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Continuous strain glass transition (STGT) in shape memory alloys (SMAs) has attracted much attention and
shows potential applications in biomedical, robotics, and micro-electromechanical systems due to its quasilinear
superelasticity (SE). However, the reported strain glass system in NiTi alloys through doping antisite point
defects can only produce local R-phase martensitic domains and show small recoverable strain (∼1%), which
limits its wide applications. Here, we propose a method to design B19′ strain glass with large recoverable
strain in NiTi binary alloys by introducing interstitial atoms and vacancies through low-energy irradiation by
integrating molecular dynamics and phase field modeling. The interstitial atoms play the most important role
to transform the normal martensitic transformation (MT) to STGT. A complete phase diagram is established to
describe the relationship between MT/STGT and irradiation energy. The system after large irradiation energy
(∼5.3 × 1012 keV/cm2) has shown obvious frequency dependence of storage modulus, continuous volume
fraction change, and B19′ martensitic nanodomains, which confirm the existence of B19′ STGT. This B19′

strain glass has shown large recoverable strain (∼5.8%) over a wide temperature range (from 100 to 300 K),
which can be attributed to the continuous nucleation and growth of martensitic nanodomains in this temperature
range. Our calculations theoretically proposed a method to design strain glass systems with giant quasilinear SE
by interstitial defects and may stimulate the application of SMAs.

DOI: 10.1103/PhysRevMaterials.6.045602

I. INTRODUCTION

Shape memory alloys (SMAs) have attracted much atten-
tion because of thermoelastic martensitic transformation (MT)
[1] induced superelasticity (SE) and shape memory effect
(SME), which have been widely used in different fields, e.g.,
aerospace technology, robotic technology, and micro-electro-
mechanical systems [2,3]. However, the narrow temperature
operation window (∼75 K after heat treatment) and large hys-
teresis (∼250 MPa) [4] for SE due to the first-order transition
characteristic of MT limit its applications in extreme environ-
ments and accuracy control. It is well known that there exists
a critical point in the axial stress–temperature phase diagram
of MT by introducing high temperature and high pressure at
which the MT presents a continuous transition behavior and
zero hysteresis [5,6]. Interestingly, the recently discovered
strain glass transition (STGT) has also shown continuous tran-
sition behavior with small hysteresis by introducing sufficient
point defects [7–9], which may also be a critical behavior in
MT systems. STGT has shown a continuous transition from
a dynamically disordered lattice strain state to a frozen dis-
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ordered lattice strain state instead of the long-range ordered
lattice strain structure [10]. This transition behavior caused
by STGT can be attributed to the randomly distributed lo-
cal stress field caused by doped defects [11], which change
the local transition behavior and influence the macroscopic
phenomenon.

The continuous STGT has been reported when the de-
fect density (concentration) reaches a certain critical value
[7,12,13]. However, only those MT systems with small stress-
free transformation strain (SFTS; e.g., R phase) have been
reported to show continuous STGT in most NiTi SMAs
[8,14,15]. According to the theoretical calculations, the for-
mation of continuous STGT with larger SFTS, e.g., B19/B19′
strain glass in NiTi SMAs requires stronger local misfit caused
by defects [16], and experimental works have confirmed that
high-density dislocations could induce B19′ STGT [12]. As an
important defect, interstitial atoms would occupy the nonequi-
librium position of the lattice [17] and produce a large lattice
misfit [1], which could be effective to design strain glass with
large recoverable strain. However, conventional heat treatment
by thermal fluctuation with low energy would only introduce
small interstitial atoms with low density, e.g., H (�0.027) [18]
or cause carbides and/or oxides (e.g., TiC and Ti4Ni2Ox) by
reacting with O, C, and Si [19,20], which could not result in
STGT.
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Experimental works have shown that irradiation could
cause complex defects (e.g., vacancies, interstitial atoms,
precipitates, and dislocation) and significantly change the MT
behavior and related properties [21–24]. Lagrange et al. [22]
observed a nano B19′ crystalline structure in amorphous ma-
trix due to a combination of cascade overlapping and damage
accumulation after Ni ion irradiation in NiTi SMAs. Wang
et al. [23] reported the element redistribution and the for-
mation of a multilayer structure consisting of a columnarlike
TiH2 phase, a transition layer Ti2Ni phase, and the austenite
phase in proton irradiated TiNi alloy. Zhao et al. [21] reported
the existence of an amorphous phase, TiH2 and Ti2Ni phases
in proton irradiated TiNi thin film, and a consequent deteriora-
tion of the shape recovery property. Wang et al. [24] reported
the decrease of the R-phase transformation start temperature
Rs and the reverse martensitic transition finish temperature
A f in proton irradiated TiNi. However, the defect type, dis-
tribution, and their influence on the MT behavior caused by
irradiation are still unclear. Due to the relatively high cost of
irradiation experiments, simulations are widely used to study
the effect of irradiation, e.g., molecular dynamics (MD) sim-
ulation is always used to simulate the damages at nanoscale
(vacancies, interstitial atoms, etc.) [25], and phase field mod-
eling is always used to simulate the damages at microscale
(voids, bubbles, etc.) [26]. Simulations to study the effect of
irradiation on MT on both atomic and microscopic scale are
lacking.

In this paper, a multiscale method integrating MD, molec-
ular statics with a localization function, and phase field
modeling are proposed to capture the physical origin of ir-
radiation on MT in NiTi SMAs. MD calculations exhibit that
the defect density of the interstitial atom, the vacancy, and the
antisite caused by the irradiation increase with the increase
of the irradiation fluence and the energy of primary knock-on
atom (PKA). It is found that, with the increase of interstitial
defect density caused by the increase of irradiation fluence and
the energy of PKA, the B19′ MT changes from typical first
order to continuous B19′ STGT. Such B19′ STGT has shown
SE (∼5.8%) with slim hysteresis over a wide temperature
range (∼200 K). A phase transition diagram of B19′ MT and
STGT has been established, which exhibits the existence of
critical phase transition boundaries which provides quantita-
tive guidance to design critical SMAs with properties.

II. METHODS

MD simulations are carried out using the classical parallel
MD package LAMMPS [27] with the embedded-atom-method
interatomic potential [28]. The simulation boxes with three-
dimensional periodic boundary conditions are employed to
calculate the displacement cascades. The cascade is intro-
duced by setting a PKA which is defined as the first displaced
atom during irradiation. The PKA can induce the subsequent
lattice site displacements if it possesses sufficient energy or
come to rest in the lattice at an interstitial site. In the be-
ginning, the perfect crystal B2 NiTi structure is created and
relaxed at 300 K for 15 ps with a time step 1 fs using an
isobaric-isothermal ensemble (NPT). Then the first PKA with
a recoil energy (2–20 keV) is chosen randomly and given a
velocity with random direction v = √

2EPKA/m, where EPKA

is the energy of PKA, and m is the atomic mass. Once the
cascade is introduced, the system will run for 75 ps with a
canonical ensemble (NVT) followed by quenching to 0 K with
energy minimization using the conjugated gradient algorithm.
Then the system is re-equilibrated at 300 K, and the first
cascade is finished. The subsequent cascades are introduced
one by one using the same approach. The Wigner-Seitz cell
method is implemented to analyze the point defects, i.e., va-
cancies, interstitial atoms, and antisite defects. To avoid the
size effect in MD, we introduce 40 PKAs with the recoil
energy 20 keV to the simulation boxes with different sizes
l × l × l a3

0 (a0 is the lattice constant and l = 30, 40, 50, 55,
60, and 70), and the calculated number of interstitial atoms
and antisite defects are shown in Fig. 1. When the l is <50,
the number of interstitial atoms and antisite defects shows
large fluctuations; however, when the l is �55, the number
of interstitial atoms and antisite defects shows steady increase
and small fluctuations with the increase of the number of
PKAs. To keep computational efficiency and convergence,
the simulation box size is set to 55 × 55 × 55 a3

0 (332 750
atoms) in the following simulations. It should be noted that,
for convenience, we assume that the whole simulation box
is at the same depth from the surface, and we used periodic
boundary condition and ignored the angle of incidence of the
irradiation particles which is reasonable because the length of
the side of the simulation box is small (∼16.5 nm) compared
with the irradiation depth (>1000 nm).

The atomic stress on atom i is described with the viral
stress [29–31] at the ground state:

W ab
i = 1

�

(
−1

2

∑
j �=i

f a
i jr

b
i j + ...

)
, (1)

where � is the atomic volume, rb
i j is the b component of the

vector from atom i to atom j, and f a
i j is the α component of

the force on atom i exerted by atom j in which a, b = 1,2,3
indicates the directions. The ellipsis represents that there may
be higher-order atomic virial stress contributions according to
the interatomic potentials used in the simulation.

The continuum stress field is calculated by utilizing an
enforced stoichiometry and atomic localization function ap-
proach [32] to the atomic stress field W ab

i :

�ab(r) =
∑

X

φX (r)
∑
i∈X

P(r − 〈ri〉)W ab
i , (2)

where the localization function P(r) is used to smear out
the contribution of an individual atom to the whole system,
and the stoichiometric function φX (r) is used to achieve the
correct stoichiometry in multicomponent systems when the
resolution of the stress field is high. Here,

P(r) = 27

α3(2π )3/2 exp

(
− 9r2

2α2

)
, (3)

φX (r) =
∑

j P(r − 〈r j〉)∑
j∈X P(r − 〈r j〉)

nX∑
Y nY

, (4)

where α is equivalent to a triple standard deviation and deter-
mines the shape of the function. Here, X denotes the element
type, and nX is the number of atom X . The choice of α is
5 Å based on our previous calculation [11]. The details of the
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FIG. 1. (a) and (b) The number of interstitial atoms and antisite defects vs the number of primary knock-on atoms (PKAs; 20 keV) in the
molecular dynamics (MD) simulation boxes of different sizes l × l × l a3

0 (l = 30, 40, 50, 55, 60, and 70).

calculation of continuum stress field from atomic stress can be
found in our previous work [11] and Ref. [32].

An MT from B2 to B19′ (12 variants) is considered in our
phase field modeling with the SFTS tensors ε

p
i j (p = 1–12)

according to lattice correspondence [33]. The total free energy
of the system contains chemical free energy, elastic interaction
energy caused by the local stress field, gradient interfacial
energy, elastic strain energy caused by the formed martensitic
domains, and elastic energy caused by applied stress described
as follows:

F =
∫

d3r( fch + fL + fgr ) + Eel+Eapplied. (5)

The local chemical free energy is approximated by a Lan-
dau expansion polynomial:

fch = 1

2
A1

∑
i=1−12

η2
i (r) − 1

4
A2

∑
i=1−12

η4
i (r)

+ 1

6
A3

[ ∑
i=1−12

η2
i (r)

]3

, (6)

where ηp (p = 1–12) is the structure order (SO) param-
eter, representing the correspondence variants of the B19′
martensitic phase, where A1 = A0

1(T − T 0), and A2 and A3 are
constants.

The elastic interaction energy caused by the local stress
field is

fL(r) = −
∑

p=1−12

∑
i, j=1,2,3

∏
i j

(r)εp
i jη

2
p(r), (7)

and the gradient interfacial energy is described by

fgr = 1

2
β

[ ∑
i=1−12

(∇ηi )
2

]
, (8)

which is associated with spatial nonuniformities in the SO
parameters at interfaces between the B2 and B19′ phases and
among different variants of the B19′ phase [34], where β is the
gradient energy coefficient. The fourth term in Eq. (5), Eel , is

the elastic strain energy associated with the MT [35,36]:

Eel = 1

2
Ci jkl

∑
p

∑
q

ε
p
i jε

q
i j

∫
η2

p(r)η2
q(r)d3r

− 1

2

∑
p

∑
q

∫
d3k

(2π )3 Bpq
(⇀

n
){

η2
p(r)

}
k

{
η2

q(r)
}∗

k
, (9)

where Ci jkl is the elastic modulus,
⇀

n =
⇀

k/k,
⇀

k is the
wave vector in the reciprocal space, {...}k and {...}∗k
are the Fourier transform and its complex conjugate,
and Bpq(

⇀

n) = niσ
p

i j�(
⇀

n) jkσ
q
kl nl , where σ

p
i j = Ci jklε

p
kl , and

�(
⇀

n)−1
i j = Ci jkl nknl .

The last term Eapplied = − ∫
σ

applied
i j

∑
p=1−12 ε

p
i jη

2
p(r)d3r is

the elastic energy caused by applied stress σ
applied
i j .

The stochastic time-dependent Ginsburg-Landau equation
is used for the time-evolution of the SO parameters ηp:

dηp(r, t )

dt
= −M

δF

δηp(r, t )
+ ζp(r, t ), p = 1 − 12, (10)

where t is time, ζ is the Langevin noise term describing
thermal fluctuations [37,38], and M is the kinetic coefficient
characterizing the growth of martensitic domains. The homo-
geneous modulus assumption [10] (i.e., the elastic modulus
remains unchanged in B2 and B19′ phases) is made, and the
length scale of the simulation is determined as l0 = 1 nm. The
simulation supercell is 643 nm3 with a periodical boundary
condition along all three dimensions. The local stress field
is constituted with 4 × 4 × 4 continuum stress field �(r)
from 64 individual MD simulations (box size is 163 nm3) with
different random seeds.

III. RESULTS AND DISSCUSSION

Four random processes of introducing PKAs with different
energies (i.e., different velocities in MD simulation) into a
perfect B2 NiTi structure are implemented, and the densities
of the interstitial and antisite atoms are shown in Figs. 2(a) and
2(b). The fluence describes the quantity of the high-energy
particles impacting the sample during irradiation, and its unit
is always cm−2, which means the density of particles on
the surface. Different from experiments, we use the PKAs
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FIG. 2. (a) and (b) The density of the interstitial atom and the antisite atom vs the irradiation fluence for different energies (2, 5, 10, and
20 keV) of the primary knock-on atom (PKA). (c) and (d) The distribution of point defects after the irradiation with different fluences and
energies. The red and blue spheres in (c) indicate the interstitial atoms and vacancies, while the green and yellow spheres in (d) indicate the
antisite Ni and Ti atoms, and the transparent area represents the B2 structure.

instead of high-energy particles to describe the fluence in
MD simulations, which assume a high-energy particle may
induce one PKA. The fluence is discrete with a unit fluence
f0 [1/(55a0 × 55a0) ∼ 3.6 × 1011 cm−2], which is one PKA
in the box of 55a0 × 55a0 × 55a0) because of the integer
number of PKAs. It is readily seen in Fig. 2(a) that, for the
process with low PKA energy (2–5 keV), the density of the in-
terstitial atoms slowly increases firstly, then sharply increases,
and fluctuates finally with the further increase of irradiation
fluence. For the process with high PKA energy (10–20 keV),
the curves show a near-linear increase with weak fluctuation.
The related microstructure in Fig. 2(c) shows that the PKAs
only cause isolated clusters of interstitial atoms and vacancies
at the beginning of the low-energy processes, and the newly
added PKA will interact with the clusters of interstitial atoms
and vacancies and create more defects with the increase of
fluence. The severe fluctuation of interstitial atoms can be
attributed to the annihilation of interstitial atoms and vacan-
cies in the irradiation processes. The annihilation plays the
dominating role in the low level of interstitial atom density.

In contrast, for the high PKA energy processes, the increase
of defects caused by cascades is more than the decrease of
defects caused by annihilation, leading to a steady increase in
the density of the interstitial atoms. With the increase of PKA
energy from 5 to 10 keV, the density of the interstitial atoms
increases obviously, but the density of the interstitial atoms
remains unchanged when PKA is >10 keV. However, the
number of antisite defects shows a near-linear increase with
smaller fluctuations with the increase of irradiation fluence for
all PKA energy processes, as shown in Fig. 2(b), which can be
attributed to the more stable energy condition of the antisite
atoms than that of interstitial atoms. The density of the antisite
atoms also increases with PKA energy from 2 to 20 keV.
The formation energies of different types of point defects are
listed in Table I. For the interstitial atom, there are four types
of positions, i.e., (1) octahedron with 4 Ni atoms and 2 Ti
atoms, (2) octahedron with 4 Ti atoms and 2 Ni atoms, (3)
self-dumbbell with the same kind of atom at one lattice point,
and (4) pair-dumbbell with the other kind of atom at one
lattice point. It is readily seen that the self-dumbbell position,
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TABLE I. Formation energy (eV) of different point defects.

Interstitial Self- Pair-

Element Vacancy Antisite (4Ni2Ti) (4Ti2Ni) dumbbell dumbbell

Ni 5.89 0.99 15.23 17.01 6 7.46
Ti 6.53 1.94 26.16 20.91 12.64 14.35

which is the self-interstitial atom (SIA), has the lowest energy
for both Ni and Ti, and it has slightly larger energy than the
vacancy and much larger energy than the antisite atom.

The distribution of the interstitial atoms and vacancies
identified with the Weigner-Seitz cell method after different
irradiation fluences with different energies of the PKA is
shown in Fig. 2(c), in which the red particles, blue particles,
and transparent area indicate the interstitial atoms, vacancies,
and the B2/body-centered cubic structure, respectively. It is
clearly shown that there are isolated defects at low irradia-
tion fluence but clusters of interstitial atoms and vacancies
(2–10 nm) at high irradiation fluence. Figure 2(d) shows the
distribution of antisite Ni and Ti atoms indicated with green
and yellow particles. There is also a similar phenomenon
shown in Fig. 2(c) of the isolated clusters at low irradiation
fluence and larger clusters (2–10 nm) when increasing the
irradiation fluence. In addition, it is also distinct that the
antisite atoms appear accompanied by the interstitial atoms
and vacancies at low irradiation fluence, and the antisite atoms
show a much larger cluster and density, especially at 5 keV
and 80 f0 at high irradiation fluence due to the annihilation of
the interstitial atoms and vacancies.

Although the nucleation of a void during irradiation may
lead to failure and deterioration of the SE, experimental works
have shown no voids observed in NiTi alloys after low ir-
radiation level (e.g., 2 MeV and 1015 cm–2 proton irradiated
Ni50.5Ti49.5 [39], 3 MeV and 5 × 1016 cm–2 proton irradiated
Ni50Ti50 [40], and 18 MeV and 1.5 × 1014 cm–2 proton irra-
diated Ni50.6Ti49.4 [24]). The PKA energy and fluence used
in our calculations are <20 keV and 2.9 × 1013 cm–2, which
are much smaller than the irradiation levels in the above-
mentioned experiments. The atomic structure analysis of the
MD results after irradiation has shown no void. According to

the method of Yang et al. [41], the simulation box has been
divided into many small unit cells with an edge length of 1.01
times the lattice constant, and the empty cells can be recog-
nized as voids. Figure 3(a) shows an example of the atomic
structure analysis in which the atomic configuration after ir-
radiation with 20 keV and 80 f0 has shown the existence of
interstitial atoms and vacancies. A corresponding slice across
the clusters of interstitial atoms and vacancies is shown in
Fig. 3(b), with the thickness of 1.01 times the lattice constant.
The number of atoms in every unit cell is counted, and the
results are shown in Fig. 3(c). No empty cell (the number
value = 0) indicating no void can be observed, but a unit cell
with a vacancy (the number value = 1) and interstitial atom
(the number value � 3) can be observed. Thus, it is reasonable
to study the MT/STGT without considering the void under
low-energy and low-fluence irradiation in this paper.

Figures 4(a)–4(f) show the atomic Von Mises stress field
[which is calculated according to Eq. (1)] in the (1 1 0) plane
caused by a single antisite Ni atom, a vacancy at the Ni site,
a Ni SIA, an antisite Ti atom, a vacancy at the Ti site, and a
Ti SIA, respectively, and the defect positions are indicated by
the red circles. The small and large spheres in Figs. 4(a)–4(f)
represent Ni and Ti atoms, and the color indicates the stress
value on the atoms. It is readily seen that the SIA has a
much larger stress value than the vacancy and the antisite
atom, so the interstitial defect may have a larger influence on
MT. The atomic stress only exists at the positions of atoms
and shows a discrete value. To introduce the atomic stress
to the following phase field simulations, a continuum stress
field can be calculated based on Eqs. (2)–(4) [11,32]. The
Gaussian localization function in Eq. (3) is used to transfer
the stress value on every atom to the whole space and make
the discrete stress field into a continuum. The stoichiometric
function [Eq. (4)] is implemented to increase the resolution
and guarantee the correct proportion of different atoms [32].
To obtain the atomic stress field, we take the atomic config-
urations directly from the MD simulations in Fig. 2, which
contains all the defects formed in the irradiation processes.
Figures 4(g)–4(i) show the continuum von Mises stress field
(with the box size of 163 nm3) calculated from the atomic
configuration after different irradiation fluences of 1, 10, and
40 with the PKA energy being 20 keV. It is distinct that there

FIG. 3. (a) The distribution of interstitial atoms and vacancies after 20 keV, 80 primary knock-on atoms (PKAs). (b) A slice of the atomic
configuration of (a) with the thickness 1.01 times the lattice constant. (c) The corresponding number of atoms in the unit cells of (b).
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FIG. 4. The calculated atomic stress field caused by a single point defect and the continuum stress field are calculated from the atomic
configuration after a certain number of cascades. The color represents the stress value indicated in the corresponding color bar. (a)–(f) The Von
Mises stress on atoms caused by a single antisite atom, vacancy, and a self-interstitial atom (SIA) at Ni and Ti sites. The bigger and smaller
spheres represent Ti and Ni atoms. (g)–(i) The continuum Von Mises stress field calculated from the atomic configuration after different
irradiation fluences (1, 10, and 40 × 3.6 × 1011 cm−2) with the energy of the primary knock-on atom (PKA) being 20 keV.

is only a small region colored with a high stress value when
the fluence is 1 f0, and there are several larger domains with a
high stress value with the fluence of 10 f0. However, when the
fluence reaches 40 f0, the whole simulation box is affected
by the defects and shows a high stress value. The MT in
the region with different stress values needs different driving
forces, so the system shows a continuous transition behavior,
i.e., STGT.

Figure 5 shows the related martensitic phase transition be-
havior after irradiation with the same PKA energy of 20 keV
and different fluences. The solid curves in Figs. 5(a)–5(p)
(first row) show the volume fraction of the martensitic phase
during cooling and heating processes after irradiation, while
the dash curves show the related heat capacity. The thermal
hysteresis (
T ) is calculated from the difference between
the peaks of heat capacity upon cooling and heating and
is indicated with arrows. It is readily seen that the MT
changes from a sharp first-order transition to a continuum
transition, i.e., STGT [7], with the irradiation fluence in-
creasing. The hysteresis decreases with the fluence increasing
and achieves nonhysteresis at 40 f0. The retained austenite
also increases from 0 to ∼37% with the fluence increasing,
which means that the existence of high-density defects and
an amorphous phase which possess a high stress level sup-
pressed the MT. Figures 5(b)–5(q) (second row) show the
storage modulus in which the appearance of the frequency
dispersion and glass transition temperature Tg indicate that
the systems change from normal MT to STGT with the
fluence increasing. The STGT appears at 20 f0, and the
normal MT disappears at 30 f0. The range of 20–30 f0 is

the crossover range where there is a spontaneous transition
from short-range ordered strain glass to long-range ordered
martensite [42,43]. Figures 5(c)–5(r) (third row) show the
two-dimensional section of the martensitic microstructure at
0 K. It is readily seen that the martensitic domains get smaller
and lose the twinning structure with the fluence increasing
and finally become nanoscaled domains, which indicate strain
glass. Figure 6 shows the phase diagram summarized from
the calculations shown in Figs. 5(a)–5(r). The phase diagram
is divided into three phases, i.e. austenite, martensite, and
strain glass, and the phase boundary between martensite and
strain glass is tilted, indicating the spontaneous transition
from martensite to strain glass. The MT temperature (Ms)
and the strain glass temperature (Tg) decrease with the fluence
increasing.

The statistical analysis of MT and STGT for PKA energy
vs irradiation fluence is drawn based on the above calcula-
tions, as shown in Fig. 7. In Fig. 7(a), the data points show
the type of phase transition, the purple chain curve indicates
the boundary between MT and STGT, and the green chain
curve indicates the critical irradiation level of nonhysteresis
STGT. It is apparent that the transition changes from MT to
STGT with the increase of the irradiation fluence and PKA
energy. Figure 7(b) shows the linear boundary between the
irradiation fluence and the reciprocal of the energy of the
PKAs (1/EPKA) according to the points in Fig. 7(a). Our
analysis shows that the two critical transition boundaries need
constant irradiation energy firrad level with the relationship
firrad = φEPKA in the system. In addition, the firrad is calcu-
lated as ∼ 5.9 × 1013 keV/cm2 and ∼ 2.2 × 1014 keV/cm2
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FIG. 5. Phase field modeling results with different fluences of 20 keV primary knock-on atoms (PKAs). (a)–(p) The first row shows the
martensitic volume fraction and the heat capacity during cooling and heating. (b)–(q) The second row shows the calculated dynamic mechanical
analysis (DMA) results. The third row shows the two-dimensional slices of microstructure at 0 K in which different colors represent different
martensitic variants, and the transparent region indicates the parent phase.

for STGT and nonhysteresis STGT, respectively. This result
and the constant irradiation energy density provide a guide for
designing SMAs with wide-temperature-range SE and small
hysteresis by low-energy irradiation.

Figure 8(a) shows the calculated strain-stress curves during
the tensile test with applied stress along the [1 1 0] direction
at different temperatures (from 100 to 300 K) in systems
with different fluences of 20 keV PKAs. It is readily seen
that all systems show clear SE at 300 K (above A f ), and
the hysteresis between the loading and unloading processes
decreases with the increase of irradiation fluence. The system
with φ = 40 f0 shows a total quasilinear elastic response.
When the temperature decreases to 200 K, the systems with
the irradiation fluence φ = 1 and 10 f0 show a SME (ir-
recoverable strain after unloading), while the systems with the
irradiation fluence φ = 20 and 40 f0 still show a SE with small
hysteresis (even zero for the system with φ = 40 f0). At lower
temperature T = 100 K, the systems with φ = 1, 10, and 20
f0 show a SME (irrecoverable strain after unloading), while
the system with φ = 40 f0 still shows nonlinear SE with small
hysteresis. It is reasonable that the system with φ = 20 f0

shows SME instead of SE at 100 K because there is a sponta-
neous transition from strain glass to martensite at ∼125 K, as
shown in Fig. 6, below which the system is long-range ordered
martensite rather than nanoscaled martensitic domains (i.e.,

strain glass). The recoverable strain vs temperature in the
systems is shown in Fig. 8(b). It is reported that the recov-
erable strain decreases with the increase of irradiation fluence
at 300 K, while the temperature range for SE increases with
the increase of irradiation fluence. Although the recoverable
strain in the system with the irradiation fluence φ = 40 f0 is
smaller than that in the system with the irradiation fluence
φ = 1 f0 at 300 K, the system with the irradiation fluence
φ = 40 f0 shows a nonhysteresis SE over a wide temperature
range (∼200 K). Note that we did not consider the plasticity
caused by dislocation slip in our simulations; thus, the elastic
strain contributes to ∼2% in our applied stress level (1.2
GPa). Figures 8(c) and 8(d) show the related microstructure
evolution for s-s curves of φ = 1 and φ = 40 f0 at 300 K,
which explain the origin of the SE with large hysteresis and
zero hysteresis. Figure 8(c) shows that the growth of the
nanoscaled martensitic domains preferred by the external load
(labeled as purple, green, orange, and cyan) also contributes
to the linear part at the beginning of the s-s curves upon
loading. With the increase of external load, the multivariant
nanoscaled martensitic domains grow to long-range ordered
martensite with only two variants (purple and cyan) after the
stress plateau. The formation of first-ordered and long-range
ordered martensite possesses large hysteresis. For the system
with φ = 40 f0, Fig. 8(d) shows growth of the external load
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FIG. 6. Martensitic transformation temperature (Ms), strain glass
transition temperature (Tg), and spontaneous transition temperature
(SMs) vs irradiation fluence of 20 keV primary knock-on atom
(PKA).

preferred the nano martensitic domains (purple and cyan)
upon loading, but no long-range ordered martensite appears
and no hysteresis. It is notable that there still exist retained
austenite and unfavored nano martensitic domains (red, green,
orange, blue, etc.) stabilized by the local stress-strain field
caused by the defects [11], which are the origin of the smaller
SE strain than that in the system with φ = 1 f0.

Although irradiation-induced embrittlement occurs in
high-fluence irradiation by eliminating dislocation-mediated
plasticity, the MT and STGT in NiTi SMAs could provide an
extra deformation mechanism, i.e., phase transition induced
plasticity. The deformation mechanisms of the strain glass
system can be attributed to the limited nucleation space and
growth of the MT in the nanoscale, leading to SE with large
recoverable strain and small hysteresis [11].

IV. CONCLUSIONS

In summary, a simulation work is proposed to investi-
gate the effect of irradiation on MT by integrating MD,
molecular statics with localization, and phase field model-
ing. MD simulations show the existence of interstitial atoms,
vacancies, antisite atoms after irradiation, and the defect
density increases with the increase of PKA energy and flu-
ence. The interstitial-vacancy defect pair density could reach
3.8 × 1021 cm−3 when the irradiation fluence is 80 × 3.6 ×
1011 cm−2 and the PKA energy is 20 keV. Further calculation
of local stress caused by different defects has shown that the
interstitial atom could induce the largest misfit, i.e., ∼15 times
larger than that of the antisite defect and ∼135 times larger
than that of the vacancy. The phase field modeling consider-
ing the local stress distribution caused by irradiation defects
shows STGT instead of normal MT when the irradiation flu-
ence and the energy of PKA reach the critical value ( firrad =
φEPKA = 5.9 × 1013 keV/cm2). The system with high irra-

FIG. 7. (a) The phase transition diagram of martensitic transfor-
mation (MT) and strain glass transition (STGT) for different energies
of the primary knock-on atoms (PKAs) and different irradiation flu-
ences. The purple chain line indicates the boundary between MT and
STGT. The green chain line indicates the boundary of nonhysteresis
transition. (b) The linear fitting of the irradiation fluence and the
reciprocal of the energy of the PKAs at the two boundaries in (a).

diation level has shown SE (∼5.8%) with slim hysteresis
over a wide temperature range (100–300 K). Moreover, a
phase transition diagram for different irradiation fluences and
energies of PKA is drawn in which two critical transition be-
havior boundaries (MT with STGT and nonhysteresis STGT)
are indicated with the linear relationship firrad = φEPKA. This
paper may serve as a guide to design SMAs with wide-
temperature-range SE and small hysteresis by low-energy
irradiation.
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APPENDIX: CALCULATION OF THE SFTS TENSORS
FROM B2 TO B19′

The MT can be described as a deformation and formu-
lated by eM

i = UeA
i (i = 1, 2, 3), where eM and eA are the

lattice vector of martensite and austenite, respectively, and
U is the transformation matrix. The 12 lattice correspon-
dences between austenite (B2) and martensite (B19′) are
shown in Table II [44], and the 12 transformation matrixes

are [33]

U1 =
⎛
⎝γ λ λ

λ ψ δ

λ δ ψ

⎞
⎠, U2 =

⎛
⎝ γ −λ −λ

−λ ψ δ

−λ δ ψ

⎞
⎠,

U3 =
⎛
⎝ γ −λ −λ

−λ ψ −δ

λ −δ ψ

⎞
⎠, U4 =

⎛
⎝ γ λ −λ

λ ψ −δ

−λ −δ ψ

⎞
⎠,

U5 =
⎛
⎝ψ λ δ

λ γ λ

δ λ ψ

⎞
⎠, U6 =

⎛
⎝ ψ −λ δ

−λ γ −λ

δ −λ ψ

⎞
⎠,

U7 =
⎛
⎝ ψ −λ −δ

−λ γ λ

−δ λ ψ

⎞
⎠, U8 =

⎛
⎝ ψ λ −δ

λ γ −λ

−δ −λ ψ

⎞
⎠,
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TABLE II. Lattice correspondences between austenite (B2) and
martensite (B19′) [44].

Variants [100]B19′ [010]B19′ [001]B19′

1 [100]B2 [011]B2 [01̄1]B2

2 [1̄00]B2 [01̄1̄]B2 [01̄1]B2

3 [100]B2 [01̄1]B2 [01̄1̄]B2

4 [1̄00]B2 [011̄]B2 [01̄1̄]B2

5 [010]B2 [101]B2 [101̄]B2

6 [01̄0]B2 [1̄01̄]B2 [101̄]B2

7 [010]B2 [101̄]B2 [1̄01̄]B2

8 [01̄0]B2 [1̄01]B2 [1̄01̄]B2

9 [001]B2 [110]B2 [1̄10]B2

10 [001̄]B2 [1̄1̄0]B2 [1̄10]B2

11 [001]B2 [1̄10]B2 [1̄1̄0]B2

12 [001̄]B2 [11̄0]B2 [1̄1̄0]B2

U9 =
⎛
⎝ψ δ λ

δ ψ λ

λ λ γ

⎞
⎠, U10 =

⎛
⎝ ψ δ −λ

δ ψ −λ

−λ −λ γ

⎞
⎠,

U11 =
⎛
⎝ ψ −δ λ

−δ ψ −λ

λ −λ γ

⎞
⎠, U12 =

⎛
⎝ ψ −δ −λ

−δ ψ λ

−λ λ γ

⎞
⎠,

where ψ , γ , λ, and δ depend on lattice parameters. Ac-
cording to Ref. [33], ψ = 1.0243, γ = 0.9563, λ = −0.0427,
and δ = 0.058. The SFTS tensors from B2 to B19′ can
be calculated as ε = UT U−I

2 , where UT is the transpose
of U, and I is the identity matrix. The calculated SFTS
tensors are

ε1 =
⎛
⎝−0.0409 −0.0435 −0.0435

−0.0435 0.0272 0.0603
−0.0435 0.0603 0.0272

⎞
⎠,

ε2 =
⎛
⎝−0.0409 0.0435 0.0435

0.0435 0.0272 0.0603
0.0435 0.0603 0.0272

⎞
⎠,

ε3 =
⎛
⎝−0.0409 0.0435 −0.0435

0.0435 0.0272 −0.0603
−0.0435 −0.0603 0.0272

⎞
⎠,

ε4 =
⎛
⎝−0.0409 −0.0435 0.0435

−0.0435 0.0272 −0.0603
0.0435 −0.0603 0.0272

⎞
⎠,

ε5 =
⎛
⎝ 0.0272 −0.0435 0.0603

−0.0435 −0.0409 −0.0435
0.0603 −0.0435 0.0272

⎞
⎠,

ε6 =
⎛
⎝ 0.0272 0.0435 0.0603

0.0435 −0.0409 0.0435
0.0603 0.0435 0.0272

⎞
⎠,

ε7 =
⎛
⎝ 0.0272 0.0435 −0.0603

0.0435 −0.0409 −0.0435
−0.0603 −0.0435 0.0272

⎞
⎠,

ε8 =
⎛
⎝ 0.0272 −0.0435 −0.0603

−0.0435 −0.0409 0.0435
−0.0603 0.0435 0.0272

⎞
⎠,

ε9 =
⎛
⎝ 0.0272 0.0603 −0.0435

0.0603 0.0272 −0.0435
−0.0435 −0.0435 −0.0409

⎞
⎠,

ε10 =
⎛
⎝ 0.0272 0.0603 0.0435

0.0603 0.0272 0.0435
0.0435 0.0435 −0.0409

⎞
⎠,

ε11 =
⎛
⎝ 0.0272 −0.0603 0.0435

−0.0603 0.0272 0.0435
−0.0435 0.0435 −0.0409

⎞
⎠,

ε12 =
⎛
⎝ 0.0272 −0.0603 0.0435

−0.0603 0.0272 −0.0435
0.0435 −0.0435 −0.0409

⎞
⎠.
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