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Abstract

Molecular dynamics simulations are performed to study the atomistic mechanisms governing the pseudoelasticity and shape memory
in nickel–titanium (NiTi) nanostructures. For a h110i – oriented nanopillar subjected to compressive loading–unloading, we observe
either a pseudoelastic or shape memory response, depending on the applied strain and temperature that control the reversibility of phase
transformation and deformation twinning. We show that irreversible twinning arises owing to the dislocation pinning of twin bound-
aries, while hierarchically twinned microstructures facilitate the reversible twinning. The nanoscale size effects are manifested as the load
serration, stress plateau and large hysteresis loop in stress–strain curves that result from the high stresses required to drive the nucleation-
controlled phase transformation and deformation twinning in nanosized volumes. Our results underscore the importance of atomistically
resolved modeling for understanding the phase and deformation reversibilities that dictate the pseudoelasticity and shape memory behav-
ior in nanostructured shape memory alloys.
� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Shape-memory alloys (SMAs), when deformed at a low
temperature, recover to their original shape upon unload-
ing and heating [1–3]. Nickel–titanium (NiTi) is one of
the most widely used SMA [4]. The shape memory effect
of NiTi usually results from the reversible martensitic
phase transformation between the cubic B2 (austenite)
and monoclinic B190 (martensite) phases. NiTi can also
exhibit pseudoelasticity [4], i.e. deformation is fully recov-
ered upon unloading without the aid of heating. Compared
to shape memory, pseudoelasticity similarly involves the
martensitic phase transformation, but it occurs when the
deformation temperature is higher, typically above the aus-
tenite finish temperature Af.

Both pseudoelasticity and shape memory have been
extensively studied in bulk SMAs [1–3]. However, these

unique properties and size effects remain largely unex-
plored in nanoscale SMAs [5], while they are being
increasingly considered for use in micro/nanodevices for
sensing, actuation, shape memory and mechanical damp-
ing [6,7]. Recent development in nanomechanical testing
provides opportunities for illuminating the nanometer
length scale effects on SMAs [8–21]. For example, Frick
et al. showed that decreasing the diameter of NiTi nano-
pillars inhibits the pseudoelastic behavior and ultimately
suppresses it for diameters of less than 200 nm [11]. This
size effect could be possibly attributed to the suppression
of martensitic phase transformation in small samples, so
favoring the irreversible deformation mechanism of dislo-
cation plasticity. However, in a recent in situ electron dif-
fraction experiment, the martensitic phase transformation
of B2 ! B190 was observed in NiTi pillars of 200 nm
diameter [15]. It was thus suggested that the loss of
pseudoelasticity arises owing to incomplete strain recov-
ery, despite the occurrence of martensitic phase transfor-
mation [16]. In contrast to loss of pseudoelasticity, the
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shape memory was measured for pillars with diameters of
200 nm [16].

To understand the length scale effects on nanostructured
SMAs, it is highly desired to develop the physics-based
models to explore the structure–property relationship in
these systems [22–32]. To this end, here we report an atom-
istic study of the pseudoelasticity and shape memory
behaviors in NiTi nanopillars by using molecular dynamics
(MD) simulations. We focus on the stress-induced martens-
itic phase transformation and deformation twinning, while
temperature-driven phase transformations have been
reported in a recent publication [28]. It is important to note
that, compared to the previous atomistic study of pseudo-
elasticity and shape memory in pure metals [33–36], the
NiTi alloy is complicated with the formation and evolution
of a variety of phases (e.g. B2, B19, B190, R and base cen-
tered orthorhombic (BCO)) and twin structures (e.g. type I,
type II and compound twins) [4]. However, it is likely that
the facile multi-phase and multi-twin features could pro-
duce the pseudoelasticity and shape memory effects that
are more robust and thus highly desirable to the “smart”
micro/nanodevices. In this work, by controlling the applied
strains and temperatures, we have simulated various char-
acteristic stress–strain behaviors in shape memory alloys,
such as pseudoelastic deformation, loss of pseudoelasticity
and shape memory. Our detailed atomistic characterization
of the phase transformation and deformation twinning
products offers new insights into the physical mechanisms
governing the thermomechanical behavior of NiTi
nanostructures.

2. Method

A Finnis–Sinclair-type many-body interatomic potential
[37] is used to describe the NiTi system. This potential was
originally developed by Lai and Liu [22], but it suffered
from discontinuities at the cutoff radius. We modified the
potential function by smooth interpolations near the cutoff
with cubic polynomials [28]. The resulting NiTi potential
not only enabled well-behaved molecular statics and
dynamics simulations, but also improved the predicted
properties, including lattice constant and cohesive energy
for a variety of phases, as compared with ab initio calcula-
tions in Table II in our recent publication [28].

In this work, we perform the MD simulations of uniax-
ial compression of NiTi nanopillars by using LAMMPS
[38]. The initial structure is the ordered B2 phase. In Sec-
tion 3.1, a nanopillar with 46,080 atoms is constructed. It
is 25.6 nm long, with a nearly square cross-section, 4.8
nm � 5.1 nm. The periodic boundary condition is applied
only in the axial direction, such that the sidewalls of nano-
pillars are traction-free. The axial direction of the nanopil-
lar is aligned with h110iB2 [13]. By thermal equilibration,
the simulation temperature is set to 400 K, �50 K higher
than Af (�350 K, to be discussed at the end of this section).
The system is relaxed at zero stresses for 200,000 MD time
steps, each of which is 0.5 fs. The uniaxial compression is

then applied by strain control. To explore the pseudoelastic
deformation, a limited load range is applied up to 6.6%
engineering strain. Note that all the strain values given in
this paper refer to the magnitude of the applied compres-
sive strain. The aforementioned strain limit is achieved in
400,000 time steps, followed by unloading to zero strain
in another 400,000 time steps. As such, both loading and
unloading correspond to a constant strain rate of
�3 � 108 s�1. In Section 3.2, we study the irreversible
deformation after the complete martensitic phase transfor-
mation by imposing a larger compressive strain up to
10.6%. In Section 3.3, the temperature effect is investigated
on both phase transformation and deformation twinning
by reducing the deformation temperature to 350 K, close
to Af. In Section 3.4, the size effects on the stress- and tem-
perature-driven phase transformation are discussed, as
compared with the bulk NiTi behavior.

In all the MD simulations, we identify the formation of
new phases in terms of the transformed lattice constants,
internal atomic shuffling and particularly monoclinic angle
c, i.e. c = 90� for B2 and B19, c = 98� for B190, and
c = 108� for the BCO phase [28]. To reduce the error from
thermal fluctuations, the aforementioned geometrical
parameters are calculated by averaging over tens of MD
time steps. Note that for a given temperature, several
MD simulations have been performed with different initial
distributions of randomly assigned atomic velocities, in
order to explore the possibly different products of phase
transformation and deformation twinning.

To facilitate the analysis of crystallography and twin
geometry, Fig. 1 shows the lattice structure of the B2 phase
with both cubic and tetragonal unit cells. We use a0 to rep-
resent the lattice constant of the cubic unit cell. Corre-
spondingly, the lattice parameters of the tetragonal cell
are given by a = a0 and b ¼ c ¼ ffiffiffi
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Fig. 1. Schematic of a tetragonal unit cell (black lines) and four cubic unit
cells (green lines) in the untransformed B2 phase. Only Ti atoms (red
circles) are shown for clarity. The orthonormal vectors (i, j,k) are along the
cube axes, and the orthonormal vectors (i0, j0,k0) are along the cube
directions of ½1�10�; ½110� and [001], respectively. The rectangle enclosed
by dash-dotted lines is the twin plane, refereed to the basis of the cubic
unit cell. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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referred to the (i, j,k) basis of the cubic cell of the parent B2
phase. The martensitic transformation of B2 ! B190 takes
a tetragonal unit cell into a monoclinic cell. The associated
lattice deformation involves the expansion and contraction
of the tetragonal cell, as well as a simple shear. In our nota-
tion, a < b < c. In B190 the monoclinic angle c between
edges with length of a and c is � 98�, as measured from
experiments [4] and predicted from our MD simulations.
The martensitic transformation also involves the atomic
shuffling in unit cells, which can be directly simulated by
MD.

As a reference to the present MD study of the thermo-
mechanical behavior of nanopillars, we briefly review the
phase transformation properties of bulk NiTi, which have
been predicted by the same interatomic potential in our
recent publication [28]. In that work, the temperature-
driven phase transformation at zero stresses was studied
by MD. The simulation began with the B190 phase in a
supercell containing 1152 atoms. The system was subjected
to periodic boundary conditions. It was heated from 100 K
to 450 K, then cooled down to 100 K. We defined an order
parameter W as the overall shear of the supercell, normal-
ized by its maximum value. Fig. 2 shows the time-averaged
values of W as a function of temperature. The phase trans-
formation temperatures were estimated by the abrupt
change of W, signifying the phase transformation between
B190 (martensite) and B2 (austenite). As shown in Fig. 2,
both the austenite start temperature As and finish temper-
ature Af are �350 K, while the martensite start temperature
Ms is �310 K and the finish temperature Mf is �290 K.
These are reasonably close to the experimental values
[28]. Our further MD studies indicated that the size of
the periodic supercells does not markedly affect the pre-
dicted phase transition temperatures of the bulk NiTi.

3. Results and discussion

3.1. Pseudoelasticity and reversible phase transformation

Fig. 3 shows the MD results of uniaxial compression of
a NiTi nanopillar at a temperature of 400 K, �50 K above
the bulk value of Af. Fig. 3a presents the initial structure of
the nanopillar in the B2 phase. During compression, the
successive phase transformations of B2 ! B19 ! B190

occur. Fig. 3b plots the corresponding stress–strain curve
with the maximum compressive strain of e = 6.6%. The
compressive deformation constitutes four stages: (I) the ini-
tial linear response (e < 2.5%) represents the elastic defor-
mation of the B2 (austenite) phase; (II) the continuous
but nonlinear response (2.5% < e < 3%) corresponds to
the martensitic phase transform of B2 ! B19, manifested
by a smooth increase of slope; (III) another linear response
3% < e < 5.8%) signifies the completion of martensitic
phase transformation to B19 and subsequent elastic defor-
mation of B19; (IV) the load drop at e � 5.8% indicates the
phase transformation of B19 ! B190.

Next, each of the aforementioned loading stages is
described in detail. During stage I (e < 2.5%), we start with
the cubic B2 (CsCl type) phase of NiTi. Fig. 3c shows the
schematic of its atomic structure in a conventional tetrago-
nal unit cell which includes both Ni and Ti atoms. This aus-
tenite phase is stable at 400 K. Its effective Young’s
modulus E0 is �29 GPa, estimated from the slope of the ini-
tial stress–strain curve in Fig. 3b. Since the nanopillar is
compressed in the h110iB2 direction, the corresponding
Young’s modulus can be related to the elastic constants
of the B2 phase by

E0 ¼ 2

1=C44 þ 1=ðC11 þ C12 � 2C12C12=C11Þ ð1Þ

Using Eq. (1), one can compare E0 predicted from our MD
with the experimental value. The elastic constants of the B2
phase have been measured by Brill et al. [39] at the same
temperature of 400 K as MD. On the basis of their exper-
imental data, we estimate E0 = 39 GPa, consistent with our
MD result. On the other hand, the B2 phase at low temper-
atures is metastable. It can be accessed in the well-
controlled atomistic modeling, but not in experiment. As
such, for the 0 K case, we compare the results between
the interatomic potential and ab initio density functional
theory calculations. Using Eq. (1), we calculate E0 from
the 0 K elastic constants predicted by the interatomic po-
tential, yielding 72.9 GPa. It is comparable to the value
of 62.2 GPa from the ab initio 0 K elastic constants by
Hatcher et al. [26], but smaller than 128.7 GPa from Wag-
ner and Windl [24]. From the above results at 400 K and
0 K, one can see a strong temperature effect on the moduli
of the B2 phase.

During stage II (2.5% < e < 3%), the stress–strain curve
in Fig. 3b is continuous but nonlinear. This stage of defor-
mation features the phase transformation of cubic
B2 ! orthorhombic B19, as schematically illustrated by
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Fig. 2. Temperature-driven, first-order phase transition in bulk NiTi,
showing the order parameter W as a function of temperature [28]. Circles
are the time-averaged MD results, and dashed lines are the fitting curves,
corresponding to the heating (blue line) and subsequent cooling (black
line). Insets show the atomic structure of the cubic B2 (lower-right) and
monoclinic B190 (upper-left) phase, respectively, where the blue atoms are
Ni and red atoms Ti. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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their respective unit cells in Fig. 3c. Fig. 3d shows the
atomic structures of nanopillars before and after
B2 ! B19. The lattice deformation associated with phase
transformation can be understood in terms of a direct load-
ing effect. The lattice constant b in B19 is smaller than the
corresponding value of

ffiffiffi

2
p

a0 in B2 [23–25,27]. As a result,
the applied compression along h110iB2 tends to promote
the formation of B19 with a smaller lattice constant in
the loading direction. In addition, internal atomic shuffling
within the unit cell is observed in our MD, i.e. atoms in
{110} planes move in the [001] direction, as indicated by
arrows in Fig. 3c. Our results agree well with a recent study
by Hatcher et al. [25,26]. They performed the first princi-
ples calculations of energy barriers of multilayer shear,
and found the shuffling on [001]{110} requires the lowest
energy barrier or even no energy barrier, depending on the
number of the sheared layers. The shuffling mode from our
MD essentially corresponds to their two-layer [001]{110}
shuffling. However, this mode is different from the
½1�10�f110g basal shear/shuffle proposed by Otsuka and
Ren [40]. It is still an open question which shuffling mode
dominates in the B2 ! B19 phase transformation.

During stage III (3% < e < 5.8%), the B19 phase is elasti-
cally deformed, and its effective Young’s modulus is �145
GPa. The corresponding experimental data are currently
unavailable. Combining stages I–III, we notice that during
the B2 ! B19 phase transformation, a 5.8% strain can be
achieved through a small phase transformation strain only
of 0.5% and a large elastic strain of 5.3%. This is because ini-
tiation of such a stress-driven transformation process
requires a high load (�2.5% elastic strain), which can be
sustained by the parent B2 phase as it is single crystalline
without pre-existing internal defects. Furthermore, the
B2 ! B19 phase transformation involves a continuous var-
iation of lattice constant. This implies a gradual diminishing
of the energy barrier of the B2 ! B19 transformation with
increasing load, characteristic of the second-order phase
transition. Such a continuous process results in a small
transformation strain of 0.5%. The transformation product
of the B19 phase can also sustain large elastic strain, as it
does not contain pre-existing internal defects either.

During stage IV (e > 5.8%), the deformation features the
phase transformation of B19 ! B190. The resulting mono-
clinic angle c of the B190 phase is � 98�, as indicated in
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Fig. 3. Nanopillar compression at 400 K with the applied strain up to 6.6%. (a) Initial structure in the ordered B2 phase (red atoms represent Ti and blue
atoms Ni). (b) Stress–strain curve of loading (blue) and unloading (red); a positive stress means tension. (c) Schematics of B2, B19, B190 unit cells. (d) Side
view of the nanopillar before and after the phase transformation of B2 ! B19. (e) Top view of the sequential steps of the B19! B190 phase
transformation; the dashed line indicates the phase boundary. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 3c. Note that the shear transformation occurs in the
plane (containing a and c) perpendicular to the loading
direction. Furthermore, the transformation involves the
nucleation and growth of the B190 phase from the B19 par-
ent matrix, as will be discussed next. The associated stress–
strain curve is plotted in Fig. 3b. During this stage of phase
transformation, there are two load drops occurring at
strains of 5.9% and 6.6%, respectively. The first load drop
is relatively small, of only a few hundred megapascals, and
is followed by a load increase. The second load drop is con-
siderably larger, at �2 GPa. The compressive loading ter-
minates at this point, while the stress–strain behavior
under a further load increase will be studied to explore
the martensite plasticity in the next section.

The aforementioned nucleation and growth of the B190

phase are shown in detail by a cross-sectional view of the
nanopillar in Fig. 3e. The B190 phase first nucleates at a
f1�10gB2 free surface of the pillar (Fig. 3e1), resulting in
the first load drop in Fig. 3b. As shown in Fig. 3e2, the
B190 phase grows by migration of a phase boundary
(dashed line) with increasing load. When e reaches
�6.6%, a B190 phase also nucleates at the opposite
f1�10gB2 free surface, Fig. 3e3, and it grows similarly by
migration of a phase boundary. Instability occurs when
the two phase boundaries are sufficiently close, producing
the second load drop and the final product of a uniform
B190 phase, shown in Fig. 3e4. The monoclinic angle c is
98� in the central region of the pillar, while c increases
notably to 109� near the outer boundaries of the cross-sec-
tion due to the free surface effect.

The unloading starts with the B190 phase. Fig. 3b plots
the associated stress–strain curve (in red). It comprises
two linear parts, with an abrupt stress change in between.
The Young’s modulus of the initial linear unloading is
�142 GPa, close to the 134 ± 4 GPa measured from exper-
iments at room temperature [41]. At e � 3.5%, the B190

phase reverts to B19 and finally to B2, causing a sudden
change of stress. This is followed by another linear unload-
ing, with the associated stress–strain curve overlapping the
initial loading one (in blue). When the axial strain is
reduced to zero, the stress also becomes zero. Clearly, both
the phase and load recoveries indicate that the nanopillar
undergoes the pseudoelastic deformation during a load-
ing–unloading cycle. In the experiment of NiTi nanopillars,
Frick et al. reported that decreasing diameter inhibits the
pseudoelastic behavior and ultimately suppresses it for
diameters of less than 200 nm [11]. As discussed earlier in
Section 1, this size effect has been ascribed to the suppres-
sion of martensitic phase transformation or the incomplete
reverse martensitic transformation. Nevertheless, our
pseudoelastic results do not conflict with their findings.
This is because in our strain-controlled MD simulations,
the realization of pseudoelasticity, through the B190 ! B2
phase transformation during unloading, actually requires
the negative compressive (i.e. tensile) stress that has not
been generally imposed in experiments of nanopillar com-
pression [11]. If the unloading was stopped at zero stresses,

as in experiment, the phase transformation would not be
fully reversible, since the final product would be the B190

martensite instead of the B2 austenite. Lastly, it is impor-
tant to emphasize that the chemical effect, i.e. the forma-
tion of surface oxides, could play an important role in
the loss of pseudoelasticity in the experimentally studied
NiTi nanopillars. NiTi alloys can be spontaneously covered
by a thin film of TiO2 + TiOx with thickness typically in the
range of a few tens of nanometers [42,43]. Juan et al. [44]
pointed out that such oxides in NiTi nanopillars will exhi-
bit high modulus and compressive strength, thus acting as a
stiff outer tube to enclose the NiTi inner core. As a result,
much higher loads would need to be applied to deform the
nanopillar, achieving the stress for plastic deformation of
the NiTi core and potentially suppressing the pseudoelastic
behavior, and in particular pseudoelastic recovery. In the
future, it would be highly desired to study the influence of
surface oxides in NiTi nanopillars by atomistic modeling,
but it is beyond the scope of this work as the Ni–Ti–O
interatomic potential is currently not available.

3.2. Irreversible twinning and loss of pseudoelasticity

To study the irreversible deformation in NiTi martens-
ite, we apply a larger range of compressive strain up to
10.6%. The corresponding stress–strain curve is shown in
Fig. 4a, where the loading regime between points (I) and
(II) represents the successive phase transformation of
B2 ! B19 ! B190, as described in detail in Section 3.1.
In this section we focus on the subsequent deformation
behavior. Upon continual compression, the B190 phase at
point (II) is not stable, and it immediately transforms to
the BCO phase [23] without an obvious change in the
stress–strain curve. Fig. 4b shows the cross-sectional view
of the nanopillar with the BCO phase. One major difference
between the BCO and B190 phase is the monoclinic angle c,
i.e. 108� in BCO vs. 98� in B190 as schematically indicated
in Fig. 4c and Fig. 3c, respectively. It should be emphasized
that c in BCO cannot be an arbitrary value, because the
orthorhombic structure dictates c = arcsin(a/2c), as illus-
trated in Fig. 4d [23]. Incidentally, the ab initio calculations
show that the BCO phase in NiTi is the ground state under
zero stresses at 0 K, with its energy lower than that of B190,
the commonly observed martensitic phase in experiments
[23,24,26]. Note that the formation of the BCO phase in
our MD simulations is driven by the applied mechanical
loading at finite temperature.

Deformation twinning occurs when the applied com-
pressive strain reaches � 8.5%, causing a sharp load drop
from 5 GPa to 0.6 GPa, i.e. from points (III) to (IV) in
Fig. 4a. Fig. 4e shows the nucleation and growth of a
twinned shear band in the martensitic BCO phase. Our
analysis of the crystallography and structure changes indi-
cates that the twin plane is {112}B2, as highlighted by the
shaded plane in a BCO unit cell in Fig. 4c as well as the
plane enclosed by the blue dashed lines in Fig. 1. The direc-
tion of twin shear does not appear to coincide with any
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typical crystallographic orientation. Such shear transfor-
mation is considered as type I twinning.

Next, we fully unload the sample to zero strain. The
unloading stress–strain curve is shown in Fig. 4a (in red).
Compared to Fig. 3b, an abrupt load change similarly
occurs due to the phase transformation of BCO ! B2.
However, a major difference is the residual tensile stress
of �1.4 GPa left in the nanopillar at zero strain, indicating
a loss of pseudoelasticity. As shown in Fig. 4f, the initial B2

phase has been recovered after unloading, but the twinned
shear band remains in the final product. It is interesting to
note that during the loading–unloading cycle, the system
undergoes a series of B2 ! B19 ! B190 ! BCO ! B2
phase transformations that finally recover the initial B2
austenite. However, the deformation twin is irreversible,
leading to a loss of pseudoelasticity.

The above irreversibility of deformation twinning can
be attributed to the dislocation pinning effect on twin

B2

108

BCO

02a

0a

c

a

<110>B2

<110>B2 <001>

<110>B2

B2

<110>B2

<110> <001>

<110>B2

0 0.02 0.04 0.06 0.08 0.1
-2

0

2

4

6

Strain

St
re

ss
 (G

Pa
)

(I)

(II)

(III)

(IV)

(V)

(VI)

(a) (b) 

(c) 

(e) 

NiTi

(f) 

(d) 

<110>B2

<110>B2 <001>

<110>B2

B2 B2

<110>B2

<110>B2 <001>

<110>B2

B2 B2

<110>B2

<110>B2
<001>B2

<110>B2

B2
<001>B2

<110>B2

<110>B2
<001>B2

<110>B2

B2
<001>B2

<110>B2<110>B2

<001>B2<001>B2

<110>B2B2

<110>B2<110>B2

<001>B2<001>B2<001>B2<001>B2

<110>B2B2<110>B2B2

<110>B2<110>B2

<001>B2<001>B2

<110>B2B2

<110>B2<110>B2

<001>B2<001>B2<001>B2<001>B2

<110>B2B2<110>B2B2

<110>B2

<110>B2 <001>

<110>B2

B2 B2

<110>B2

<110>B2 <001>

<110>B2

B2 B2

108
a

b

c

108108
a

Fig. 4. Nanopillar compression at 400 K with the applied strain up to 10.6%. (a) Stress–strain curve of loading (blue) and unloading (red). (b) Cross-
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boundaries. Twins in the B190 phase are usually reversible
in bulk NiTi, as shown in MD simulations of the tempera-
ture-driven phase transformation at zero stresses [28].
However, the above deformation twinning in BCO is irre-
versible and could be caused by the nucleation of disloca-
tions. In the final product containing an irreversible twin
shear band, we observed residual dislocations in the
{112}B2 slip plane. This implies that during unloading,
those dislocations could act as pinning defects in twin
boundaries, preventing the de-twinning process. The irre-
versible twinning could be further related to the delayed
formation of deformation twins in de-confined nanopillars.
Namely, the lack of confinement on nanopillars (with the
traction-free sidewalls) does not necessarily require the for-
mation of twins at low loads, and the phase transformation
to BCO occurs favorably to release the accumulated strain
energy with increasing deformation instead. It follows that
the deformation twinning is postponed to a late stage of
loading when the applied stress is considerably high
(�5 GPa). As a result, the high stress could trigger both
twinning shear and dislocation nucleation concomitantly.
Upon further unloading, the reverse load cannot eliminate
these dislocations that act as pinning defects to impede the
motion of twin boundaries, thus causing the irreversibility
at 400 K. Finally, we note that the above MD results are
qualitatively similar with different initial distributions of
randomly assigned atomic velocities.

3.3. Temperature effect and reversible twinning

To study the temperature effect on phase transformation
and deformation twinning in NiTi nanopillars, we lower the
deformation temperature from 400 K, as studied in Sections
3.1 and 3.2, to 350 K, close to Af. MD simulations are per-
formed with various initial conditions of randomly gener-
ated atomic velocity distribution, yielding different final
products. This implies that the thermomechanical response
of NiTi nanostructures near the phase transformation tem-
perature could become less deterministic than that at high
temperatures. During loading, all the nanopillars undergo
the phase transformations of B2 ! B19 ! BCO at 350 K,
in contrast to B2 ! B19 ! B190 ! BCO at 400 K. In addi-
tion to phase transformations, two different kinds of twin
microstructures, i.e. type I twin and “twins within twin”,
form in the nanopillars when further loaded at 350 K. Sim-
ilar to results in Section 3.2, the type I twin is irreversible due
to the nucleated dislocations that pin the twin boundaries,
and it is not further discussed for brevity. Here we focus
on the newly observed “twins within twin”, which are fully
recoverable after unloading. As a result, both shapememory
and pseudoelastic behaviors can be observed.

Fig. 5 shows an MD result at 350 K, exhibiting the
reversible twins within twin and shape memory effect.
Starting with the B2 phase, the transformation to B19
occurs at the strain of 0.7%, much smaller than the corre-
sponding strain of 2.5% at 400 K. This difference is under-
standable, because the low temperature encourages

formation of the martensite. As the compressive strain
reaches 4%, a direct transformation of B19 ! BCO occurs
at 350 K, instead of B19 ! B190 ! BCO at 400 K. Fig. 5b
shows the cross-sectional view of the nanopillar in the BCO
phase. Despite the apparently twinned outer boundaries,
the sample is actually a single phase without twins, as evi-
denced by the perfect periodicity of unit cells (yellow paral-
lelograms) in the entire system. Interestingly, it is a
macroscopically twinned structure without the microscopi-
cally twinned lattice. Such type of structure arises because
the orthorhombic BCO phase possesses both the mirror
and central symmetries.

After the phase transformation of B19 ! BCO com-
pletes, further compression causes the formation of defor-
mation twins in BCO, resulting in a large load drop at a
strain of �6.6%. It is interesting to note that a hierarchi-
cally twinned microstructure, i.e. twins within twin, devel-
ops in the nanopillar. As shown in Fig. 5c, the boundaries
of the primary twin, indicated by yellow dashed lines, are
on the {112}B2 plane, close to the orientation with the larg-
est resolved shear stress. Within the twinning shear band,
the secondary twins, indicated by black dashed lines, also
develop with smaller twin widths. Such a hierarchically
twinned microstructure provides an effective means of
releasing strain energy, and it also enables an approximate
satisfaction of geometry incompatibility across the primary
twin boundaries.

During unloading, the hierarchically twinned micro-
structure shrinks and finally disappears, resulting in a sin-
gle BCO phase without twins, i.e. recovering the structure
prior to the formation of deformation twins as shown in
Fig. 5b. Specifically, when the applied compressive strain
is reduced from 7% to 3%, the width of the primary twin
begins to decrease by migration of twin boundaries. Corre-
spondingly, the stress–strain curve in Fig. 5a exhibits a pla-
teau, indicating a steady-state process of boundary
migration that involves a minor variation of the applied
stress. At e � 3%, a discontinuity appears in the stress–
strain curve, signifying the strain energy release caused by
a complete elimination of the hierarchically twinned micro-
structure. No dislocation is observed in this case. After
complete unloading to zero strain, the tensile residual stress
remains in the nanopillar, suggesting a loss of pseudoelas-
ticity. Since the final product is a single BCO phase without
twins, the shape memory can be realized by heating or fur-
ther tension, and the B2 austenite is then recovered from
the BCO martensite.

Fig. 6 shows a different MD result at 350 K. Compared
to Fig. 5, it also exhibits the reversible twins within twin,
but pseudoelasticity rather than shape memory. The key
difference between the two cases is the cross-sectional
geometry of the nanopillar when the BCO phase forms dur-
ing loading, i.e. the parallelogram-shaped (Fig. 6b) vs.
twinned outer boundary (Fig. 5b). As a result, upon com-
plete unloading to zero strain, the BCO phase is fully
recoverable to B2, Fig. 6c; and the nanopillar has no resid-
ual stress, Fig. 6a. This is a pseudoelastic deformation.
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To understand the origin of the above difference in the
cross-sectional geometries, we note that there are two
equivalent variants that could possibly form after the phase
transformation from B2 to BCO. In Figs. 5b and 6b, two
BCO variants nucleate from the free surface, one at the
top and another at the bottom, and they grow by migration
of the respective phase boundary toward each other. If the
two variants happen to be in the opposite orientation (as
selected randomly by thermal fluctuations), the twinned
outer boundary will eventually form, i.e. Fig. 5b. Other-
wise, the parallelogram-shaped cross-section will develop,
i.e. Fig. 6b. Lastly, we note a minor difference in the struc-
ture of twins within twin between Figs. 6d and 5c, while
they are both reversible upon unloading.

3.4. Size effect

We have studied the size effect on the stress-driven phase
transformations in NiTi nanopillars, which appears to be

insignificant within the accessible size range. For instance,
MD simulations at 400 K are performed as in Section 3.2,
with the only difference in the doubled side lengths of the
cross-section. The stress–strain curve exhibits no major
change, the system similarly undergoes the phase transfor-
mations of B2 ! B19 ! B190 ! BCO and the deformation
twinning mode is also similar. However, the twinned struc-
ture is complicated with the formation of multiple twinned
shear bands, which arise due to the high symmetry of the
loading orientation, as well as the large volume that pro-
motes strain accommodation by multiple twins. As this
work is focused on the unit processes of phase transforma-
tion and deformation twinning in small-sized NiTi nano-
structures, it is hoped to report a detailed analysis of the
spatial–temporal evolution of multi-twinned microstruc-
tures in a later paper.

Compared to the coarse-grained NiTi alloys, the nano-
meter size effect can be appreciated in terms of the charac-
teristic stress–strain behaviors of NiTi nanopillars, such as
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the load serration, stress plateau and large hysteresis loop
as revealed by MD simulations. During loading, the system
has to be over-driven to accumulate a large amount of
strain energy in order to overcome the nucleation barriers
of phase transformation and deformation twinning in the
nearly perfect nanopillar. Those nucleation processes can
result in the major load drops to release strain energy, lead-
ing to serrations in the stress–strain response. During
unloading, the nucleation-controlled reverse phase trans-
formation can similarly produce discontinuities in the
stress–strain curve. To understand the stress plateaus in
Figs. 5a and 6a, we note that when the deformation
involves the interfacial migration, the layer-by-layer move-
ment of the twin boundaries can proceed by similar pro-
cesses of atomic shuffling (as illustrated in Fig. 5c),
thereby requiring a nearly constant driving stress as mani-
fested by the stress plateau. The above considerations also
allow us to rationalize the large hysteresis loop, as evident
in Figs. 4–6. On the one hand, the nucleation-controlled
processes during loading/unloading require the large for-
ward/reverse transformation stresses. On the other hand,

while the migration of twin boundaries during unloading
is relatively easy compared to nucleation, it still requires
a large load reversal, giving a low value of reverse transfor-
mation stress. This is because in nanosized systems, there
is typically a lack of self-sustaining three-dimensional
mechanisms (e.g. pole dislocations) to facilitate the easy
movement of twin boundaries that could prevail in the
coarse-grained NiTi alloys. As a result, the large hysteresis
loop should feature the stress–strain curve of the nanoscale
shape memory alloys, as experimentally shown in Cu–Ni–Al
nanopillars [6].

In addition, we have studied the size effect on the tem-
perature-driven martensitic phase transformation by com-
paring the cooling response of a bulk crystal and a
nanopillar at zero stresses. In the bulk NiTi subjected to
periodic boundary conditions, the martensite start temper-
ature Ms is 310 K and the finish temperature Mf is 290 K,
as shown in Fig. 2. However, in nanopillars, no phase
transformation of B2 ! B190 has been observed, even
when the temperature is lowered to 200 K. Such a size
effect is likely related to the phase energy differences

(a) 

0 0.02 0.04 0.06 0.08
-4

-2

0

2

4

6

Strain

St
re

ss
 (G

Pa
)

B2

B19

BCO

BCO 
Twin

<110>B2

<110>B2 <001>

<110>B2

B2

<110>B2

<110> <001>

<110>B2

(b) 

<110>B2

<110> <001>

<110>B2<110>B2

<110> <001>

<110>B2

(c) 

<110>B2<110>B2<110>B2<110>B2

<001>B2<001>B2<001>B2B2<001>B2<001>B2<001>B2B2<001>B2<001>B2<001>B2B2 <110>B2B2<110>B2B2<110>B2B2<110>B2B2

<110>B2<110>B2<110>B2<110>B2

<110>B2B2<110>B2B2 <001>B2<001>B2<001>B2B2

<110>B2<110>B2<110>B2<110>B2

<110>B2B2<110>B2B2<110>B2B2<110>B2B2 <001>B2<001>B2<001>B2B2<001>B2<001>B2<001>B2B2

<110>B2<110>B2<110>B2<110>B2

<110>B2B210>B2B2 <001>B2<001>B2<001>B2B2

<110>B2<110>B2<110>B2<110>B2

<110>B2B210>B2B2<110>B2B210>B2B2 <001>B2<001>B2<001>B2B2<001>B2<001>B2<001>B2B2<001>B2<001>B2<001>B2B2

(d) 

b

a

c

c

b

a

b

a

c

c

b

a
108108

108108

108108

108108

B2 B2

Fig. 6. Nanopillar compression at 350 K, exhibiting the pseudoelasticity. (a) Stress–strain curve of loading (blue) and unloading (red). (b) Cross-sectional
view of the compressed nanopillar, showing a single BCO phase. (c) Final product of the B2 phase in a fully unloaded nanopillar. (d) A different mode of
“twins within twin” formed in the nanopillar, showing three side views with the corresponding BCO unit cells of twin variants. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Y. Zhong et al. / Acta Materialia 60 (2012) 6301–6311 6309



p py

between atoms at the free surface and in the bulk. It is
noteworthy that a recent atomistic study of NiTi nanopar-
ticles by Mutter and Nielaba [30] showed that the size effect
also exists in the austenite transformation: the smaller the
nanoparticle, the lower the temperatures of As and Af. This
trend appears to be consistent with our MD results of the
lowered phase transformation temperatures with decreas-
ing pillar size. They attributed the size effects to the increas-
ing role of surface atoms on phase transformation with
decreasing particle size [30]. This size effect on the temper-
ature-driven martensitic phase transformation exhibits a
similar trend to polycrystalline NiTi [9], where the martens-
itic phase transformation is suppressed when the grain size
is smaller than 60 nm.

4. Conclusions

The molecular dynamics simulations of h110iB2-oriented
NiTi nanopillars have revealed the atomistic mechanisms
governing the pseudoelasticity and shape memory in NiTi
nanostructures. The major findings of this work are
summarized as follows:

1. At high temperatures (e.g. �50 K above the austenite
finish temperature) and low loads (e.g. compressive
strain up to 6.6%), pseudoelasticity dominates during
the loading–unloading cycle. Imposing a higher load will
result in a loss of pseudoelasticity, owing to the disloca-
tion pinning of twin boundaries that leads to the irre-
versibility of deformation twinning.

2. The thermomechanical responses of NiTi nanostruc-
tures become less deterministic as the temperature
decreases to around the austenite finish temperature.
Both phase transformation and deformation twinning
could be reversible or irreversible at high loads (e.g.
compressive strain up to 10%). Only when both are
reversible is pseudoelasticity realized. If only the defor-
mation twinning is reversible, as facilitated by the for-
mation of a hierarchically twinned microstructure,
shape memory ensues.

3. The molecular dynamics results also reveal the load ser-
ration, stress plateau and large hysteresis loop in the
stress–strain curves of NiTi nanopillars. These charac-
teristics have been rationalized in terms of the nucle-
ation-controlled phase transformation and
deformation twinning, as well as the migration of phase
boundaries, in nanosized volumes. It was suggested that
the large hysteresis loop could be potentially utilized to
provide ultrahigh mechanical damping for applications
in nano/micro-devices [6].

4. Finally, we note that molecular dynamics are limited in
the simulation timescale, such that they could not be
quantitatively compared with experimental measure-
ments. While some of the atomic processes revealed in
this work could be specific to the model system, the
mechanisms and insights concerning the reversible/irre-
versible phase transformation and deformation twinning

should be useful for understanding the pseudoelasticity
and shape memory behavior in the nanostructured
shape memory alloys.
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