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Nanocrystalline NiTi shape memory alloys show fundamental changes in phase transition behavior when
the grain size is reduced down to nano-scale (grain size<30 nm). However, due to the extreme diffi-
culties of in-situ experimental observation, universally acknowledged physical mechanisms and detailed
microstructures at atomic level are still not clear. In this paper, detailed microstructure images and quan-
tified energy partition at atomic level during stress-induced phase transition are obtained by molecular
dynamics simulation. Phase transition is gradually suppressed and incomplete phase transition occurs
as grain size decreases. The potential energy landscape of the nanocrystalline system changes signifi-
cantly from nonconvex to convex, which leads to corresponding changes in stress-strain response and
microstructural evolution. With decreasing grain size, the interface (grain boundary and phase boundary)
energy makes much more contributions in variation of the system potential energy than the crystallite
(austenite and martensite) energy. The mechanism of energy dissipation changes from atomic interface
friction in phase transition to plastic deformation caused by grain boundary sliding. It is the gradual
dominance of interfacial energy terms in total potential energy that leads to the observed fundamental
changes of phase transition behavior in nanocrystalline NiTi.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

As a typical shape memory alloys (SMAs), polycrystalline NiTi
alloy is applied in many fields due to shape memory effect and su-
perelasticity (pseudoelasticity) of the material (Duerig et al., 1999;
Morgan, 2004; Saadat et al., 2002; Humbeeck, 1999). When grain
size of NiTi is reduced down to nano-scale (especially less than
30 nm), increased volume fraction of grain boundary phase sig-
nificantly affect the phase transition and mechanical behaviors of
nanocrystalline (NC) NiTi SMAs (Sun et al., 2014; Mousavi et al.,
2008; Yin et al., 2016; Ahadi et al.,, 2017). The phase transition
under stressing or cooling is significantly suppressed as the grain
size is decreased below a critical value. The reduction of grain
size down to nanoscale has led to novel properties (such as ex-
tremely small hysteresis, high strength) of NC NiTi SMAs as re-
ported in the literature (Ahadi and Sun, 2013; Ahadi and Sun, 2014;
Ahadi and Sun, 2015; Ahadi and Sun, 2016; Waitz et al., 2004).
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However, the exact underlying physical mechanism and the de-
tailed microstructure evolution at nano-scale are not yet fully un-
derstood and clearly demonstrated.

The dominance of interfacial effects has been proposed to play
important role in the phase transition behavior of NC NiTi. For
polycrystalline SMAs, it is more difficult to induce phase transition
of the crystallite by stress near grain boundary or triple junction
because of their strong constraint to the crystallites (Ueland and
Schuh, 2013). The phase transition is gradually suppressed and the
stress—strain hysteresis loop area decreases gradually as the grain
size decreases (Sun et al., 2014). Meanwhile, the morphology of
martensite also changes in NC SMAs (Waitz et al,, 2009). There
is no coexistence of two phases (austenite and martensite) during
phase transition inside a nanosized grain (Ahadi and Sun, 2015).
The phase transformation band and the sharp interface between
austenite and martensite are not found in nanosized grains but
are observed clearly during phase transition process in the coarse
grain NiTi (Miyazaki et al., 1981; Mao et al., 2010; Reedlunn et al.,
2014; Shaw and Kyriakides, 1997). In-situ diffraction results in-
dicated that phase transition at extremely small scale is realized
through a continuous lattice distortion (Ahadi and Sun, 2015) and
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Fig. 1. Images of the microstructure change in loading and unloading in the samples with the grain size of 11.97 nm ((a)-(c)), 7.98 nm ((d)-(f)) and 4.02 nm ((g)-(i)).

the traditional nucleation-and-growth mode of phase transition
and two phase coexistence may break down in NC NiTi (Dong and
Sun, 2009; Dong et al., 2016; Truskinovsky and Zanzotto, 1996).

To describe the fundamental changes of phase transition behav-
ior in NC NiTi due to grain size reduction, nonlocal 1D effective
continuum model is introduced to study the grain size effects by
considering the roles of grain size, grain boundary thickness and
phase boundary thickness in previous work (Li and Sun, 2018).
Useful insights are provided to understand the nanoscale phase
transition phenomena. It is shown that the phase transition under
stress is indeed gradually suppressed when the grain size is re-
duced to nano-scale. The free energy landscape changed from non-
convex to convex when the grain size is reduced to a critical value.
Grain boundary energy becomes the dominant energy term and
leads to the breakdown of two-phase (austenite and martensite)
coexistence and the decrease of hysteresis loop area of NC NiTi.
However, detailed nanoscale physical pictures of the phase transi-
tion process are still missing in the literature.

To overcome the difficulties in the observation of the mi-
crostructure evolution in experiment and in quantitative nano and
atomic scale energy analysis by continuum methods, molecular dy-

namics (MD) simulation has been used to provide valuable in-
formation and support for exploring micro-mechanism, nanoscale
morphology and energy evolution during phase transition pro-
cess in NC NiTi (Chowdhury et al., 2015). Meanwhile, MD simu-
lation can also serve as an effective bridge between the continuum
model prediction and experiment phenomenon. The phase transi-
tion behavior of NiTi single crystal and NiTi nanopillar are studied
by MD simulations (Chowdhury et al., 2015; Zhong et al., 2012;
Wang et al.,, 2017; Yin et al., 2015; Ma et al., 2017; Chen et al,,
2017; Muralles et al., 2017). The second nearest neighbor mod-
ified embedded atom method potential (2NN MEAM) developed
by Ko et al. (Ko et al,, 2015) is employed to investigate the tem-
perature/stress induced phase transition behavior with improved
accuracy. It is found that phase transition was gradually sup-
pressed with grain size reduction by MD simulation (Ko et al.,
2017). Nevertheless, the underlying mechanism of grain size de-
pendent phase transition behavior in the MD simulations still re-
mains largely speculative. In particular, how the grain boundary
and the phase boundary quantitatively contribute to the system
energy and affect the phase transition process are still not very
clear.
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Fig. 2. Stress-strain curves in the samples of different grain sizes.

In this paper, detailed atomic pictures of the microstructure
evolution and the system energy are obtained by MD simulations.
Based on the calculated energies of austenite, martensite, grain
boundary, and phase boundary and their percentage in total energy
variation, the contribution of interface (grain boundary and phase
boundary) to the system energy and therefore to the macroscopic
response are quantified.

2. NC NiTi models and MD simulation

NC NiTi models with three different grain sizes (4.02 nm,
7.98 nm, and 11.97 nm) are built in this paper by Atomeye soft-
ware (http://li.mit.edu/Archive/Graphics/A/utils.html) as shown in
Table 1. The thickness of the grain boundary in all the models
is about 1 nm which is about three times of the lattice constant
of NiTi. To avoid the surface effect, the periodic boundary condi-
tions are applied in all the three directions of each model. The
2NN MEAM potential (Ko et al., 2015) is used in the MD simu-
lation with time step of 2 x 10~15s. The models are first relaxed
at 400 K in the NPT (the total number of particles (N), the to-
tal pressure (P) and the temperature (T) are constant) ensemble
where the austenite is stable since 400 K is higher than the austen-
ite finish temperature (Af). Then displacement-controlled uniaxial

Table 1

tensile loading and unloading are applied to the NPT ensemble
with a nominal overall strain rate of 5 x 108s~! and the maximum
strain of 8%. The atomic configurations and their evolutions are
analyzed using common neighbor analysis (CNA) (Honeycutt and
Andersen, 1987; Stukowski, 2012) and are visualized using OVITO
software (Stukowski, 2010) which provides detailed microstruc-
tural evolution during the phase transition. The blue, red, and
gray atoms represent the austenite atoms in B2 structure, the
martensite atoms in B19’structure, and the disordered atoms in
metastable state. All simulations are performed by the open source
LAMMPS code (Plimpton, 1995).

3. Calculations of energy and stress

Based on 2NN MEAM potential, the total energy of a system is
approximated as (Ko et al., 2015)

_ 1
Ea =Y | E(@) + 5 > sijii(1ig) (1)
i J (D)
where F; is the embedding energy as a function of background
electron densityp;, sjand ¢;(r;;) are the screening function and the
pair interaction between atoms i and j separated by a distance rj .

The information of NC NiTi models with different grain sizes.

Grain size/nm 4.02 7.98 11.97
Number of grains 64 27 27
Number of atoms 157305 521554 1763366

B
Models b #’&"i‘h
W

W
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Fig. 3. The variation of the number
of Austenite (B2), Martensite (B19’),

of atoms during loading and unloading in the samples with grain size of (a) 11.97; (c) 7.98; (e) 4.02 nm; The atomic fraction
grain boundary and phase boundary in the sample with grain size of (b) 11.97 nm (¢=0 — ¢=0.08 — £=0.003); (d) 7.98 nm

(=0 — £=0.08 — £=0.005); and (f) 4.02 nm (=0 — £=0.08 — £=0.014).
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Fig. 4. The distribution of local shear strain in the samples with grain size of 11.97 nm ((a)-(c)), 798 nm ((d)-(f)), 4.02 nm ((g)-(i)).

In MD simulation, the kinetic energy at a given thermodynamic
temperature can be expressed as

3NKp
2

Ex= T (2)
where Kg is Boltzmann constant, N is the number of atoms. The
kinetic energy is stable at constant temperature, the change of po-
tential energy is consistent with the change of total energy.

The forces on each atom can be determined by the energy in
MD simulation. At each atom the dipole force tensor B; is given
by (Horstemeyer, 2012)

LS gy G)

J#(l)

IBIim =

where i refers to the atom in question and j refers to the neigh-
boring atom, fj is the force vector between atoms, rp is a displace-
ment vector between atoms i and j, N is the number of nearest
neighbor atoms, and Q' is the undeformed atomic volume. Since
stress is defined at a continuum point, we determine the stress
tensor as a volume average over the block of material,

1 &
Omk = W Z ﬂf-nk (4)
i

in which the stress tensor is defined in terms of the total number
of atoms N* in the block of material. We use this averaged stress
to determine the stress-strain response and yielding of the block
of material.

Since the kinetic energy is stable for the simulation conducted
at constant temperature, the potential energy (the total energy mi-
nus the kinetic energy) of each atom is quantified and is used
to describe the phase transition behavior. To reveal the underly-
ing physical mechanism, all the atoms are classified into the four
types: austenite, martensite, grain boundary, and phase boundary.
The phase boundary atoms and grain boundary atoms are distin-
guished in post processing. During loading and unloading, the dis-
ordered atoms which appear in the crystallite are identified as
phase boundary atoms.

4. Results and discussion

4.1. Grain size effects on o-& behavior, microstructure and
deformation mechanisms

The microstructure images during phase transition are pre-
sented in Fig. 1. The austenite atoms transform into martensite
atoms in loading, then the reverse process occurs in unloading
in samples with grain size of 11.97 and 7.98 nm. However, it
is observed in sample with grain size of 4.02 nm that part of
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Fig. 5. The time (or strain) vs. average potential energy curve, the stress-strain curve and the microstructure snapshots for sample with grain size of 11.97 nm. The loading

process is from point 1 to point 4, and the unloading process is from point 4 to point 7.

austenite atoms nearby grain boundary and in the grain inside
transform into metastable atoms (gray atoms) during loading, then
the reverse phase transition occurs during unloading. This indi-
cates that the parent phase of those metastable atoms are austen-
ite atoms and partial austenite atoms experience incomplete phase
transition (Ahadi and Sun, 2015; Ko et al., 2017). This phenomenon
has not been observed in the phase transition behavior in sample
with grain size of 11.97 nm. The incomplete phase transition ap-
pears, and complete phase transition phenomenon disappears in
samples with decreasing grain size.

As shown in the stress-strain curves of Fig. 2, the maximum
stress increasing with decrease in grain size. The phase transi-
tion strain decreases under the same stress level with decrease
in grain size. It means that the strength and the phase transition
stress are increased with decreasing grain size and it is more dif-
ficult to induce phase transition by stress with decrease in grain
size. The phenomenon is consistent with the experimental results
(Sun et al., 2014; Waitz et al., 2004).

During loading, the number of martensite atoms increases,
and number of austenite atoms decreases when phase transition
(austenite — martensite) is induced as shown in Fig. 3. It is
found that, with decreasing grain size, the fraction of martensite
atoms decreases from the same strain of 8%. The formed marten-
site atoms only account for 6.6% in the sample with grain size of
4.02 nm ande = 0.08. It means that when grain size is reduced,
the atoms experiencing phase transition process become less and
less.

The number of grain boundary atoms remains constant in all
the samples during loading and unloading. The grain boundary
atoms do not experience phase transition process, so the role of
grain boundary is different with the atoms in B2 and B19’ struc-

tures. The fraction of grain boundary atoms increases from 23.33%
to 33.33%, and then to 63.51% with decreasing grain size. The
grain boundary becomes an important part of the NC system with
smaller grain size. The effects of such grain boundary dominance
on the phase transition behavior will be discussed in the following
sections.

The atomic level shear strain is a good measure of deforma-
tion (Shimizu et al., 2007), which can help to understand the me-
chanical properties and phase transition behavior in NC NiTi. From
Fig. 4(b) (e) (h), it is seen that the shear strain exists in both
the crystallite and grain boundary at €=0.08 and the main lattice
deformation is shear during martensitic phase transition. Owing
to the reversible phase transition process (austenite<-martensite),
the shear strain in crystallite atoms recover after the unloading of
the samples (grain size = 11.97, 798 nm see from Fig. 4(c) and
(f)). However, there is no obvious shear deformation inside the
grains of the sample with grain size of 4.02 nm ate=0.08. Af-
ter unloading, it is found that the plastic shear strain is almost
concentrated on the grain boundary in each sample (see Fig. 4),
which indicated that grain boundary sliding is the main plastic de-
formation mechanism and that the plastic shear strain increases
with the decrease of the grain size (see Fig. 2). Therefore, the
phase transition is suppressed gradually with decrease in grain
size.

4.2. Grain size effects on potential energy and microstructure
evolution

In this section, the potential energy per atom is calculated
and is used to interpret the calculated phase transition responses.
The time of loading-and-unloading (or strain) vs. potential energy
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process is from point 1 to point 4, and the unloading process is from point 4 to point 7.

curve, stress-strain curve and the corresponding microstructure
images are shown in Figs. 5-7, respectively.

As usual, the potential energy increases during loading due to
the positive work done by external force, and deceases during un-
loading. However, it is worth noting that the phase transition be-
havior leads to the emergence of opposite phenomenon. The po-
tential energy decreases in loading or increases in unloading due to
phase transition. Austenite atoms transform into martensite atoms
in the martensitic phase transition process. And the potential en-
ergy of austenite atoms is higher than that of martensite atoms.
It is found that the potential energy evolution varies significantly
with decreasing grain size from Figs. 5-7.

4.2.1. Results of samples with grain size of 11.97 nm and 7.98 nm

As shown in Fig. 5, the loading process consists of three stages.
Stage I (point 1 to point 2). Owing to the work done by the exter-
nal force, potential energy increases monotonically at elastic ten-
sile deformation stage. Then the slope of stress-strain curve be-
gins to decrease rapidly due to the martensitic phase transition
and a few martensite can be observed inside the grains in the
microstructure snapshot. The fraction of martensite atoms is only
1.8%. Stage II (point 2 to point 3). As shown in Fig. 5, the poten-
tial energy begins to decrease because martensitic phase transition
proceeds over a wide range in this stage. Many austenite atoms
are transformed into martensite atoms, so the potential energy de-
creases. It is seen that many martensite atoms appear inside the
grains in the microstructure snapshot, the fraction of martensite is
28.36%. Stage IlI (point 3 to point 4). In this stage, the potential
energy increases again because phase transition process is getting
saturated and the martensite morphology shows a little change.

The unloading process consists of stages IV, V, and VI (point 4
to point 5, point 5 to point 6, and point 6 to point 7), respectively.
Due to the negative work done by external force in stage IV and VI,
potential energy decreases in these two stages of unloading. The
reverse phase transition (-martensite — austenite) in stage V leads
to the increase of the potential energy. It is seen from Fig. 5 that
many martensite atoms transform back into austenite atoms in the
microstructure snapshots in point 5 and 6, the fraction of marten-
site atoms decreases from 27.69% to 0.7%. The slope in stress-strain
curve also decreases because the phase transition takes place over
a wide range in this stage of unloading.

For the sample with grain size of 7.98 nm, the evolution of time
vs. potential energy curve, stress—strain curve, and microstructure
snapshots in stages I, III, IV, V, and VI in Fig. 6 show a similar trend
with those of the sample (11.97 nm) in Fig. 5 but only with quanti-
tative differences. For example, the martensite appears in the mid-
dle of the grains and then spreads to the grain boundary. Also,
due to the suppression of phase transition for the smaller grain
size sample, some austenite atoms are still observed at £=0.08 as
shown in the microstructure snapshot of Fig. 6.

4.2.2. Results of the sample with grain size of 4.02 nm

Potential energy evolution shows drastic change for the sample
with grain size of 4.02 nm as shown in Fig. 7. The potential en-
ergy increases/decreases monotonically during loading/unloading.
Compared with the case of grain size of 11.97 and 7.98 nm, there
is no drastic change in the slope of stress-strain curve. From the
microstructure snapshots in point 1-3, it is seen that only few
martensite atoms appear at the end of loading, which indicates
that the volume and energy of grain boundary become dominant
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Table 2

Variation of potential energy per atom for each component (austenite, martensite, grain boundary and phase

boundary) in loading.

Variation of potential energy (eV)  Austenite Martensite Grain boundary  Phase boundary
11.97 nm -338 x 107> -125x 1072  1.21 x 1072 2.55 x 1073
7.98 nm —3.14 x 103 —1.19 x 102 1.19 x 102 476 x 1073
4.02 nm 144 x 103 —547 x 103 1.07 x 102 1.19 x 102

and the suppressed phase transition leads to monotonic varia-
tion of potential energy. The fraction of martensite atoms is only
6.6% for the sample with grain size of 4.02 nm. Compared with
Section 4.2.1, it is seen that phase transition is almost totally sup-
pressed for sample with grain size of 4.02 nm. The trend of the po-
tential energy evolution shows a significant grain size dependence,
from the non-monotonic variation for the samples with grain size
of 11.97 and 7.98 nm to the monotonic variation for the sample
with grain size of 4.02 nm. The details of the energy partition are
given below.

4.3. Grain size effects on energy partition

The variations of each energy term per atom during loading are
listed in Table 2. To show the role of each component (austen-
ite, martensite, grain boundary, and phase boundary) during phase
transition process, the pie chart of the energy partition among dif-
ferent energy terms is shown in Fig. 8.

For the austenite atoms, owing to their small atomic fraction at
£=0.08 at the end of the loading (shown in Fig. 3), their contri-
bution to the variation of total potential energy is small, and the
percentage is less than 10% in all the samples.

For the phase boundary atoms, the number of atoms in-
creases/decreases in loading/unloading monotonically. At*e=0.08,
the phase boundary atoms separate martensite atoms in the sam-
ples with grain size of 11.97, and 7.98 nm as shown in Fig. 1. Ow-
ing to the lattice distortion, the contribution of phase boundary to
the total potential energy is 8.37% for sample with grain size of
11.97 nm and 14.27% for sample with grain size of 7.98 nm. For
sample with grain size of 4.02 nm, the phase boundary atoms are
located near the grain boundary and in the interior of the grain.
The fraction of phase boundary atoms is about 20%. So the con-
tribution of phase boundary atoms to the total variation of poten-
tial energy increases with the decrease of grain size from 8.37% to
14.27% then to 25.77%.

For the grain boundary atoms, their potential energy in-
creases/decreases monotonically during loading/unloading. The po-
tential energy increase of each grain boundary atom is about
1.0 x 10~2eV due to the external work input, showing no obvi-
ous difference for all the three samples. However, the fraction of
grain boundary atoms increases with decreasing grain size, There-
fore, the contribution of grain boundary atoms to the variation
of total system potential energy increases with the decrease of
grain size. The percent increases from 35.19% for sample with grain
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size of 11.97 nm to 45.3% for sample with grain size of 7.98 nm,
then to 69.4% for sample with grain size of 4.02 nm. The results
are in agreement with the continuum-based theoretical predictions
(Li and Sun, 2018).

For the martensite atoms, as their number increases, the to-
tal potential energy decreases due to phase transition (austen-
ite — martensite) during loading and vice versa. With decrease
in grain size shown in Table 2, it is found that the decrement
of potential energy of martensite atom decreases. Obviously, the
martensite atoms with more decrement in energy are more stable.
It means that it is more difficult to generate the stable marten-
site atoms in the smaller grain size sample. On the other hand, it
can be found that the decrement of potential energy for austenite
atoms also decreases and even becomes positive with decreasing
grain size. It means the atoms in B2 structure become more stable
in the sample with smaller grain size. Therefore, it can be inferred
that the phase transition is suppressed gradually when grain size
is reduced. Meanwhile, it is found that the increment of potential
energy for grain boundary and phase boundary atoms is positive,
and that for martensite atoms is negative in loading. With the de-
crease of grain size, the contribution of martensite atoms decreases
from 49.39% to 35.95%, and then to 3.69%, meanwhile that of grain
boundary increases from 35.19% to 45.3%, and then to 69.4% (see
Fig. 8).

To summarize, when the grain size is large, the martensite
atoms dominate the total potential energy evolution and play
a dominant role in the phase transition behavior of NC NiTi.
The total potential energy decreases as the phase transition pro-
ceeds during loading for the samples with grain size of 11.97, and
7.98 nm. When the grain size is reduced down to a few nanome-
ters, the volume fraction of grain boundary atoms increases sig-

nificantly, which results in the monotonic increase of the system
potential energy for the sample with grain size of 4.02 nm. The
increase of grain boundary energy dominates the variation of the
system potential energy among all the energy terms (austenite,
martensite, grain boundary and phase boundary). It is seen that
the grain boundary plays an increasingly important role in phase
transition energetics and behavior of NC NiTi as the grain size is
reduced. The grain boundary energy dominates the total potential
energy variation and leads to the monotonical variation of the po-
tential energy in the nano-sized grain.

4.4. Grain size effects on energy dissipation

From the stress—strain curves in Figs. 5(a) 6(a) 7(a), the sys-
tem dissipates mechanical energy in the loading-and-unloading cy-
cle. With decreasing grain size, the dissipated energy per atom in-
creases as shown in Table 3. Fig. 9 shows the proportion of dis-
sipated energy in each component. It is seen that both crystallite
atoms (including austenite, martensite) and grain boundary atoms
dissipate energy. There are two energy dissipation mechanisms:
the atomic interface friction in phase transition process and plastic
dissipation caused by grain boundary sliding.

Table 3
The dissipated energy per atom after unloading in the samples of different grain
sizes.

Grain size/nm 11.97 7.98 4,02

Dissipated potential

energy per atom/eV 1.80 x 104 2.60 x 104 9.80 x 104
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When the grain size is reduced, the suppression of phase tran-
sition causes a significant increase of the applied stress at £=0.08
(see Fig. 2). This activates significant grain boundary motions. The
dissipated energy from grain boundary sliding becomes dominant
and accounts for 67.39% of the total dissipation in the sample with
grain size of 4.02 nm as shown in Fig. 9, While the energy dissi-
pated from phase transition process becomes minor. The results of
Fig. 9 show that, for givene=0.08, with decreasing grain size, the
proportion of dissipated energy of austenite atoms decreases from
59.51% to 28.47%. It is expected that the main energy dissipation
mechanism changes from the atomic interface friction of phase
transition process to plastic deformation caused by grain boundary
sliding with decrease of grain size.

5. Summary and conclusions

In this paper, detailed evolutions of microstructure and energet-
ics (potential energy, energy partition, and energy dissipation) of
NC NiTi during stress-induced phase transition process at atomic
level are obtained by the MD simulations. The investigation re-
vealed the underlying mechanism of the experimentally observed
strong grain size effects on phase transition behavior of NC NiTi.
The following conclusions can be drawn from the present study:

1. The phase transition under stress in NC NiTi is gradually sup-
pressed and the fraction of the transformed martensite atoms
decreases with decrease of the grain size. Phase transforma-
tion stress increases significantly with the decrease in grain
size. Partial phase transition inside nano-sized crystallites is ob-
served due to the stabilization effect of the grain boundary con-
straint in the NiTi sample with grain size of 4.02 nm.

2. The microstructure evolution and the potential energy land-
scape change a lot with the decrease of grain size, which sig-
nificantly affects stress-strain response. The strain softening be-
havior typically observed in phase transition of coarse-grained
samples disappears in the sample with nano-scale grain size.
When the grain size is reduced down to several nanometers,
the potential energy curve of the system become convex and
varies monotonically with applied strain in loading and unload-
ing.

3. The contribution of the NiTi crystallite phases (austenite and
martensite) to the total potential energy and its variation de-
creases with decreasing grain size, while the contribution of the
interfacial phases (especially grain boundary) become dominant
when the grain size is reduced down to several nanometers
in the nanocrystal system. Such interfacial dominance brings a
“nonconvex-to-convex” change of the system energy, which sig-
nificantly affect the material behavior and the energy dissipa-
tion during phase transition. In addition, with decreasing grain
size, the energy dissipation mechanism at nano-scale also in-
volve plastic deformation by grain boundary sliding.
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