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Molecular dynamics simulations are performed to investigate temperature- and stress-induced phase
transformations in nanocrystalline nickel-titanium shape-memory alloys. Our results provide detailed
insights into the origins of the experimentally reported characteristics of phase transformations at the
nanoscale, such as the decrease of the transformation temperature with grain size and the disappearance
of the plateau in the stress-strain response. The relevant atomic scale processes, such as nucleation,

growth, and twinning are analyzed and explained. We suggest that a single, unified mecha-
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nism—dominated by the contribution of a local transformation strain—explains the characteristics of
both temperature- and stress-induced phase transformations in nanocrystalline nickel-titanium.
© 2016 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Shape-memory alloys have been widely used for many appli-
cations utilizing their unique properties of shape-memory behavior
and superelasticity. Among the various shape-memory alloys
discovered so far, nickel-titanium (NiTi) shape-memory alloys with
equiatomic or nearly equiatomic compositions have received great
attention owing to their excellent mechanical properties, biocom-
patibility, corrosion resistance, and their ability to transform close
to room temperature [1]. In NiTi alloys, the reversible temperature-
and stress-induced phase transformation between B2 austenite and
B19’ martensite results in the shape-memory effect and in super-
elasticity, respectively [1].

Recently, nanocrystalline NiTi shape-memory alloys have
attracted special attention because of their excellent strength,
thermomechanical cyclic stability, linear superelasticity, and the
large temperature window for superelasticity [2—5]. Because these
exceptional properties are likely related to unique characteristics of
phase transformations at the nanoscale, experimental studies on
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phase transformations in nanocrystalline NiTi are ongoing [2—8]. A
noticeable characteristic of nanocrystalline NiTi is an over-
stabilization of the austenite phase with respect to the martensite
phase. In the case of the temperature-induced phase trans-
formation, it has been reported that the transformation tempera-
ture decreases with decreasing grain size and that the
transformation to martensite is completely suppressed below a
critical grain size [9—11]. In the case of the stress-induced phase
transformation, a steep hardening in the stress-strain response has
been reported for nanocrystalline NiTi, while polycrystalline NiTi
with larger grains shows a clear plateau in the stress-strain curve
[2—4]. Consequently, the transformation in nanocrystalline NiTi
occurs at higher stress levels, indicating again an over-stabilization
of the austenite phase [2—4].

This over-stabilization of the austenite phase has not only been
reported for nanocrystalline materials, but also for shape-memory
nanoparticles with different boundary conditions, such as free
standing particles or nanoparticles embedded in bulk metallic glass
[11]. It is reasonable to expect that the fundamental mechanism
underlying phase transformations at the nanoscale differs from its
bulk counterpart. Several candidate mechanisms have been pro-
posed to explain the over-stabilization of the austenite phase. The
first one is the “interfacial energy contribution mechanism” [11—13]
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which promotes the relative difference between the interfacial
energy of the austenite and martensite phase. For example, if the
grain boundary energy of the austenite phase is lower than that of
the martensite phase, a decrease in the transformation temperature
is expected with smaller grain size. The second one is the “internal
defect contribution mechanism” [11,14] which promotes the role of
internal defects, e.g., dislocations, as heterogeneous nucleation
sites. Based on the assumption that a larger grain or particle con-
tains more internal defects than a smaller one, the suppression of
the martensitic phase transformation is expected with smaller
grain or particle size. The final mechanism is the “strain-contribu-
tion mechanism” [4,10,11] which promotes a mechanical constraint
by the presence of interfaces. Following this idea, the phase
transformation is suppressed with smaller grain or particle size,
because the increased transformation strain energy due to the
strong mechanical constraint can contribute to an increase in the
free energy.

Among these mechanisms, the strain-contribution mechanism
has been supported by a recent experiment on the stress-induced
phase transformation in nanocrystalline NiTi alloys [4]. The
experiment reported X-ray diffraction profiles recorded during in
situ tensile loading and unloading. The results indicate a gradual
degeneration of the diffraction profiles from a multiple-peaks
mode to a continuous, single-peak mode with decreasing grain
size. This is an indicator of lattice strains inside the transformed
structure due to strong mechanical constraints by grain boundaries.

However, several uncertainties remain, which have so far pro-
hibited the conclusion that the strain-contribution mechanism
indeed governs phase transformations in nanocrystalline NiTi.
Most notably, the experiment in Ref. [4] presented only limited
information on the microstructure during the phase trans-
formation. Generally, it is known that the evolution of the micro-
structure—especially the twinning behavior—is critical for phase
transformations in shape-memory alloys [1], but the twinning in
nanocrystalline NiTi and its role during the phase transformation
are still uncertain. Further, it is questionable whether a single,
unified mechanism governs both temperature- and stress-induced
phase transformations. Contrary to experiments on the stress-
induced phase transformation, experiments on the temperature-
induced phase transformation of nanocrystalline materials are
rather challenging and generally limited because of the following
difficulties: The temperature-induced phase transformation of
nanocrystalline NiTi usually involves the formation of an inter-
fering intermediate R-phase during cooling induced by the pres-
ence of metastable Ni4qTi3 precipitates [1,7—9]. Moreover, the
availability of in situ experiments is greatly limited because the
transformation temperature of nanocrystalline NiTi can approach
0 K, limiting experimental capabilities [11].

In order to overcome these difficulties and to supplement
experiment, theoretical approaches by means of mesoscale [15]
and atomistic simulations are useful. Especially, molecular dy-
namics (MD) simulations combined with semi-empirical inter-
atomic potentials can enable a detailed understanding of the
underlying mechanisms. For example, MD simulations have been
successfully used to elucidate the deformation behavior of metallic
nanocrystalline materials [16—18] and phase transformations of
shape-memory alloys [19—22]. As for the phase transformations in
nanocrystalline shape-memory alloys, there has been a recent MD
simulation work [23] focusing on a related shape-memory alloy
system (NiAl). However, because the work in Ref. [23] was based on
an interatomic potential which predicts a wrong martensite
structure as compared to experiment [23,24], the respective con-
clusions are rather limited.

In the present study, we have investigated phase trans-
formations in nanocrystalline NiTi shape-memory alloys based on a

recently developed interatomic potential [22] that correctly re-
produces the experimentally reported phase transformation be-
tween B2 austenite and B19’ martensite. We present MD simulation
results that are consistent with available experimental information.
Based on the results we are able to shed light on the atomistic
processes involved during the phase transformations, such as
nucleation and growth, the twinning behavior, and the occurrence
of an irrecoverable strain. The governing mechanism of tempera-
ture- and stress-induced phase transformations in nanocrystalline
alloys is critically discussed by confronting the proposed mecha-
nisms with our simulation results and available experimental data.

2. Methodology

The MD simulations were performed based on the second
nearest neighbor modified embedded-atom method (2NN MEAM)
with an interatomic potential specifically designed for the Ni—Ti
binary system [22]. This potential was developed with the aim to
accurately reproduce the temperature- and stress-induced phase
transformations in equiatomic NiTi. It reproduces the phase
transformation between the B2 austenite and B19’ martensite
phase as well as the fundamental physical properties (structural,
thermodynamic, and defect properties) of the relevant interme-
tallic compounds and solid solutions. All of the present simulations
were performed with a radial cutoff distance of 5.0 A, which is
larger than the second nearest-neighbor distance of B2 NiTi. A
detailed formulation of the 2NN MEAM formalism is available in
the literature [25—27].

Nanocrystalline cells were generated using the Voronoi con-
struction method [28] with random positions and crystallographic
orientations for each grain. Initially, cube-shaped cells with the B2
structure were generated considering designated average grain
sizes. Most of the cells were composed of 30 grains, but the cell
with the largest average grain size (30 nm) was generated with only
5 grains to render the computations feasible. The resulting average
grain diameter (D), number of grains, cell dimensions, and number
of atoms for each cell are summarized in Table 1.

A series of MD simulations was then performed using the
LAMMPS code [29] with a time step of 2 fs. The Nosé-Hoover
thermostat [30,31] and the Parrinello-Rahman barostat [32] were
used for controlling temperature and pressure, respectively. Peri-
odic boundary conditions were applied along all three dimensions
to remove spurious surface effects. During the simulations, cell
dimensions, cell angles, and individual atomic positions were
allowed to fully relax. Initially, the generated cells were subjected
to an energy minimization process using the conjugate gradient
method to avoid unstable atomic positions near the generated grain
boundary configurations. Annealing at 400 K, i.e., above the
austenite finish (Ay) temperature, was applied to recover the initial
B2 austenite structure.

The temperature-induced phase transformation was investi-
gated by performing MD simulations in an isobaric-isothermal
(NPT) ensemble at zero-pressure. From the initial temperature of
400 K, the temperature was gradually decreased to 10 K and
increased again to 400 K with cooling and heating rates of +0.5 K/
ps. During the simulations, atomic volumes at the specific tem-
perature and their changes were recorded to observe the occur-
rence of phase transformations.

The stress-induced phase transformation was likewise investi-
gated with MD simulations in an NPT ensemble. Prior to loading,
zero-stress transformation temperatures for each nanocrystalline
cell were obtained from simulation results of the temperature-
induced phase transformation. The Ar temperature of every nano-
crystalline cell turned out to be lower than 400 K. Knowing this
result, the temperature was kept at 400 K to maintain the B2
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Table 1
Average grain diameter (D), number of grains, cell dimensions, and number of atoms in the nanocrystalline cells considered in the present MD simulations.
D (nm) 4 8 12 16 20 30
Number of grains 30 30 30 30 30 5
Cell dimensions (nm) 10 x 10 x 10 20 x 20 x 20 30 x 30 x 30 40 x 40 x 40 50 x 50 x 50 41 x 41 x 41
Number of atoms 71692 577873 1976336 4679243 9134320 5159445

austenite phase in its zero-stress state. A strain-controlled uniaxial
tensile loading was then applied by controlling the cell dimensions
which corresponds to the loading direction with a strain rate of
5 x 108 s~! and maximum strain of 8%. The strain rate of the present
MD simulations is in the conventional range of usual MD simula-
tions (107 ~ 10° s~1) [33], but it is orders of magnitude higher than
that of usual experiments (10> ~ 10~ ! s~1[3]). To analyze the effect
of the strain rate, additional simulations were performed for the
simulation cell with a grain size of 8 nm using strain rates of 5 x 107,
1 x 108,2 x 108,1 x 10° and 2 x 10° s~\. When the strain reached
the maximum value of 8%, cells were unloaded to recover their
original shape. During the simulations, pressures in the directions
orthogonal to the tensile axis were set to 0 and the cell angle be-
tween those directions was allowed to relax, leading to a dynamic
response to the tensile strain.

In order to visualize the evolution of the microstructure during
the phase transformations, local atomic arrangements were iden-
tified using a common neighbor analysis (CNA) [34,35] as imple-
mented in the OVITO program [36]. Although the CNA algorithm
was initially not developed to differentiate between the B2
austenite and B19’ martensite phases, we confirmed that it is
nevertheless well suited for that purpose. Only directly at the grain
boundaries, a small fraction of the transformed phase was not
properly recognized due to residual strains, making the grain
boundaries appear slightly thicker after the transformation. In the
CNA pattern, atoms depicted in blue represent the B2 austenite
phase, while red atoms represent the B19’ martensite phase. Grain
and domain boundary regions are shown in gray. To visualize local
plastic deformation, the von-Mises local shear invariant [37] of
each atom was calculated and visualized using the OVITO program
[36].

The virtual diffraction method developed by Coleman et al.
[38,39] was utilized to investigate the simulated phase trans-
formations on an equal footing with experimental data. The
method generated 26 X-ray line profiles using a three-dimensional
reciprocal lattice mesh with a spacing of 0.005 A. The radiation
source imitated Cu K X-rays (A = 1.54178 A). The range of 26 was
restricted to 35° < 26 < 55°, since profiles of the B19’ martensite
phase are known to show three peaks at 38.18°, 43.65° and 44.78°
associated with the (110), (020), and (111) planes, respectively
[4,40]. In this range, the B2 austenite phase indicates a single peak
at 42.24° associated with the (110) plane [4]. All line profiles were
created using an optimal 26 bin size of 0.075° determined by
several trials.

3. Results

3.1. Temperature-induced phase transformation in nanocrystalline
NiTi alloys

Fig. 1 shows the temperature dependence of the atomic volume
during cooling and reheating of nanocrystalline NiTi for various
grain sizes. As the initial B2 austenite phase is cooled down (blue
curves), it transforms for most grain sizes into the B19’ martensite
phase with a positive volume change as expected from an experi-
mental work [41] and previous MD simulations [22]. The discon-
tinuous jump in the atomic volume represents the phase

transformation event, and the corresponding temperature is
recorded as the martensite start temperature (Ms). Fig. 2 shows
representative atomic snapshots for the initial state (400 K; top
row) and after cooling (10 K; middle row). At the initial tempera-
ture of 400 K, nanocrystalline NiTi consists of austenite grains
separated by grain boundaries as indicated by the blue and gray
color, obtained from a common neighbor analysis [34,35]. During
the cooling process, the austenite phase mostly transforms into
martensite as indicated by the red color in the middle row. Simu-
lation cells with grain sizes larger than 8 nm show a clear
martensitic transformation, while the one with a grain size of 4 nm
does not show any discontinuous volume change (Fig. 1) indicating
the absence of a phase transformation. The cell with a grain size of
8 nm shows an intermediate transformation behavior with a sig-
nificant fraction of retained austenite. The overall increase of the
volume with decreasing grain size (as most evident for the 4 and
8 nm case in Fig. 1) scales with the number of grain boundary atoms
due to a positive access volume of the grain boundaries.

The occurrence of a martensitic phase transformation is further
confirmed by the virtual diffraction method [38,39]. The left panel
of Fig. 3 shows X-ray diffraction profiles of nanocrystalline NiTi for
the various grain sizes at 400 K (red curves) and 10 K (blue). As the
B2 austenite phase is stabilized for all grain sizes at 400 K, the
profiles consistently indicate a single peak around 42—43°. After
decreasing the temperature to 10 K, most profiles change, with the
changes depending on the grain size. In nanocrystalline NiTi with
larger grain sizes (12, 16, and 20 nm), the profiles indicate three
peaks, demonstrating the formation of the B19’ martensite phase.
For the cell with a grain size of 8 nm, the peaks gradually merge into
a single broad peak at slightly higher 26 values. For the cell with a
grain size of 4 nm, the change in the diffraction profile is negligible
because the phase transformation is suppressed.

Upon reheating, the B19’ martensite phase transforms back into
the B2 austenite phase at a higher temperature than the M tem-
perature, again being accompanied by a discontinuous jump in the
volume as shown in Fig. 1 (red curves). This temperature is recor-
ded as the austenite finish (Af) temperature. We observe a complete
match between the atomic volume dependence during cooling and
reheating, if the temperature is higher than the Artemperature. This
result implies that the B2 austenite phase is completely recovered
after the reheating process. The complete recovery of the austenite
phase is also confirmed by the atomic configurations in Fig. 2
(lowest panel) and by results of the virtual diffraction method
(not shown) which indicate the recovery of a single peak in the
diffraction profiles. Fig. 4 summarizes the grain size dependence of
the M; and Ay temperatures of the temperature-induced phase
transformation. The result clearly indicates a decrease in both
transformation temperatures as the grain size decreases, which is
in agreement with experimental works [9—11].

Fig. 5 shows a detailed view of the microstructure evolution
during the martensitic transformation for the simulation cell with a
grain size of 30 nm. At the initial temperature of 400 K, the sample
consists of the B2 austenite phase and grain boundaries [Fig. 5(a)].
After cooling, the austenite phase transforms into the B1Y
martensite phase leaving the grain boundaries mostly unaffected
[Fig. 5(b)]. However, we observe the formation of a new kind of
boundary inside the enlarged grain (“Grain 2”) which needs to be
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Fig. 1. Atomic volume dependence of nanocrystalline NiTi during cooling and reheating for various average grain sizes as indicated in each plot. The discrete jumps represent the
occurrence of the martensitic phase transformation. The martensite start (M) and the austenite finish (As) temperature are indicated by the blue and red arrow, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

8 nm

12 nm

20nm 30 nm

16 nm

Fig. 2. Atomic configurations of nanocrystalline NiTi with various average grain sizes at the initial state (400 K), after cooling (10 K) and after reheating (400 K). The color of the
atoms is scaled according to the CNA pattern. In each snapshot, blue atoms correspond to the B2 austenite structure, red atoms to the B19’ martensite structure, and gray atoms to
the grain and domain boundaries. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

distinguished from the original grain boundary. It is a domain
boundary that separates multiple domains inside of a single
martensite grain, and it disappears after reheating into the
austenite phase as we have explicitly confirmed (not shown). The
domain structure is emphasized in Fig. 5(c) by a different color code
revealing an interesting substructure. Each domain consists of
twinned B19’ martensite variants with finely dispersed (001)
compound twin boundaries. A similar martensite structure was
reported in a previous experiment on NiTi nano-particles inside of
bulk metallic glass and it was referred to as a “herringbone”

structure [42].

Fig. 6 shows representative snapshots of the cooling and
reheating process at various temperatures, enabling the detection
of nucleation and growth events. During the cooling process, the
martensite phase nucleates at the grains' interior as visible for the
configurations at 240 and 230 K. As the temperature is further
decreased, the martensite phase grows towards the grain bound-
aries forming multiple domains inside of each grain. The nucleation
and growth of the austenite phase during reheating strictly differs
from the nucleation and growth of the martensite phase during
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Fig. 3. X-ray diffraction profiles of nanocrystalline NiTi with various average grain sizes obtained by the virtual diffraction method [38,39]. The profiles were recorded at 400 K and
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in Fig. 1.

cooling. The austenite phase nucleates at the grain and domain
boundaries as visible for the configurations at 250 K and 310 K, and
not in the grains' interior as found for the martensite phase. Upon a
further temperature increase, the austenite phase grows towards
the grains' interior and the martensite phase disappears.

3.2. Stress-induced phase transformation in nanocrystalline NiTi
alloys

Fig. 7 shows the stress-strain response of nanocrystalline NiTi
for various grain sizes. Unlike most conventional alloys, shape-
memory alloys exhibit a sigmoidal (i.e., S-shaped) stress-strain
behavior because of the stress-induced phase transformation. As
the tensile loading is applied to the B2 austenite phase, it trans-
forms into the B19’ martensite phase showing a plateau in the
curve. During unloading, the martensite phase transforms back into
the austenite phase showing the plateau at a lower stress level. The
resultant stress-strain curve indicates a hysteresis loop. Compared
to previous experiments [2—4], a significant overshooting of the
stress levels is revealed by the simulations (theoretical stresses:
=2 GPa and experimental ones: =0.5 GPa). A similar behavior was
reported in a previous MD simulation on nanocrystalline Al [33]
and explained by the extremely high strain rate of usual MD sim-
ulations [33]. The present MD simulations also reveal a strong de-
pendency of the stress level on the strain rate as shown in Fig. 8(a).
If an extrapolation is performed using the present MD data down to
lower strain rates, the resultant stress is in a range of the experi-
mental data as shown in Fig. 8(b).

Fig. 9 shows representative atomic configurations at different
strain levels: initial state (0%), maximum tensile loading (8%), and
after unloading (0%). Simulation cells with grain sizes 8 nm and
larger clearly undergo a martensitic transformation contrary to the
results for the temperature-induced phase transformation, where
the transformation was significantly suppressed for the 8 nm grain
sized material. In fact, for the strain induced transformation even
the cell with the smallest grain size (4 nm) shows a certain fraction
of transformed grains, which was not the case for the temperature
induced transformation. However, under strain the martensitic
transformation is incomplete: In all simulation cells a substantial
amount of retained austenite (blue color) can be observed at the
maximum loading condition, even for the largest grain size
(30 nm). This fact is quantified in Fig. 10 by the open red triangles
showing that the fraction of retained austenite is about 10% with

Grain 1
Grain boundary
(b)

001) Compound twin boundaries

Domain boundary

Domain 1

"Grain1  Grain 2

(c)

Fig. 5. Atomic configurations of nanocrystalline NiTi with an average grain size of
30 nm (a) before (400 K) and (b) after (10 K) the cooling process. The color of the atoms
is scaled according to the CNA pattern. Blue atoms correspond to the B2 austenite
structure, red atoms to the B19' martensite structure and gray atoms to grain and
domain boundaries. A part of the cross section is magnified to illustrate internal
structures of a grain before and after the martensitic transformation. (c) Visualization
of the domain and twin structures after the martensitic transformation. Ni and Ti
atoms are represented by blue (dark gray) and orange (gray) balls, respectively. In
domain 1, (001) compound twin boundaries orthogonal to the page are fully indicated.
Twin boundaries in domain 2 are partially indicated because they are not orthogonal to
the page. Twin boundaries in domain 3 are not indicated because they are parallel to
the page. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

only statistical variations as a function of grain size. The retained
austenite can be explained by the presence of preferentially and
non-preferentially oriented grains in the stress-induced phase
transformation as the loading direction breaks the original (on-
average) symmetry in contrast to temperature which acts iso-
tropically, leaving no retained austenite for larger grain sizes (filled
red triangles in Fig. 10).

X-ray diffraction profiles corresponding to 0% and 8% tensile
strain are shown in the right panel of Fig. 3. As all simulation cells
are composed of the B2 austenite phase at 0% strain, the profiles
indicate a single peak around 42—43°. At the maximum strain of 8%,
the profiles change indicating the occurrence of the phase trans-
formation. In the cells with larger grain sizes, multiple peaks are
visible indicating the formation of the B19’ martensite phase. The
peaks are not as pronounced as for the temperature induced
transformation, due to the above mentioned incomplete trans-
formation. As the grain size decreases, the peaks gradually merge
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Fig. 6. Atomic configurations of nanocrystalline NiTi with an average grain size of 20 nm during the cooling the reheating process. The color of the atoms is scaled according to the
CNA pattern. In each snapshot, blue atoms correspond to the B2 austenite structure, red atoms to the B19’ martensite structure and gray atoms to grain and domain boundaries. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Stress-strain response of nanocrystalline NiTi with various average grain sizes under tensile loading and unloading at 400 K.

into a single broad peak, which is however different from the peak
of the B2 austenite phase due to the fact that there is always a
certain fraction of transformed grains. The results are in general
agreement with a previous experimental study [4] which also
presented a single broad peak in the stress-induced phase trans-
formation of nanocrystalline NiTi with very small grain sizes
(10 nm).

Fig. 11 shows snapshots of atomic configurations during the
tensile loading and unloading process at several strain levels.
Generally, nucleation and growth proceeds as in the case of the
temperature-induced transformation. The martensite phase

nucleates at the grains' interior and grows towards the grain
boundaries during the loading process, and the austenite phase
nucleates at the grain and domain boundaries and grows towards
the grains' interior during the unloading process. The herringbone
structure with multiple martensite domains is also observed after
the austenite-to-martensite transformation.

4. Analysis of the stress-strain response: irrecoverable strain
and how to mitigate it

By comparing the different stress-strain curves (Fig. 7) we can
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observe the following two important trends. First, the overall stress
increases as the grain size decreases which is consistent with the
usual grain boundary strengthening or Hall-Petch behavior. This
finding implies that the overall deformation is governed by the
deformation of the grains' interior rather than that of the grain
boundaries such as grain boundary sliding. Second, the plateau
gradually disappears as the grain size decreases indicating a
hardening in the stress-strain response. These are general charac-
teristics of the stress-induced phase transformation in nano-
crystalline NiTi, and the present results agree well with previous
experiments [2—4] as quantified in Fig. 12. The figure compares our
results with experimental data [2—4] in terms of the plateau (g, —
a1) which we have defined as shown in Fig. 12(a). While there is an
overshooting of the stress levels due to the above discussed strain
rate dependence, the general characteristics of the experimental
data are successfully reproduced. For example, both results indicate
the hardening [increase in gp; Fig. 12(c)] and the disappearance of
the plateau [increase in o — oy; Fig. 12(d)] with decreasing grain

size.

However, there appears to be an inconsistency between the
present simulations and experiments regarding the amount of the
hysteresis. Whereas the experiments [2—4] reported a narrow
hysteresis, the simulations indicate a large hysteresis (hysteresis
loop area) in nanocrystalline NiTi with smaller grain sizes. We have
found that the inconsistency is caused by the occurrence of an
irrecoverable strain (remnant strain after unloading, i.e., at zero
external stress) in the present simulations. Fig. 7 shows that the
irrecoverable strain is more severe in simulation cells with smaller
grains and that it correlates with the amount of the hysteresis. One
possible explanation of this irrecoverable strain would be that a
certain fraction of retained martensite remains after the unloading
process, either caused by an insufficient relaxation time or by a too
low temperature. However, as indicated in Fig. 9 the martensite
phase is hardly observed after the unloading process. We further
confirmed that the irrecoverable strain does not disappear after a
separated annealing simulation at 800 K with an annealing time of
200 ps.

The other possible explanation of the irrecoverable strain is that
plastic deformation has occurred inside the grains or at the grain
boundaries. In fact, plastic deformation at the grain boundaries is a
more likely explanation since we observe that the irrecoverable
strain strongly increases with decreasing grain size. To examine this
possibility, we have investigated the atomic local shear strains after
the unloading process for each of the simulation cells. Our results
(Fig. 13) clearly indicate that the plastic deformation is localized at
the grain boundaries. As the grain boundary area occupies a sig-
nificant fraction of the small grain-sized material, the irrecoverable
strain is more severe. We expect that this localized plastic defor-
mation is related to the metastability of the original grain boundary
structures of the nanocrystalline cells prepared initially with the
austenite phase in the “as-cast state”. Because the nanocrystalline
cells are mainly connected by random high-angle grain boundaries,
the atomic structure in the grain boundary regions is very complex
with many local energetic minima. The irrecoverable strain and
resulting large hysteresis can be explained by a process of
approaching a more stable state of the grain boundary regions
under application of the tensile stress.

Irrecoverable strain is generally problematic and unwanted in
applications of shape-memory alloys, since it strongly limits the
efficiency of the shape-memory effect. We have therefore investi-
gated ways to mitigate it and we found that a pre-training of the
material utilizing cyclic loading is very useful. Pre-training is
generally utilized for the stabilization of the hysteretic response of
shape-memory alloys before their final application [43,44]. Fig. 14
shows a typical stress-strain response before (light green curves)
and after several loading cycles (blue curves). The plastic defor-
mation at the grain boundaries, the irrecoverable strain, and the
resultant hysteresis in the stress-strain response are significantly
reduced by the pre-training. In fact, already after the first cyclic
loading most of the irrecoverable strain is removed, as shown by
the thin gray lines. Incidentally, the experiments which reported a
narrow hysteresis for small grain sizes [2—4]| were based on
nanocrystalline NiTi which had undergone a pre-training of several
loading cycles. Thus, comparing experiment and our simulations
under the same conditions (i.e., after pre-training) the apparent
inconsistency disappears.

5. Analysis of the mechanism governing phase
transformations in nanocrystalline NiTi

The good agreement of the present simulation results with
available experimental data provides confidence that the underly-
ing mechanism is captured by the simulations. Next, we will
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confront the three, previously proposed mechanisms (see Sec. 1)
with our results, in order to reveal the most probable mechanism,
governing temperature- and stress-induced phase transformations
in nanocrystalline NiTi alloys.

The present results raise an objection to the validity of the in-
ternal defect contribution mechanism as a main mechanism.
Although all of our MD simulations have been performed without
any internal defects (e.g., Frank-Read sources) except for grain
boundaries, the experimentally observed characteristics of the
phase transformations are correctly reproduced.

The interfacial energy contribution mechanism is apparently
consistent with experimental observations. This mechanism is
based on the assumption that the grain boundary energy of the
austenite phase is lower than that of the martensite phase. Since a
large fraction of atoms in nanocrystalline NiTi with small grain sizes
belongs to grain boundaries, the austenite phase (including its

grain boundaries) is thermodynamically stabilized over the
martensite phase (including its grain boundaries). Therefore, a
decrease in the transformation temperatures and an increase in the
transformation stresses can be expected with smaller grain size. A
recent phase field study [15] reproduced successfully several of the
reported characteristics of phase transformations in nanocrystal-
line NiTi by assuming that the austenite grain boundaries are more
stable than the ones of martensite. However, the interfacial energy
contribution mechanism cannot by itself explain the nucleation
and growth processes along with the decrease in the M tempera-
ture, which follow from our simulations. At the M, temperature, the
nucleation of the martensite phase predominantly starts in the
grains' interior (Figs. 6 and 11). This means that nucleation and
growth of the martensite phase cannot be solely caused by the
difference in the grain boundary energy of austenite and
martensite. The phase field modeling in Ref. [15] in fact revealed
that the martensitic transformation is indirectly affected by the
grain boundary energy difference. The latter induces retained
austenite regions at the grain boundaries which in turn cause
substantial strain gradients penetrating into the grains' interior.
The strain gradients are critical for the suppression of the
martensitic transformation and for the specific domain formation
as also observed in our study.

The most probable mechanism is the strain contribution mech-
anism, explaining well all present simulation results as well as the
experimental data. This mechanism successfully explains the
asymmetric nucleation and growth behavior between the
austenite-to-martensite and the martensite-to-austenite trans-
formation as well as the over-stabilization of the austenite phase.
Because the nanocrystalline NiTi samples of the present simula-
tions and the corresponding experiments [2—8] are initially pre-
pared with the austenite phase in the “as-cast state” (strain-free
state), the austenite-to-martensite transformation is a process to
alter the initial shape of the austenite grains. During the trans-
formation, the heterogeneous nucleation of the martensite phase
directly at grain boundaries is suppressed because it would result in
an accumulation of local strains, due to the vicinity of the grain
boundaries. Thus, the martensite nucleation is constrained to the
grains' interior and this constraint is more severe in smaller grain
sized cells, which explains the decrease of the transformation
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temperature and the hardening in the stress-strain response. The
occurrence of the single broad peak in the diffraction profiles of
smaller grain sized cells after the martensitic transformation can be
explained by the gradual evolution of lattice strain in the trans-
formed structure caused by the severe constraint in small grains. A
further decrease in the temperature or increase of the loading re-
sults in the growth of the martensite phase towards the grain
boundaries. The resultant transformation strain is stored near the
grain boundaries. The martensite-to-austenite transformation is a
process to recover the initial, strain-free shape of the grains that

existed in the original as-cast austenite phase. During the trans-
formation, the stored transformation strain leads to the nucleation
of the austenite phase near the grain boundaries and the austenite
phase grows towards the grains' interior accompanied by the
dissipation of the strain. As the stored strain energy is greater in
nanocrystalline NiTi with smaller grains, the nucleation and growth
of the austenite phase occurs at a lower temperature or at a higher
stress level.

The formation of martensite domain boundaries and their effect
on the phase transformation can also be explained by the strain
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contribution mechanism. Because the grain boundaries act as a
mechanical constraint, the formation of a single martensite domain
inside of a grain results in a highly localized strain near the grain
boundaries. If the martensite phase inside of a grain forms with
multiple domains, it can avoid the local accumulation of strain by
the self-accommodation process [11,42]. Then, the transformation
strain can be distributed to the domain boundaries as well as the
grain boundaries. During the martensite-to-austenite trans-
formation, the stored strain near the domain boundaries also leads
to the nucleation of the austenite phase as shown by the present
simulations (Figs. 6 and 11).

6. Summary and conclusions

Large-scale MD simulations have been performed to provide an
atomic scale understanding of phase transformations in nano-
crystalline NiTi shape-memory alloys. The present simulations
faithfully reproduce the various experimentally reported

characteristics of the phase transformations in nanocrystalline NiTi
related to the over-stabilization of the austenite phase. The simu-
lations further provide detailed insights into the atomic scale pro-
cesses of the phase transformations. During the austenite-to-
martensite transformation, the martensite phase nucleates in the
grains' interior and grows towards grain boundaries. The resultant
martensite phase is characterized by a unique nanotwinned
structure with multiple domains. During the martensite-to-
austenite transformation, the austenite phase nucleates at grain
and domain boundaries and grows towards the grains' interior. In
nanocrystalline NiTi with very small grains, a considerable amount
of irrecoverable strain is observed during the stress-induced phase
transformation. Our work clearly reveals that the irrecoverable
strain results from a plastic deformation at the grain boundaries
and that a pre-training under cyclic loading can greatly reduce this
strain. By comprehensively analyzing experimental information
and our results, a unified governing mechanism is proposed for the
characteristics of both temperature- and stress-induced phase
transformations in nanocrystalline NiTi. The strain contribution
mechanism which focuses on the role of the grain boundaries as a
mechanical constraint successfully explains observations of the
present work as well as previous experiments. The present results
provide a suitable theoretical basis to guide future design and ap-
plications of shape-memory alloys on the nanometer length scale.
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