demonstrated
a below average frequency in the drawing direction.
Therefore, drawn and textured polycrystalline may not
suffer from the gross deformation characteristics ob-
served in this crystallographic orientation if they are
loading along the drawing direction. A large concentra-
tion of [211] reflections was found close to the trans-
verse direction. Consequently, the fatigue life in the
transverse direction of drawn NiTi polycrystals is ex-
pected to be lower than the fatigue life in the drawing
direction.

Fig. 5. Tensile cyclic stress–strain response of single crystal NiTi oriented in the [112] direction. The test temperature is above the Af

transformation temperature.

Fig. 6. Compressive cyclic stress–strain response of single crystal NiTi oriented in the [112] direction. The test temperature is above the Af

transformation temperature.
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Finally, dislocation motion (slip) has been observed
to occur on �010�{110} and �010�{100} slip systems in
the B2 NiTi matrix [40]. When a single crystal of NiTi
is loaded along the [211] direction, the [100](011) slip
system has a Schmid factor of 0.47. Consequently, the
[211] orientation is favorably oriented for dislocation
motion due to an externally applied tensile or compres-
sive stress. In addition, since the Schmid factors for the
martensitic transformation are relatively high under
both tension and compression (0.46 and 0.39, respec-
tively), the [211] orientation is also favorably oriented
for the transformation. In a crystal favorably oriented
for the transformation, we assert that martensite inter-
face motion will proceed with little resistance and dislo-
cation generation will be minimized. Given the above
observations, the present results indicate that slip
caused by external loading may play a strong role in
addition to dislocation motion induced by the motion
of microscopic martensitic phase boundaries. Earlier
studies have normally attributed the buildup of disloca-
tion structures as caused exclusively by the traversing
martensite interfaces [9]. Future studies with more ori-
entations of single crystal NiTi are necessary to fully
develop our understandings on the fatigue behavior in
NiTi. However, the preliminary results presented here
show the power of using single crystals to study the
cyclic deformation mechanisms in polycrystalline NiTi.
In closing we will note that hardening due to latent heat
generation [41] may be a factor during cyclic deforma-
tion conditions. However, compared with the hardening
induced by changes in the microstructure, the contribu-
tion due of latent heating is negligible. We assert this
since fatigued specimens cooled to room temperature
and subsequently cycled demonstrated nearly identical
transformation-stress strain slopes as the specimens un-
dergoing back-to-back repeated loading cycles [21].

7. Summary

Precipitated single crystal NiTi shape memory alloys
demonstrates a strong asymmetry and orientation de-
pendence of mechanical properties, which explains the
observed asymmetry in textured polycrystalline NiTi
alloys. Consequently, when modeling the cyclic and
monotonic behavior of textured polycrystalline NiTi
alloys, it is imperative to account for the effects that
crystallographic texture has on critical transformation
stress levels, martensite plate formation and detwinning
strains, and degradation effects during cycling.
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