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Molecular dynamics simulation was conducted to investigate the phase
transformation behaviour of nickel-titanium (NiTi, 50%-50% at.%) nanopillar
under uniaxial compression at loading rates varying from 3.30 x 107 to
330 x 10°s™! and at temperatures varying from 325 to 600 K. The phase
transformation of NiTi was observed to be sensitive to loading rates and
temperatures. The phase transformation stress of B2 — B19 increased with
increasing temperature while it was insensitive to loading rate. The phase
transformation stress of B19 — B19’ — BCO increased with increasing strain
rate and decreasing temperature. In addition, reverse phase transformation was
observed during compression due to the interaction between the phase
transformation of B19 — B19’ — BCO and the deformation twinning/disloca-
tion slide-induced plasticity of the BCO phase, leading to different residual
crystal structures after loading. Moreover, a diagram for the phase transforma-
tion behaviour of NiTi in the simulated ranges of strain rate and temperature
was obtained, from which the contrary experimental observations on the phase
transformation behaviour of NiTi from the studies of Nemat-Nasser et al.
(Mech. Mater. 37 (2005) p.287) and Liao et al. (J. Appl. Phys. 112 (2012)
p-033515) at various strain rates could be well explained.

Keywords: molecular dynamics; phase transformation behaviour of NiTi;
strain rate effect; temperature effect; reverse phase transformation

1. Introduction

Shape memory alloys (SMAs) are a class of metal alloys that show unique property of
shape memory effect, i.e. deformation at low temperature can be recovered with aid
of heating [1,2]. Generally, the shape memory effect is regarded to be a result of
transformation and reverse transformation between the initial austenite and the deformed
martensite phases [3—5]. SMAs can also exhibit pseudo-elasticity (or super-elasticity,
SE) with a recoverable strain up to 8% during loading with the similar phase
transformation mechanism as the shape memory effect [1]. Due to these unique
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properties, SMAs have found applications in variety of fields including aeronautics [2],
biomedicine [6,7], to name a few.

Nickel-titanium (NiTi) alloy is a typical SMA. It exhibits SE while the test tempera-
ture is close to the austenite finish temperature (4¢) [8—14]. A considerable body of
experiments has been conducted on NiTi alloys to investigate its strain rate and tempera-
ture-dependent phase transformation behaviour [11,12,14—19]. Nemat-Nasser et al. [8,9]
studied the dynamic behaviour of NiTi at various strain rates in a range of 10> to about
2 x 10*s7" and at temperatures in a range of 77-400 K. The results showed that the SE
behaviour of NiTi was more sensitive to temperature than to strain rate. A critical tem-
perature and a certain strain rate (less than 17,000 s~ ') for the martensitic transformation
were observed. Nevertheless, Liao et al. [10] investigated the phase transformation of
NiTi at high strain rates in a range of 10°-10” s' implemented by laser shock process-
ing. Martensites were observed in the shocked regions of the NiTi specimens after
experiments. In addition, our recent research from laser shock experiments showed that
the martensitic transformation of NiTi was controlled by both loading rates and applied
peak pressures, and a critical shock pressure was required for the martensitic transforma-
tion of NiTi at ultrahigh strain rates up to 10" s~'. It could be found that the strain rate
and the temperature effects on phase transformation behaviour of NiTi show controversy
in the aforementioned researches. Further studies are needed to clearly interpret the strain
rate and temperature-dependent phase transformation behaviour of NiTi.

Molecular dynamics (MD) simulation, which can capture the details at the atomic
level and reveal the intrinsic mechanisms of macroscopic properties of materials, pro-
vides an atomic insight into the phase transformation mechanism of NiTi. A large body
of researches has studied the mechanisms of SE and SME of NiTi by MD simulations.
The study by Wu et al. [20] showed that dislocation nucleation started from surfaces dur-
ing torsional deformation of NiTi nanowires. The study by Zhong et al. [13,21] showed
that complex phase transformation behaviour including the super-elasticity and the shape
memory effects of NiTi nanostructures was observed during compressive loading and
unloading. Tomohiro et al. [22] studied the microscopic mechanism of stress-induced
martensitic transformation of NiTi alloys. The results showed that there were multiple
pathways between the parent phase and the martensite phase regardless of strain rate.
The studies by Wu et al. [20], Zhong et al. [13,21] and Tomohiro et al. [22] revealed
some of phase transformation mechanisms of NiTi alloys including the phase transforma-
tion pathway and the variants of different phases of NiTi as well as the effects on the
phase transformation behaviour. These results provided a better understanding of the
pseudo-elasticity and the shape memory behaviour of NiTi alloys. However, atomistic
characterization of phase transformation of NiTi are required to better understand the
strain rate and temperature-dependent phase transformation behaviour of NiTi alloys, so
that the controversial observations from the studies of Nemat-Nasser et al. [8] and Liao
et al. [10] at various strain rates and temperatures could be well explained.

In the present research, the strain rate and temperature-dependent phase transforma-
tion behaviour of a monocrystalline NiTi nanopillar under uniaxial compression was
studied by MD simulation. The computational model was built using the same method
as Zhong et al. [13]. The stress versus strain curves, the common neighbour analysis
(CNA) [23] and the atomic structure evolution were undertaken to illustrate the phase
transformation behaviour of the NiTi nanopillar at various strain rates and temperatures.
The paper was organized as follows. The potential function for describing the
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interaction between atoms of NiTi, the atomic structures and the computational models
were illustrated in Section 2. The simulated results of the NiTi nanopillar at various
strain rates and temperatures were given in Section 3. In Section 4, summary of
computational results and discussion were presented.

2. Method
2.1. Potential

Embedded atom method (EAM) potential, which is regarded as the most efficient poten-
tial for metals, is taken to describe the interatomic interactions of NiTi. Several EAM
potentials were developed to describe the various properties of NiTi. In the present
research, an EAM potential for NiTi, which was originally developed by Lai and Liu
[24] and improved by Zhong et al. [13], was taken to investigate the strain rate and
temperature-dependent phase transformation behaviour of NiTi. The potential with a
modified atomic force treatment near the cut off zone is expressed as

E = E g Aypexp {—pap (—;j — 1)] — E F(r,J) , (1)
A W \F
where

2 aenl g (7 )
F(I’l’/') _ { icx/} exp[ quf (dx/), ):| ) ) Tij <n (2)
3 (rjg = 11) Heanp(ry — 1) Ferap(ry — ) +coup, 11 <ry<re

Here E is the total potential of all atoms, F describes the effects of electronic cloud
density, d denotes the equilibrium distance of two atoms, r; is the distance between
atom i and j and o and S represent the types of atoms, i.e. atom Ni and atom Ti, respec-
tively. In addition, 4, p, ¢ and ¢ are determined by the ab initio calculation result, and
Co.aps Clap Coap a0 C3 44 are the fitting parameters decided by r;. The first term of
Equation (1) is the pair interaction of two atoms, and the second term describes the
many-body effect. The potential related parameters for NiTi are given in Table 1. The
cutoff radius 7, was set to be 4.2 A and r; to be 4.0 A [21]. According to the previous
studies [24], the potential could well predict NiTi’s properties such as lattice constant.
In the present simulation, the system was fully relaxed by using stress-controlled
conjugate gradient energy minimization.

Table 1. Potential parameters for NiTi.

Parameters Ni—Ni Ti-Ti Ni-Ti

d (A) 2.490 2.950 2.607

A (eV) 0.104 0.153 0.300

p 11.198 9.253 7.900

¢ (eV) 1.591 1.879 2.480

0 2413 2.513 3.002

c; 27.3341 122.395 47.8513
&) —7.54308 —34.205 —12.92362
¢ —0.26286 —1.0054 —0.572708

co 0.13561 0.59012 0.248676
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2.2. MD modelling

The large-scale atom/molecular massively parallel simulation (LAMMPS) [25], which is
a widely used open source software, is undertaken to simulate the phase transformation
behaviour of an NiTi nanopillar under uniaxial compression at various strain rates and
temperatures. As shown in Figure 1(a), the initial microstructure of the NiTi nanopillar
was set to be B2 phase, which was an austenite phase with the microstructure same as
CsCl. A nanopillar with a length of 24.9 nm and a cross section of 4.9 nm X 5.2 nm,
which consisted of 46,080 atoms, was constructed. The (110) direction, denoted by
axis y, was set to be the loading direction. The periodic boundary condition was applied
in the loading direction while the sidewalls of the nanopillar were set to be traction-
free. The time increment of simulation was 0.5 fs. Different initial simulation models

<110>

B19' (8=98°) / BCO (8=108°)

Figure 1. (colour online) (a) Schematic of a NiTi unit cell with a phase of B2. Letters i, j and &k
denoted the crystal directions of [100] , [010] and [00 1], respectively. The coordinate direc-
tions x, y, z used in the present study were assigned along 7', j', K’ with the directions of [110],
[110] and [00 1], respectively. (b) Schematic of NiTi units cell with phases of B2, B19, B19" and
BCO, respectively.
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through thermal relaxing at temperatures varying from 325 (between the martensite start
temperature M; ~310 K and the austenite start temperature 43 ~350 K [21]) to 600 K
were built to investigate the temperature effects on the phase transformation behaviour
of the NiTi nanopillar. During the thermal relaxing, the nanopillar was fully relaxed at
zero pressure for 100 ps, achieved by 200,000 MD time steps.

After the thermal relaxing, the strain-controlled uniaxial compression was applied
on the NiTi nanopillar along the loading direction, i.e. various imposed displacements
in the loading direction of the atoms were applied at every loading step (2,000 simula-
tion time increments) according to the applied strain rates and atoms’ positions. Various
loading rates varying from 3.30 x 107 to 3.30 x 10° s™' were simulated to investigate
the strain rate-dependent phase transformation behaviour. Note that the compressive
engineering strains were undertaken during loading. In the simulation, the phases of the
NiTi were distinguished by the lattice parameters, the internal atomic shuffling and the
monoclinic angle f (8 =90° for B2 and B19, f=98° for B19' and = 108° for BCO
[13]) as shown in Figure 1(b).

The simulation procedure was as follows. Firstly, the phase transformation behaviour
as well as the stress versus strain curve of the NiTi nanopillar at a loading strain up to
10.23%, which was implemented by 620,000 time steps at a constant strain rate of
3.30 x 10® s™" followed by an unloading to zero strain with the same time steps, was
simulated and compared with the results of Zhong et al. [13] to validate the MD model.
Secondly, the temperature effects on the phase transformation and the plastic deformation
of the NiTi nanopillar at a constant strain rate of 8.25 x 10® s~ were simulated at vari-
ous temperatures varying from 325 to 600 K. Then, the phase transformation and the
plastic deformation behaviour of the NiTi nanopillar at various strain rates in a range of
3.30 x 10"-3.30 x 10° s~ ! and at a temperature of 400 K were simulated to investigate
the strain rate effects. Finally, the temperature and strain rate-dependent phase trans-
formation behaviour of NiTi was analysed and discussed based on the simulation results.

3. Results and discussion
3.1. MD model validation

Firstly, the phase transformation behaviour of the NiTi nanopillar at a loading strain up
to 10.23% and at a constant strain rate of 3.30 x 10® s™' was simulated. The simulated
stress versus strain curve is depicted in Figure 2(a). The NiTi nanopillar was observed
to experience elastic deformation and then the complex phase transformation process of
B2 — B19 — B19" — BCO at various strains and ultimately slip-induced plasticity of
BCO. In addition, the second-order displacement phase transition [26] during
B2 — B19 was observed. Two types of atom shuffling modes, {110}(00 1) shuffling
that has a lowest energy barrier of NiTi [27] and {110}(111) shuffling that has the
second lowest energy barrier [28], were also observed as shown in Figure 2(b). It could
be seen that the present MD simulation captured the complex phase transformation
behaviour of the NiTi nanopillar as the same as the study of Zhong et al. [13].

3.2. Temperature effects

In this section, the MD simulation at various temperatures varying from 325 to 600 K
and at a constant strain rate of 8.25 x 10%s™! was performed to investigate the
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Figure 2. (colour online) Compression of the NiTi nanopillar at 400 K and at a constant strain
rate of 3.3 x 103 5!, (a) Stress versus strain curve. (b) Cross-sectional view of the nanopillar,
showing the atom shuffling direction.

temperature effects on the phase transformation of the NiTi nanopillar. The CNA was
used to distinguish various phases during phase transformation. The CNA is a useful
method for determining the local crystal structures around atoms. It can distinguish five
crystal lattice with specific values in LAMMPS [25], i.e. 1 for FCC, 2 for HCP, 3 for
BCC, 4 for icosahedral and 5 for the rest structures representing the B19’ or the BCO
in the present study. Here, the phase transformation behaviour of the NiTi nanopillar
was studied according to the change of its average CNA value. Note that CNA cannot
distinguish the phases of B2 and B19 due to the slight difference in lattice parameters.
Figure 3(a) shows the stress versus strain curve and the corresponding average CNA at
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a temperature of 325 K and at a strain rate of 8.25 x 10®s™'. As shown in Figure 3(a),
at a temperature of 325 K that was close to the martensite start temperature and austen-
ite start temperature, the stress increased non-linearly with increasing strain in a small
strain range, indicating the initial metastable B2 phase of NiTi developed quickly to the
relative stable B19 phase under applied compressive loading. The corresponding CNA
value stayed at about 3.4, which was a little higher than the ideal CNA value of 3 for
BCC due to the imperfect unit cell on surfaces. Then, the nanopillar with the newly
formed B19 phase deformed elastically and the corresponding CNA was almost con-
stant until the applied strain reached about 3.5%. A sudden decrease of stress and a cor-
responding dramatic increase of CNA were observed at a strain of 3.5%, indicating the
formation of B19' phase with a CNA value of 5 that caused by the shuffling of atoms
in the (001) direction of the surface atoms on the {110} plane as shown in
Figure 3(b). The newly formed B19" phase completely transformed to the BCO phase
at a strain of 3.8% because of the influence of free surfaces. Then, the stress increased
linearly to the peak value of 5.4 GPa at a strain of 4.3% while the newly formed phase
boundary between the B19 and the BCO began to propagate. During the movement of
the phase boundary, another phase boundary formed and moved towards the first phase
boundary at the opposite side speeding up the phase transformation, which was
previously observed by Shaw et al. [29]. However, the stacking faults as shown in
Figure 3(c) were formed gradually with the movement of the two phase boundaries due
to the relative high pressure. The stacking faults developed into the deformation twins
with a twinning plane of {112} due to the energy release caused by the phase trans-
formation, leading to the reverse phase transformation from the BCO to the B19, which
completed until the deformation twinning-induced plastic deformation finished as illus-
trated in Figure 3(b) and (c). Subsequently, due to the movement of the twin boundaries
as shown in Figure 3(c), the stress was released continuously during loading, leading to
a vibration of stress at a nearly constant value in a strain range 5.0—-10.0%.

Next, the simulation with a relative high temperature of 400 K (~50 K above the A;
and thereby the B2 phase is stable) was performed to investigate the phase transforma-
tion behaviour of the NiTi nanopillar. The stress versus strain curve and the correspond-
ing CNA at a temperature of 400 K and at a strain rate of 8.25 x 10® s™! are given in
Figure 4(a), and the microstructures of the NiTi at various strains are given in
Figure 4(b) and (c). As shown in Figure 4(a), the nanopillar with the initial B2 phase
deformed elastically while the strain was less than 2.5%, and then the stress increased
non-linearly with increasing strain, indicating the phase of the nanopillar transformed
quickly to B19 in a strain increment of about 0.5%. Then, the stress increased linearly
again with the increase of strain, indicating the elastic deformation of the newly formed
B19 phase. The CNA values were kept at about 3.4 during the phase transformation of
B2 — B19. A stress plateau was observed at a strain of about 6.1% while the formation
of the B19' phase, and the corresponding CNA increased to about 3.7. The B19' phase
transformed to the BCO phase quickly as the result of 325 K. The stress increased to
the peak value of 4.5 GPa at a strain of 6.7%. Then the stress decreased sharply to
2.3 GPa at a strain of 7.4% with the movement of phase boundary between the B19
and the BCO, and the corresponding CNA continuously increased to 5.0. Similar to the
result of 325 K, the second phase boundary was initiated at the opposite side speeding
up the phase transformation. However, unlike the result of 325 K, the defects such as
stacking faults were not initiated at the temperature of 400 K. As a result, the reverse
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Figure 3. (colour online) Compression of NiTi nanopillar at 325 K with a constant strain rate of
8.25 x 10% s™! up to 10.23%. (a) Stress versus strain curve of NiTi (solid line) and the average
CNA values (dash line) during loading. (b) Cross-sectional view of the nanopillar at various
strains, showing the phase transformation of B19 — B19’ — BCO and the reverse phase trans-
formation of BCO — B19. (c) Lateral view of nanopillar after the plastic deformation, showing
the formation of the stacking faults and the twinning deformation.
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Figure 4. (colour online) Compression of the NiTi nanopillar at 400 K with a constant strain rate
of 825 x 10%s™" up to 10.23%. (a) Stress versus strain curve (solid line) and the corresponding
CNA curve (dash line). (b) Cross-sectional view of the NiTi nanopillar at various strains, showing
the phase transformation of B19 — B19' — BCO. (c) Cross-sectional view and lateral view of
the NiTi nanopillar after plastic deformation.
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phase transformation was not observed and the B19 phase fully transformed to the
BCO phase eventually. The newly formed BCO phase deformed elastically up to a
strain of about 8.2%, and then the second sharp drop of stress was observed, indicating
the slip-induced plastic deformation of the BCO phase as illustrated in Figure 4(c),
which was shown as evident by the fluctuation of the corresponding CNA values at the
strain of 8.2%.

Then, the phase transformation of the NiTi nanopillar at a high temperature of
600 K was simulated. The simulated stress versus strain curve and the corresponding
CNA history are given in Figure 5(a), and the microstructure evolution during loading
is given in Figure 5(b) and (c). As shown in Figure 5(a), the initial B2 phase deformed
elastically until the strain increased to about 5.2%, which was much larger when com-
pared to the results of 400 K. Note that the CNA increased a little from 3.4 to 3.6 dur-
ing the elastic deformation of the initial B2 phase when compared to the result of
400 K, which could be ascribed to the increase of surface effect induced by the increase
of temperature. Then, the B19 phase was formed and deformed elastically until the
strain reached about 6.6 %. When the strain exceeded 6.7%, atoms shuffling on {110}
(001) occurred with the formation of defects as depicted in Figure 5(b). As the
increase of vibration velocities of atoms at elevated temperatures, it is much easier for
atoms migration during loading, leading to the formation of some defects in the NiTi
nanopillar as the observation of Cao et al. [30] In addition, the stress decreased quickly
from the peak value of 3.3 GPa at a strain of 7.1% to 2.1 GPa at a strain of 7.8%, and
the corresponding CNA increased from 4.0 to 4.4 due to the increase of fraction of the
BCO phase. It was interesting to note that when the strain exceeded 7.8%, the phase
transformation from the B19 to the BCO was obstructed due to the dislocation slide
initiated from the previous defects, which was consistent with the study of Nematt-
Nasser et al. [8,9] and the knowledge of martensite transformation [31], and then the
reverse phase transformation of BCO — B2 occurred as shown in Figure 5(b). The cor-
responding CNA decreased from 4.4 to 3.7 and then kept at almost the same level
while the strain exceeded 8.5%, indicating the completion of the reverse phase trans-
formation of BCO — B2 and the dislocation-induced plastic deformation of the newly
formed B2 phase with further loading, respectively. Note that the slight increase of
stress after the strain exceeded 8.5% should be ascribed to the interaction between the
dislocation slide and the reverse phase transformation.

3.3. Strain rate effects

In this section, the strain rate effects on the phase transformation behaviour of the NiTi
nanopillar with the initial B2 microstructure were investigated at a temperature of
400 K. Five strain rates, ie. 3.30 x 107, 3.30 x 10%, 8.25 x 108, 1.65 x 10° and
3.30 x 10° s™' were simulated. The simulated stress versus strain curve and the corre-
sponding CNA values at a strain rate of 3.30 x 107 s™' are given in Figure 6. Firstly,
the stress increased linearly with respect to the strain when the strain was less than
2.5%, indicating the elastic deformation of the nanopillar with the B2 phase. After that,
the crystal structure experienced a continuous change of B2 — BI19, leaving a
non-linear increase of the stress in the strain range about 2.5 to about 3.0%. Then, the
newly formed B19 phase deformed elastically until the strain exceeded about 5.5% as
evident by a constant slope of the stress versus strain curve. Subsequently, three drops
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Figure 5. (colour online) Compression of the NiTi nanopillar at 600 K with a constant strain rate
of 8.25 x 10%s7! up to a compressive strain of 10.23%. (a) Stress versus strain curve (solid line)
and the corresponding CNA (dash line). (b) Cross-sectional view of the nanopillar at various
strains during the phase transformation of B19 — B19' — BCO and the reverse phase
transformation of BCO — B2. The multiple dislocations during loading were also depicted.

of stress at the strains of 5.8, 6.7 and 8.4%, respectively, were observed, indicating the
initiation of the phase transformation of B19 — B19" — BCO at the free surface of the
nanopillar, the propagation of the phase transformation boundary between the B19 and
the BCO and the dislocation slide-induced plastic deformation of the BCO, respectively.
Beside the phase transformation of B2 — B19, the CNA values at various strains as
shown in Figure 6 also clearly showed the complex phase transformation behaviour of
the NiTi nanopillar. The CNA kept almost at the same level of about 3.4 before the
strain reached about 5.5%. Then, the CNA increased to the first plateau with a value of
about 3.7 at a strain of about 5.9% while the B19" phase began to form and then
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Figure 6. (colour online) Stress versus strain curve (solid line) and CNA curve (dash line) under
a compressive loading rate of 3.30 x 107 5! at 400 K.

transform to the BCO phase on the lateral free surfaces. After that, the CNA increased
quickly to the second plateau with a value of 5, indicating the completion of the
propagation of the phase boundary between the B19 and the BCO. The abrupt drop of
the CNA at a strain of about 8.4 and 9.3% was observed, indicating the dislocations
slide-induced plasticity of the BCO phase.

The simulated stress versus strain curve and the corresponding CNA at a strain rate
of 3.30 x 10® s™' and a temperature of 400 K are given in Figure 7. It is observed that
the results shown in Figure 7 shows almost the same tendency as the results at a strain
rate of 3.30 x 10’ s™' and a temperature of 400 K. The dynamic behaviour of the
nanopillar that observed at a relative low strain rate of 3.30 x 107 s~ was captured at a
strain rate of 3.30 x 10® s™'. First, the nanopillar of parent B2 phase experienced an
elastic deformation until the strain reached about 2.5% and then followed by a non-
linear increase of about 0.5% indicating the phase transformation of B2 — B19. Then,
the newly formed B19 phase sustained an elastic deformation until the strain reached
about 5.5%. It was observed that the elastic modulus of B19 phase increased slightly
when compared to the results at a lower strain rate of 3.30 x 10" s~'. At the stain of
about 5.9%, a slight drop of stress was observed, indicating the phase transformation of
B19 — B19' — BCO at one side of free surface. After that, a second phase boundary
between the B19 and the BCO was formed and moved inside together with the afore-
mentioned phase boundary, leading to an abrupt drop of stress as observed at a strain
of about 6.6%. Then, the newly formed BCO phase experienced an elastic deformation
until the strain reached about 8.2% and a third drop of stress was observed, indicating
the dislocation slide-induced plasticity of the nanopillar with the BCO phase. The corre-
sponding average CNA value kept at a constant value of 3.4 before the strain reached
about 5.5%. Then, the CNA increased to a plateau at a strain of 6.0 with a value of 3.7
indicating the formation of first phase boundary between the B19 and the BCO. After
that, the CNA increased abruptly to the second plateau with a value of 5 indicating the
completion of phase transformation of B19 — B19’ — BCO. The following slight
decrease of CNA was induced by the formation of dislocations slide.
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Figure 7. (colour online) Stress versus strain curve (solid line) and CNA curve (dash line) under
a compressive loading rate of 3.30 x 10 s™! at 400 K.

The simulated stress versus strain curve and the corresponding CNA at a strain rate
of 1.65 x 10° s™" and a temperature of 400 K are given in Figure 8. Similar to the result
at a strain rate of 3.30 x 10® s™' and a temperature of 400 K, the nanopillar experienced
the phase transformation of B2 — B19 — B19’ — BCO and the dislocation slide-in-
duced plasticity of the BCO phase. Note that the formation of the B19’ phase was
represented by the stress plateau at a strain of 6.1% rather than the slight stress drop
observed at the strain rate of 3.30 x 10® s™' and 400 K, which could be understood by
the difference of the transformation strain increments, i.e. the volume fraction incre-
ments of the newly formed BCO phase, for various strain rates in a given strain incre-
ment. Since the phase transformation speed could be supposed to be the same for a
same temperature, a relative small fraction increment of the BCO phase is obtained for
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Figure 8. (colour online) Stress versus strain curve (solid line) and CNA curve (dash line) under
a compressive loading rate of 1.65 x 10° s~ ! at 400 K.
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compression strain rate of 3.30 x 10° s™' at 400 K. (b) Cross-sectional view of microstructure
evolution. (c) Stacking faults and dislocation slide from a lateral view.



Downloaded by [Institute of Mechanics] at 23:13 21 July 2015

Philosophical Magazine 15

high strain rate in the same applied strain increment, leading to the low energy release
during phase transformation, and thereby the loading capacity of the nanopillar is sus-
tained. After that, the BCO phase, which initiated on one free surface, propagated from
one side to another when the strain increased to about 7.0%. During the phase propaga-
tion, another phase boundary formed at the opposite side, speeding up the phase trans-
formation process in a strain range 7.0 to about 7.9%, leading to a large decrease of
stress from 4.6 to 2.7 GPa. The newly formed BCO phase deformed elastically until the
strain exceeded 9.0%. Then, an abrupt large drop of stress from 3.3 to 0.5 GPa in a
strain range 9.0 to about 10.0% was observed, indicating the dislocation slide-induced
plasticity of the BCO phase. The corresponding CNA value also showed the deforma-
tion behaviour of the NiTi nanopillar as depicted in Figure 8. The CNA value almost
kept at a constant value of 3.4 until the strain exceeded 6.1%. Then, the CNA increased
slightly to a plateau with a value of 3.8 at a strain of 6.4%, indicating the initial forma-
tion of the B19" phase which immediately transformed to the BCO phase on the lateral
free surfaces. After that, the CNA increased rapidly to the second plateau with a value
of 5 at a strain of about 7.9%, indicating the completion of the propagation of the phase
boundary between the B19 phase and the BCO phase. A sharp drop of CNA value was
observed when the strain exceeded 9.1%, indicating the dislocation slide-induced plastic
deformation of the BCO phase.

The simulated stress versus strain curve and the corresponding CNA value at a high
strain rate up to 3.30 x 10° s™" and a temperature of 400 K are given in Figure 9(a). As
shown in Figure 9(a), the initial B2 phase deformed elastically when the strain was less
than 2.5%. Then the phase transformation of B2 — B19 happened as evident by the
non-linear increase of the stress in a strain range of 2.5 to about 3.0%. After that, the
stress increased linearly again to the peak value of about 4.8 GPa at a strain of about
6.3%, indicating the elastic deformation of the newly formed B19 phase. Similar to the
simulation results at the strain rate of 1.65 x 10° s', the B19’ phase initiated at one free
surface as shown in Figure 9(b) and immediately transformed to the BCO phase
because of the surface effect. Then the stress sustained at the same level in the strain
range 6.3-7.2% due to low energy release in a same strain increment for high loading
rate condition. After that, a large drop of stress from 4.8 to 2.4 GPa in a strain range of
7.2-8.5% was observed, indicating the formation of second phase boundary and the
propagation of phase boundaries between the B19 and the BCO as shown in
Figure 9(b). Note that the stacking faults formed at the strain of 8.5 % as shown in
Figure 9(c). Also, another large drop of stress from 2.8 GPa at a strain of 8.7-0.9 GPa at
a strain of 9.6% was observed due to the dislocation slide-induced plasticity of the BCO
phase. As shown in Figure 9(a), the corresponding CNA value also showed the complex
phase transformation and the plastic deformation of the NiTi nanopillar. The CNA value
kept almost at a constant value of 3.4 until the strain exceeded 6.3%. Then the CNA
increased rapidly to 5 at a strain of 8.5%, indicating the completion of the phase trans-
formation of B19 — BCO. After that, the CNA value decreased slowly from 5 to 4.9,
indicating the dislocation slide-induced plasticity deformation of the BCO phase.

4. Summary of results and discussion

In the present research, the phase transformation behaviour of an NiTi nanopillar at
various compressive loading rates and temperatures were simulated. It was observed
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that the strain rates and the temperatures had great impact on the phase transformation
behaviour of the NiTi nanopillar. The simulated stress versus strain curves and the cor-
responding CNA value at various temperatures and at a strain rate of 8.25 x 10® s™" are
showed in Figure 10. It could be seen that the phase transformation stress of the NiTi
nanopillar and the corresponding CNA value showed high sensitivity to temperature as
shown in Figure 10(a) and (b), respectively. Note that the stress for the phase trans-
formation from the initial B2 phase to the orthorhombic B19 phase increased from
about 0.15 to about 2.5 GPa with increasing temperature from 350 to 600 K. In addi-
tion, it was observed that the phase transformation stress of B19 — B19’' — BCO
decreased from about 5.2 to about 3.2 GPa with increasing temperature, which could be
understood by the increase of vibration velocity of atoms with increasing temperature.
It was relatively easier for atoms to overcome the energy barrier for the phase trans-
formation and reach a new equilibrium at a higher temperature, leaving to the relative
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Figure 10. (colour online) (a) Stress versus strain curves and (b) corresponding CNA curves at
various temperatures and at a constant compressive loading rate of 8.25 x 108 s™".
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low transformation stress from the B19 phase to the BCO phase at a higher
temperature. Based on the simulation results, it could be speculated that the phase trans-
formation of B19 — BCO would not happen at sufficient high temperature when the
phase transformation stress of B19 — BCO is lower than that of B2 — B19. Moreover,
the deformation twinning-induced plasticity and the dislocation slide-induced plasticity
were observed during loading for various temperatures. At a low temperature of 325 K,
the deformation twinning-induced plasticity, which inhibited the phase transformation,
occurred during phase transformation from the B19 to the BCO. The stress was almost
at a constant level with the increase of strain during the movement of the twin bound-
aries as shown in Figure 3(c). However, the dislocation slide-induced plasticity, which
also inhibited the phase transformation, occurred at high temperatures ranging from 375
to 600 K, which could be understood by the competition mechanism between the
deformation twinning and the dislocation slide at elevated temperatures. Generally, the
critical twinning stress could be regarded as insensitive to strain rate and temperature,
whereas the dislocation slip stress increased dramatically with increasing strain rate and
with decreasing temperature [32]. Therefore, the dislocation slide-induced plasticity is
the dominated plastic deformation. The stress increased after the slide band formed until
another one appeared.

The corresponding CNA value as given in Figure 10(b) also clearly showed the
complex phase transformation behaviour of NiTi at various temperatures. With increas-
ing temperature, the initial average CNA value and the strain for phase transformation
of B19 — B19' increased. The peak value of CNA varied due to the different volume
fraction of the formed BCO phase. At relatively low temperatures of 325 and 350 K
and a high temperature of 600 K, the phase boundary between the B19 phase and the
BCO phase did not propagate throughout the NiTi nanopillar due to the deformation
twinning and dislocation slide-induced plasticity during phase transformation, respec-
tively. In addition, it was observed that the value of CNA decreased almost to the same
value of the initial state, indicating the reverse phase transformations of BCO — B19 at
325 and 350 K and BCO — B2 at 600 K, respectively. However, the CNA kept almost
at a constant value of 5 at 375, 400 and 500 K, indicating that the reverse transforma-
tion did not happen at these temperatures. At a low temperature of 325 K, the phase
transformation of B19 — BCO was demanded to accommodate the applied deforma-
tion. During this period, the energy release caused by the phase transformation drove
the formation of deformation twinning, which led to further energy release, providing
the driving force for the reverse transformation of BCO — B19 since it was more
stable when compared to the B2 phase and the BCO phase [31]. Similarly, at a relative
high temperature of 600 K, the reverse transformation of BCO — B2, which was driven
by the dislocation slide deformation, occurred, since the B2 phase was more stable
when compared to the B19 and the BCO phase at 600 K. However, in the other situa-
tions, e.g. at 400 K, there was no dislocation slide or deformation twin during the phase
transformation of B19 — BCO, resulting in insufficient driving force for the reverse
phase transformation.

The simulated stress versus strain curves and the corresponding CNA value at a
temperature of 400 K and at various strain rates of 3.30 x 107, 3.30 x 108, 8.25 x 108,
1.65 x 10° and 3.30 x 10° s™" are given in Figure 11(a) and (b), respectively. The stress
versus strain curves as shown in Figure 11(a) and the corresponding CNA values as
shown in Figure 11(b) for various strain rates were identical to each other for the strain
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Figure 11. (colour online) (a) Stress versus strain curves and (b) corresponding CNA curves at
various compressive loading rates and at a temperature of 400 K.

less than about 5.5% except a relative low elastic modulus of B19 phase at a strain rate
of 3.30 x 107 s™" as observed in Section 3.3, indicating the insensitivity of strain rate
on the phase transformation of B2 — B19 at strain rates higher than 10® s~'. However,
the stress during the phase transformation of B19 — B19’ — BCO increased from
about 3.3 to about 5 GPa and the corresponding CNA increased with different velocity
for different loading rate, indicating that the change of the crystal structure of NiTi from
orthorhombic to monoclinic was sensitive to the loading rate. Since the phase trans-
formation of B19 — B19' — BCO requires shear movement of atoms, there is not
enough time for atoms to reach new equilibrium positions at a relative low temperature
of 400 K which deforms at a high strain rate, leading to the increase of the phase
transformation stress.

Figure 12 showed the simulated relationship between the transformation stresses of
B2 — B19 and B19 — B19’ and the reciprocal of temperatures at various strain rates.
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Figure 12. (colour online) Relationship between the phase transformation stresses of B2 — B19
and B19 — B19’ and the reciprocal of temperatures at various strain rates.

It was observed that at a given strain rate, the phase transformation stress of B2 — B19
increased linearly while the transformation stress of B19 — B19' decreased with
increasing temperature. In addition, at a given temperature, the transformation stresses
of B2 — B19 for various strain rates were almost identical to each other, indicating that
the phase transformation of B2 — B19 was insensitive to loading rate. However, the
transformation stress of B19 — B19’ increased with increasing loading rate, indicating
the sensitivity of loading rate on the transformation stress of B19 — B19'.

The residual crystal structures after loading at various strain rates and at various
temperatures are shown in Figure 13, from which the strain rate and temperature-
dependent phase diagram of NiTi is highlighted. The phase diagram was divided into
regions I, II, IIT and IV according to the phase transformation histories. The region I
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Figure 13. (colour online) Phase diagram of the NiTi nanopillar at various temperatures and at
various loading rates. Different residual phases are highlighted by different shapes. Shadow region
are speculated to be with the residual B19 phase.
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with the serial phase transformation of B2 — B19 — B19’' — BCO and a residual
BCO phase was located at temperatures lower than 350 K and strain rates higher than
1.65 x 10° s™'. The reverse phase transformation would not occur in this region. The
region II, which experienced the phase transformation of B2 — B19 —
B19’ — BCO — BI19, was located in the temperature range 325-375 K and the strain
rate range 8.25 x 108-3.30 x 10° s™!. Note that partial BCO phase reversely trans-
formed to the B19 phase, i.e. the BCO phase and the B19 phase coexisted, at the
boundary points between the region I and the region II, i.e. the points (325K,
8.25 x 10%s™") and (350 K, 3.30 x 10° s™!). It could be seen that the reverse phase
transformation of BCO — B19 phase disappeared gradually with increasing the strain
rate and decreasing the temperature at temperatures lower than 350 K. The region III,
which experienced the phase transformation of B2 — B19 — B19’ — BCO, was in the
temperature range 325-500 K and the strain rate range 3.30 x 10°-3.30 x 10° s™'. The
reverse phase transformation did not occur and the BCO phase was left in this region.
It is interesting to note the temperature range narrows gradually and then broadens with
increasing strain rate for region III. The region IV with the phase transformation of
B2 — B19 — B19' — BCO — B2 was located at temperatures higher than 550 K and
strain rates range 3.30 x 108-3.30 x 10° s'. Note that the reverse phase transformation
of BCO — B2 occurred and the residual high temperature stable B2 phase was left in
this region. However, the B19 phase rather than the B2 phase was left at the boundary
between the region III and the region IV, i.e. the point (500 K, 1.65 x 10? s™"), after the
reverse phase transformation. Since the reverse phase transformation of BCO — B2
should experience the intermediate state phase of B19, the B19 phase should be left if
atoms could not overcome the energy barrier between the B19 and the B2. From this
point, there should be a narrow temperature region for the phase transformation of
B2 — B19 — B19' — BCO — BI19 as depicted in Figure 13 by the shadow region. It
is to be noted that some unrealistic high strain rates were studied in this paper when
compared to experiments, which is the major issue in MD simulation. The time con-
sumption in MD simulation will increase significantly with increasing calculation steps
and the number of atoms. As a result, it will take a lot of time to investigate the phe-
nomenon at low strain rates through MD simulation, which might be improved by high
efficient computers. However, the MD simulation provides an atomic insight into the
deformation behaviour of materials. The details of martensitic transformation and corre-
sponding microstructure evolution of the NiTi nanopillar during loading at various
strain rates and at various temperatures were captured. In addition, at a realistic low
strain rate of 3.30 x 10’ s' and at a temperature of 400 K, the NiTi nanopillar experi-
enced the phase transformation of B2 — B19 — B19’ — BCO, which showed the
same tendency of region III. More simulations will be performed at a wide temperature
range and even lower strain rates in near future.

The complex phase transformation behaviour, especially the reverse phase trans-
formation of NiTi should be ascribed to the interaction between phase transformation
and plastic deformation. During the phase transformation, the energy is released, which
drives the formation of deformation twinning or dislocation slide-induced plastic
deformation. Further, energy release is induced during plastic deformation, providing the
driving force for the reverse transformations. At relative low temperatures, the stacking
faults and consequently the deformation twinning-induced plasticity occur [32], leading
to the reverse phase transformation of BCO — B19 since the B19 phase is stable at low
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temperatures as shown in region II. At relative high temperatures, the dislocation slide-
induced plasticity occur because of the high vibration velocity of atoms [32], leading to
the reverse phase transformation of BCO — B2 since the B2 phase is stable at high tem-
perature as shown in region IV. However, at low temperatures and sufficient high strain
rates, the reverse phase transformation will not occur because there is not adequate time
for the reverse phase transformation as depicted in the region I. In addition, the deforma-
tion twinning or dislocation slide-induced plastic deformation does not occur when the
phase transformation stress is not sufficiently high and the vibration velocities of atoms
are not sufficiently fast, leading to no reverse phase transformation in the region IIL

The phase transformation behaviour of NiTi obtained in the present study is helpful
for understanding the controversial experimental observations of phase change of NiTi at
elevated strain rates as the studies by Nemat-Nasser et al. [8,9] at various strain rates in
a range of 107°—20,000 s' and at temperatures in a range of 77-400 K and Liao et al.
[10] at various strain rates in a range of 10°~10” s~' and at temperatures in a range of
273-373 K. Regard the change of crystal structure from cubic to monoclinic as nominal
phase transformation observed in dynamic experiments. The residual crystal structures of
NiTi after experiments are dependent on test temperatures, loading rates and applied
stresses. Also, the local temperature of NiTi would change dramatically during loading
[33]. Suppose there are some initial states of NiTi located in the region III as depicted in
Figure 13. For the initial state I, the increase of temperature is not adequate to go across
the region boundary at relatively low strain rates as in SHPB, leading to the phase trans-
formation and the residual monoclinic phase as observed by Nasser et al. [8,9] as long
as the applied stress is higher than the phase transformation stress. However, for the ini-
tial state II, there will be a considerable temperature rise for NiTi while loaded at high
strain rate and at sufficient high stress. The considerable increase of temperature leads to
the elimination of the phase transformation as depicted in Figure 10. Also, the yield
stress of the B2 phase decreases with increasing temperature, which could lead to the
plasticity of initial B2 phase prior to the phase transformation at sufficient high tempera-
ture as observed by Nasser et al. [8,9]. Nevertheless, the elimination of the phase trans-
formation could also be ascribed to the reverse phase transformation behaviour of NiTi
at high temperature as shown in Figure 13. In addition, at ultrahigh strain rate, Liao
et al. [10] observed the residual transformed phase of NiTi in the laser shocked region. It
might be ascribed to the reason that the temperature rise during loading is not adequate
to go through the boundary between the region III and the region IV as the initial state
IIT as depicted in Figure 13, leading to the transformed phase of NiTi after laser-induced
shock. Further simulation will be conducted to investigate the dynamic response of NiTi
during the propagation of shock waves to better understand its strain rate, temperature
and stress-dependent phase transformation behaviour.
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