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Equiatomic NiTi shape memory alloys (SMAs) can exhibit multiple martensitic transformations from a parent phase, sig-
nificantly influencing the advanced macroscopic properties of SMAs, such as the large deformation/strain ability. A com-
prehensive atomic-scale understanding of the selection rule of the martensite phase/variant and its impact on the macroscopic
mechanical behavior of SMA could be helpful for the development of high-performance SMAs. This work studies the
transformation pathway, preferred martensite variant and corresponding macroscopic behavior of single crystal and bicrystal
NiTi SMAs based on molecular dynamics and theoretical analysis. It is found that the transformation strain of single crystal
NiTi is significantly influenced by the crystal orientation-dependent transformation pathway and martensite variant. The
selection rule is that the transformation pathway and preferred martensite variant, leading to maximum transformation strains
for each orientation, are energetically preferred. It can be predicted theoretically and agrees well with the molecular dynamic
simulations. In addition, the stress-strain response of bicrystal NiTi can be modulated by changing its transformation pathway
based on the orientation effect. This work provides atomic insights into the orientation-dependent deformation ability of NiTi
and could be helpful for the development of high-performance SMAs through orientation modulation.
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1. Introduction

NiTi shape memory alloys (SMAs) are widely applied in
various industries (e.g., biomedical, aerospace, automotive)
owing to their extraordinary deformation/strain recover-
ability based on the reversible phase transformations be-
tween austenite and martensite phases [1-3]. Under high
temperature stress-free conditions, the austenite phase (B2)
of NiTi SMA is characterized to be a high-symmetry cubic
structure, which is normally regarded as the parent phase
[4,5]. In a stress-induced phase transformation, multiple
martensite phases with low-symmetry structures can be
formed, i.e., L10 tetragonal [6], B19 orthorhombic [7], B19’

monoclinic [8], R trigonal [9] and BCO base-centered or-
thorhombic phase [10], which gives rise to symmetry-re-
lated variants of martensite phases. Based on the rotational
symmetry of the crystal lattice, the number of the possible
martensite variants resulting from the phase transformation
of a cubic to tetragonal, orthorhombic, and monoclinic lat-
tices are 3, 6, 12, respectively [11,12]. The phase transfor-
mation from austenite to different martensite phases/variants
plays a significant role in the transformation strain, which
provides the main source of the recoverable deformation/
strain of NiTi.
Previous studies have demonstrated that the type and

morphology of martensite phases and variants can sig-
nificantly influence the mechanical properties of NiTi
SMAs, such as transformation strain, transformation stress,
energy dissipation, etc. [13-16]. Particularly, the transfor-
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mation strain directly influences the large and reversible
deformation ability, which is one of the most important
advantages of SMAs. However, due to the synergistic in-
fluence of different factors on the transformation behavior
of polycrystalline NiTi, i.e., grain size [17], grain boundary
[18,19], and texture [20,21], it is difficult to precisely pre-
dict the transformation pathways and the induced martensite
variants by a theoretical model. Meanwhile, it is found that
there is an apparent discrepancy between the existing the-
oretical predictions [22] and experimental observations [23]
on the transformation pathways. The theoretical predictions
of NiTi alloys indicate three transformation pathways: B2 ↔
B19’, B2 ↔ R, and R↔ B19’ [22], but under fully annealed
conditions, NiTi only undergoes the B2 ↔ B19’, and the R
phase is prohibited [23]. In this situation, the understanding
of the mechanical behavior of NiTi with simple micro-
structures, such as single crystal and bicrystal, could provide
a fundament for elucidating the transformation behaviors of
polycrystalline SMAs with complicated microstructures. Up
to now, recent studies have focused on the effect of crystal
orientation on the mechanical properties of single crystal
SMA, such as crack propagation [24,25], shock compression
behavior [26-28], tensile-compressive asymmetry [29,30]
and nanoindentation response [31], as well as the super-
elasticity in high-entropy alloy single crystals [32-34] and
SMA with special structures [35-40]. Especially, the crystal
orientation-dependent plastic deformation mechanisms and
competition with phase transformation behavior have cap-
tured the interest of researchers [41-45]. It has been shown
that the dominant plastic deformation of materials is af-
fected by crystal orientation, including slip transfer across
phase boundaries, phase transformation and the nucleation
of shear bands. In addition, the misorientations of bicrystals
[46,47] and grain orientation of nanocrystalline SMA [48]

also significantly influence its superelasticity and plastic
deformation. These experimental observations and theore-
tical analysis suggest that orientation-dependent mechanical
properties are connected to the microstructure during phase
transformation. A comprehensive atomic-scale under-
standing of the selection rules of martensite phases/variants
could help describe and predict the orientation effects on the
macroscopic mechanical behavior of SMAs.
In this work, the macroscopic mechanical properties of

single crystal and bicrystal NiTi with different orientations
are systematically studied from the view of the micro-
structure evolution, i.e., transformation pathways and pre-
ferred martensite variants, based on the molecular dynamics
(MD) method. It’s found that the orientation-dependent
transformation strain is influenced by the transformation
pathway and martensite variant. Additionally, the stress-
strain response of bicrystal NiTi can be modulated by
changing its transformation pathway based on the orienta-
tion effect. These findings provide valuable insights into the
atomic-level understanding of the accurate control ability of
SMAs, which can guide the development of high-perfor-
mance SMAs.

2. Structure models and simulation methodology

The initial single crystal NiTi samples with different crystal
orientations, and the ideal cubic austenite phase with B2
structure, are constructed with dimensions of 10 nm ×
10 nm × 10 nm as shown in Fig. 1(a). The construction of
our sample relies on crystal orientation (which is designated
as integers), and describes the orientation as the angle
between the z direction of the simulation sample and the
[001] direction of the austenite lattice. ranges from 0° to

Figure 1 (a)-(c) Schematic of the samples with different orientations, which can be described by a rotation angle β ranging from 0° to 90° around the x-axis,
i.e., β represents the angle between the z direction of the simulation sample and the [001] direction of the austenite lattice (depicted as the yellow squares in
(b) and (c)). (d)-(f) The crystal structure of B2 austenite, B19’ monoclinic and L10 tetragonal lattice, respectively.
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90° and is not an integer when derived from the crystal
orientation, as shown in Fig. 1(c). The strain-induced phase
transformation of NiTi is performed based on the second
nearest neighbor modified embedded-atom method (2NN-
MEAM) potential [49] and the software LAMMPS [50]. To
eliminate surface effects, periodic boundary conditions are
applied along all three dimensions, following the approach
used in previous literature [41,51]. Initially, all the samples
are relaxed in an energy minimization process for a suffi-
cient duration (100 ps) to obtain stable structures based on
the conjugate gradient method [52] in the isobaric iso-
thermal (NPT) ensemble. Meanwhile, the temperature is
kept at 500 K, exceeding the austenite finish temperature
(Af ) [51,53], which enables the maintenance of the B2
austenite phase in its zero-stress state. Then, a strain-con-
trolled uniaxial tensile loading along the z direction of the
relaxed samples is applied at a nominal strain rate of
5 × 108 s–1 (the strain rate is in the conventional range of
usual MD simulations, i.e., 107-109 s–1 [54-57]). The max-
imum strain is set to ensure complete phase transformation
of the specimens.

3. Results

3.1 Transformation behavior of single crystal NiTi
with different orientations

Under strain-controlled tensile loading-unloading, the
stress-strain responses of single crystal NiTi with different
crystal orientations exhibit significant dependence on the

crystal orientation, as shown in Fig. 2. With increasing β, the
macroscopic responses during phase transformation change
from a typical sigmoidal (i.e., “S”-shaped) stress-strain be-
havior (when β = 0°) to a two-stage transformation behavior
(when 0° < β < 35.26°). Then, when β ≥ 35.26°, the stress
decreases rapidly at the beginning of the phase transfor-
mation and then monotonically softens during the phase
transformation as shown in Fig. 2(c). Meanwhile, it is noted
that the transformation strain tr varies non-monotonically
against the crystal orientation as summarized in Fig. 3(a), i.
e., with β increases from 0° to 35.26°, tr decreases sig-
nificantly from 14.2% to 7.1% then it fluctuates at around
7.1% until β increases to 90°. Here, tr is determined by
measuring the strain difference between the starting and the
finishing of the phase transformation based on the volume
fraction evolutions of different phases with the loading
strain, as an example with β = 19.47° shown in Fig. 3(b).
Microscopically, it is seen in Fig. 4 that both the trans-

formation pathways and produced martensite variants de-
pend on the crystal orientation. For the case of the sample
with β = 0° during loading in Fig. 4(a), the B2 austenite
phase (see “a”) transforms to pure L10 phase (see “b”),
followed by a reverse transformation to the B2 austenite
phase during unloading (see “d”) (i.e., pathway B2 → L10
→ B2). When β increases from 0° to 35.26°, as a typical
example of β = 10.02° shown in Fig. 4(b), the phase
transformation occurs between a part of austenite and L10
martensite (B2 → L10 → B2), and between another part of
austenite and B19’ martensite (B2 → B19’ → B2) during
the loading-unloading process (see “b”). It means that both

Figure 2 Stress-strain responses of NiTi with (a) β = 0°, (b) β = 10.02°, (c) β ≥ 35.26° during the tensile loading-unloading processes.

Figure 3 (a) Dependences of the transformation strain t r on the crystal orientations. (b) The volume fraction evolution of each phase in an example with β
= 19.47° with the loading strain, “s” and “f” are the starting and finishing points of the phase transformation, respectively. The volume fraction of different
transformation pathways is defined, e.g., the volume fraction of pathway B2 → B19’ → B2 is the maximum fraction change of martensite B19’. (c)
Dependences of the volume fractions of different transformation pathways f i

MT on the crystal orientations.
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pathways B2 → B19’ → B2 and B2 → L10 → B2 occur in
the samples with 0° < β < 35.26°. Meanwhile, with β con-
tinuously increasing (β ≥ 35.26°), the B2 austenite phase
completely transforms to B19’ martensite phase after load-
ing and pathway B2 → B19’ → B2 becomes the only
transformation pathway as the examples shown in Fig. 4(d)-
(f). The dependence of the transformation pathway on the
crystal orientation is summarized in Fig. 3(c).
For more detailed martensite variants, it can be seen that

only one type of L10 martensite variant is observed in all the
samples after loading, but four types of B19’ martensite
variants can be formed depending on the crystal orientation
as the variant distribution shown in line “c” in Fig. 4. The
type of martensite variants and their respective volume
fractions in samples with different orientations are shown in
Fig. 5(a). In detail, for the samples with β = 0°, pathway B2
→ L10 → B2 is the only transformation pathway and one
type of L10 martensite variant (denoted as variants L10-1)
exists as shown in Fig. 4(a). The lattice correspondence
relationship between the austenite phase and variant L10-1
is: [100]B2//[100]L1 -10

, [010]B2//[010]L1 -10
, [001]B2//[001]L1 -10

,
as shown in Fig. 1(f). For the samples with 0° < β < 35.26°,
both pathways B2 → B19’ → B2 and B2 → L10 → B2 are
the transformation pathways, in addition to variant L10-1,
two types of B19’ martensite variants (denoted as variants
V1 and V2) occur, as an example with β = 10.02° shown in
Fig. 4(b). The monoclinic angles θ of variants V1 and V2
are the angles between [010] and [101] direction, and be-
tween [100] and [011] direction, respectively, as shown in
the insets in Fig. 5(a). When β increases from 35.26° to 90°
(35.26° ≤ β ≤ 90°), pathway B2 → B19’ → B2 is the only

Figure 4 Atomic configurations of the samples with β from 0° to 90° at the initial state (ε = 0% at “a” line), after the maximum tensile loading (ε = εmax at
“b” line) and after the unloading (ε = 0% at “d” line) process, where the blue atoms, green atoms, and red atoms correspond to the B2 austenite phase, L10
tetragonal martensite phase, and B19’ monoclinic martensite phase, respectively. The variant distribution of the martensite phase after the maximum tensile
loading (ε = εmax at “c” line) in order to identify the type of martensite variants.

Figure 5 (a) The produced martensite variants and their corresponding
volume fractions in samples with different orientations in MD results, and
blank areas denote that the variant doesn’t occur in the sample. The insets
show the crystal structures of variants V1 to V4. (b) The transformation
strain t r from austenite to each of 12 types of B19’ martensite phases and 3
types of L10 martensite phases along different orientations. The preferred
martensite variants and corresponding transformation strains are marked by
black box.

A. Zhang, et al. Acta Mech. Sin., Vol. 41, 124223 (2025) 124223-4



transformation pathway and four types of B19’ martensite
variants can be observed. Variants V1 and V2 occur in the
samples with 35.26° ≤ β < 54.74° as an example with β =
35.26° shown in Fig. 4(c). For the sample with β = 54.74°,
in addition to variants V1 and V2, another type of martensite
variant (denoted as V3) appears as shown in Fig. 4(d). The
monoclinic angle θ of variant V3 is the angle between [001]
and [110] direction, as shown in the insets in Fig. 5(a). Then,
a single-variant V3 occupies the sample with 54.74° < β <
90°, and in addition to V3, a new martensite variant V4
appears in the sample with β = 90°, which is symmetrical in
the monoclinic direction with variant V3 (see the lattice
structure of V4 in the insets in Fig. 5(a)). The lattice cor-
respondence relationships between the B2 austenite and
variants V1-V4 are provided, respectively in Figs. S1-S4 in
Supporting Information. The dependence of transformation
strain on crystal orientation is primarily attributed to the
orientation-dependent martensite variants, as will be dis-
cussed in detail in Sect. 4.1.

3.2 Transformation behavior of bicrystal NiTi

The <110> symmetric tilt grain-boundary (STGB) samples
composed of two single crystal grains with symmetric or-
ientations (β1 = β2) and the <110>asymmetric tilt grain
boundary (ATGB) samples composed of two single crystal
grains with asymmetric orientations (β1 ≠ β2) are con-
structed with dimensions of 10 nm × 10 nm × 15 nm as
shown in Fig. 6. Compared with the STGB sample, the type
of ATGB sample is more complex due to the different
crystal orientations of Grains 1 and 2. According to the
different types of transformation pathways in single crystal
NiTi, the orientations of single crystals can be divided into
three categories, i.e., I: β = 0° (pathway B2 → L10 → B2),
II: 0° < β < 35.26° (pathways B2 → L10 → B2 and B2 →

B19’ → B2), and III: β ≥ 35.26° (pathway B2 → B19’ →
B2). Here, the crystal orientations of the two grains in the
ATGB sample are set as all possible combinations of three
categories of the transformation pathway of single crystals,
which are summarized in Table 1.
Under uniaxial tensile loading along z-axis, it is seen that

the stress-stain responses of both STGB and ATGB samples
depends on the crystal orientations also, as shown in Figs. 7
and 8. For the ATGB sample, the dependence of stress-strain
response on orientation is more significant, e.g., the samples
C and D exhibit nearly linear stress-strain curves, while the
traditional strain softening occurs in other samples, parti-
cularly the sample E, as shown in Fig. 8. In the case of the
STGB samples, all the stress-strain responses exhibit strain
softening, while the transformation strain tr depends on the
crystal orientation, as shown in Fig. 7. Similar to the single
crystal, tr is determined based on the volume fraction
evolutions of different phases with the loading strain (see
Fig. S5) and summarized in Fig. 9. It is shown that tr varies

Figure 6 Schematic of (a) the STGB (β1 = β2) and (b) ATGB samples (β1 ≠ β2) with different crystal orientations, respectively. The blue and gray atoms
correspond to the austenite (B2) structure and disorder structure, respectively.

Table 1 All possible ATGB samples (named A to F) and the corre-
sponding crystal orientations of the two grains are set based on three ca-
tegories of the transformation pathway of single crystalsa)

Orientation
categories

I II III

Sample β (°) Sample β (°)

I × A
Grain 1 10.02

C
Grain 1 90

Grain 2 0 Grain 2 0

II × B
Grain 1 10.02

D
Grain 1 46.67

Grain 2 19.47 Grain 2 10.02

III × ×

E
Grain 1 81.07

Grain 2 64.76

F
Grain 1 76.74

Grain 2 46.67

a) I, II and III represent pathway B2 → L10 → B2, the coexistence of
pathways B2 → L10 → B2 and B2 → B19’ → B2, and pathway B2 →
B19’ → B2, respectively. The note × means the impossibility of forming or
repeatedly forming ATGB samples.
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non-monotonically against the crystal orientation, i.e., with
β increases from 0° to 35.26°, tr decreases significantly
from 11.75% to 6.80%, then fluctuates around 6.80% with β
increases to 90°, which is similar to the trend of tr in single
crystal NiTi, as shown in Fig. 9. Moreover, the magnitude of
the transformation strain observed in the STGB sample
closely approximates that of the single crystal with the
corresponding orientation. These mechanical characteristics
may be related to the synergistic effect of different trans-

formation pathways resulting from the different orientations
of both grains in the bicrystal sample.
Microscopically, the transformation pathway of the STGB

and ATGB samples are shown in Figs. 7 and 8, which can be
inferred based on the transformation pathway of the single
crystal with the corresponding orientation. For the orienta-
tion categories I (β = 0°) and III (β ≥ 35.26°), where the
single crystal NiTi takes only one transformation pathway
(pathway B2 → L10 → B2 for the sample with β = 0° and

Figure 7 Stress-strain responses and atomic configurations of STGB samples with different orientations under the tensile loading-unloading process along
the z-axis. The blue, red, green and gray atoms correspond to the austenite (B2), martensite (B19’), martensite (L10), and disorder structures, respectively.
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pathway B2 → B19’ → B2 for the sample with β ≥ 35.26°),
the grains in both the STGB and ATGB samples with the
same orientation category follow the same transformation
pathway as the corresponding single crystal, such as STGB
samples with β ≥ 35.26° as shown in Fig. 7(c)-(f). However,
for the orientation categories II (0° < β < 35.26°), where the
original single crystal takes the mixed transformation path-
ways B2 → L10 → B2 and B2 → B19’ → B2, the grains in
the bicrystal samples with the same orientation category
adopt pathway B2 → L10 → B2. For example, both grains
of the STGB sample with β = 10.02° follow pathway B2 →
L10 → B2 as shown in Fig. 7(a), instead of the mixed
pathways B2 → L10 → B2 and B2 → B19’ → B2 in the
original single crystal. Based on the aforementioned phe-
nomenon, it can be concluded that for the grains with the
orientation categories I and II (0° ≤ β < 35.26°), the grains

of the bicrystal samples follow pathway B2 → L10 → B2.
However, for the grains with the orientation category III
(35.26° ≤ β ≤ 90°), the grains of the bicrystal samples take
pathway B2 → B19’ → B2.

Figure 8 Stress-strain responses and atomic configurations of ATGB samples with different orientations under the tensile loading-unloading process along
the z-axis. The blue, red, green and gray atoms correspond to the austenite (B2), martensite (B19’), martensite (L10), and disorder structures, respectively.

Figure 9 The dependence of transformation strain t r of STGB samples
with different orientations.
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4. Discussions

4.1 Transformation strain prediction based on the
maximum strain criterion

During the stress-induced phase transformation, the mar-
tensite variant that can induce the maximum strain among
all possible variants would be the energetically favorable
one to be transformed, since the formation of such mar-
tensite variant could be most effective in accommodating
the applied stress field [12,58]. As a result, the preferred
martensite variants can be determined based on this max-
imum strain criterion taking into account the lattice differ-
ences between the austenite and the possible martensite
variants, then the corresponding transformation strains can
be estimated. The transformation strain tr in any tensile
direction n can be calculated as [12]

( )n U U n = 1, (1)i itr
T

where Ui represents the transformation matrix that describes
the deformation from the austenite to the martensite lattice,
which can be derived from

e U e= , (2)j
mk

i j
a

where e j
a and e j

mk are the lattice vectors of the austenite and
martensite phase, respectively (subscript j = 1, 2, 3, and
superscript k = 1, 2 represent the B19’ and L10 martensite,
respectively). In this work, the B19’ monoclinic and L10
tetragonal martensite phases have 12 and 3 variants, re-
spectively. Therefore, the number of the matrix Ui between
austenite and B19’ martensite phase is 12, and the number
of the matrix Ui between austenite and L10 martensite phase
is 3 (where i = 1-12 and i = 13-15 for B19’ and L10 mar-
tensite phase, respectively). The lattices of B2 austenite and
V3 martensite variant are shown in Fig. 1(d) and (e), re-
spectively. It can be seen that e j

a and e j
m1 are

a
a
a

a

b b

c c c

e
e
e

e

e

e

= (0, 0, 1),
= (1, 1, 0),
= (1, 1, 0),

and 

= (0, 0, ),

= 2
2 , 2

2 , 0 ,

= 2
2 × cos 2 , 2

2 × cos 2 , × sin 2 .

(3)

a

a

a

m
m

m
m

m
m m m

1

2

3

1
1

2
1

3
1

0

0

0

1

1 m1

1 1 1

By introducing Eq. (3) into Eq. (2), one of matrix Ui, i.e.,
matrix U3, is computed as an example, which describes the
phase transformation between B2 austenite and a variant of
B19’ martensite (V3).

U =
0
0 , (4)3

where
b c

a= 2( + sin )
4

m1 m1
0

,
b c

a= 2( sin )
4

m1 m1
0

, γ =

c
a
cos

2
m1

0
, a

a= m1
0
. Here, the lattice parameters of austenite

and the B19’ martensite phase are measured in this work as
follows: a0 = 0.3012 nm, a =m1 0.2870 nm, b =m1
0.4252 nm, c =m1 0.4521 nm, = 96.8°. For the L10 mar-
tensite phase, a =m2 0.3401 nm, b c= =m2 m2 0.4056 nm, =
90°. The matrix Ui between austenite and B19’ and L10
martensite phases is summarized in Tables 2 and 3, re-
spectively.
Based on the maximum strain criterion and transformation

pathway, the preferred martensite variants along each de-
formation direction can be determined as marked by black
boxes in Fig. 5(b). In detail, for the sample with β = 0°, the
L10 tetragonal martensite variant L10-1 can provide the
maximum transformation strain (12.92%), which is larger

than that of other variants, thereby the variant L10-1 can be
identified as the preferred martensite variant. This result is
reasonable because the tensile loading ([001] direction) is
along the long axis of the tetragonal variant L10-1 as shown
in Fig. 1(b). When 0° < β < 35.26°, there is an angle β
between the loading direction (z-axis) and the austenite
lattice direction ([001] direction) as shown in Fig. 1(c). The
induced shear forces can drive the formation of B19’ mar-
tensite phase with a monoclinic lattice, despite its maximum
transformation strain being smaller than that of the L10
martensite phase with a tetragonal lattice. Therefore, in this
case, combined with the presence of the shear forces and the
maximum strain criterion, the preferred martensite variants
are tetragonal variant L10-1 and monoclinic variants V1 and
V2 as shown marked by the black box in Fig. 5(b). For the
samples with β ≥ 35.26°, the maximum transformation
strain of B19’ martensite is larger than that of L10 marten-
site, which indicates the B19’ martensite can completely
replace the L10 martensite phase as the preferred one. In this
case, the B19’ martensite variants, which exhibit the highest
transformation strain, are identified as the preferred mar-
tensite variants marked by the black box in Fig. 5(b). In
detail, for the samples with (i) 35.26° ≤ β < 54.74°, variants
V1 and V2 are the preferred martensite variants; (ii) β =
54.74°, the preferred variants are V1, V2, and V3; (iii)
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54.74° < β < 90°, the preferred variant is V3; and (iv) β =
90°, the preferred variants are V3 and V4. By comparing the
theoretically predicted preferred variants in Fig. 5(b) with
those observed in the MD simulation in Fig. 5(a), it is seen
that the theoretical calculations are consistent with the MD
simulation results.
Then, the transformation strain for each orientation can be

predicted by combing the corresponding fraction of the
preferred martensite variants fi (see the values on the blocks
in Fig. 5(a)) and the theoretical maximum transformation
strain i

tr (shown in the black box in Fig. 5(b)), as

f= × . (5)i
i

tr tr

The transformation strain of samples can be calculated by
Eq. (5) and plotted in Fig. 3(a), whose trend is consistent
with the results of MD simulations. However, it is important
to note that when β ≥ 35.26°, the theoretical transformation
strain tr calculated using Eq. (5) slightly exceeds the MD
results, with a maximum difference tr of 1.35%. The
possible explanation for this difference may be the persis-
tence of untransformed austenite between different marten-
sitic variants, as a typical example of β = 54.74° shown at
“b” in Fig. 4(d). The volume fraction of each martensite
variant fi is computed as the ratio of the number of atoms in
a single martensite variant Ni to the total number of mar-
tensite atoms N ( f N N= /i i ). Due to the omission of a small
amount of residual austenite, N is slightly underestimated,
leading to a slight overestimation of fi. Consequently, this
leads to a slight overestimation of the transformation strains
in theoretical calculations.

4.2 The different transformation behaviors of bicrys-
tal NiTi

The summary of the transformation pathways of bicrystal in
Sect. 3.2 reveals that in bicrystal, the grains with orientation
categories I and II follow pathway B2 → L10 → B2,
whereas those within orientation category III take pathway
B2 → B19’ → B2. Therefore, for all STGB samples and
ATGB samples with two grains sharing the same orientation
category (i.e., ATGB samples A, B, E and F), two grains
take the same transformation pathway, with the phase
transformation occurring simultaneously in both grains, as
shown in Figs. 7 and 8(a), (b) and (e). Meanwhile, the
martensite variants in the bicrystal samples after transfor-
mation, as shown in Fig. 10, are consistent with those of
single crystals with the same orientation as shown in Fig. 5
(a). Therefore, the transformation strain of this case is si-
milar to that of the single crystal with the same orientation.

Table 2 The lattice correspondence and transformation matrix Ui (i = 1-
12) from austenite to B19’ martensite variants

Variants Lattice corre-
spondence Ui

V1
[010]B2//[100]V1

[101]B2
//[010]V1

[101]B2//[001]V1

0

0
=

1.0261 0 0.0278
0.0888 0.9528 0.0888
0.0278 0 1.0261

V2
[100]B2//[100]V2
[011]B2//[010]V2

[011]B2//[001]V2
0
0

=
0.9528 0.0888 0.0888

0 1.0261 0.0278
0 0.0278 1.0261

V3
[001]B2//[100]V3

[110]B2//[010]V3

[110]B2//[001]V3

0
0 =

1.0261 0.0278 0
0.0278 1.0261 0
0.0888 0.0888 0.9528

V4
[001]B2//[100]V4

[110]B2
//[010]V4

[110]B2
//[001]V4

0
0 =

1.0261 0.0278 0
0.0278 1.0261 0
0.0888 0.0888 0.9528

V5
[101]B2//[100]V5

[010]B2//[010]V5

[101]B2
//[001]V5

0

0
=

1.0261 0 0.0278
0.0888 0.9528 0.0888

0.0278 0 1.0261

V6
[101]B2//[100]V6
[010]B2//[010]V6

[101]B2
//[001]V6

0

0
=

1.0261 0 0.0278
0.0888 0.9528 0.0888
0.0278 0 1.0261

V7
[101]B2//[100]V7
[010]B2//[010]V7

[101]B2
//[001]V7

0

0
=

1.0261 0 0.0278
0.0888 0.9528 0.0888
0.0278 0 1.0261

V8
[100]B2//[100]V8

[011]B2//[010]V8

[011]B2//[001]V8

0
0

=
0.9528 0.0888 0.0888

0 1.0261 0.0278
0 0.0278 1.0261

V9
[100]B2//[100]V9
[011]B2//[010]V9

[011]B2//[001]V9
0
0

=
0.9528 0.0888 0.0888

0 1.0261 0.0278
0 -0.0278 1.0261

V10
[100]B2//[100]V10
[011]B2//[010]V10

[011]B2//[001]V10
0
0

=
0.9528 0.0888 0.0888

0 1.0261 0.0278
0 0.0278 1.0261

V11
[001]B2//[100]V11
[110]B2//[010]V11

[110]B2
//[001]V11

0
0 =

1.0261 0.0278 0
0.0278 1.0261 0

0.0888 0.0888 0.9528

V12
[001]B2//[100]V12
[110]B2//[010]V12

[110]B2
//[001]V12

0
0 =

1.0261 0.0278 0
0.0278 1.0261 0
0.0888 0.0888 0.9528

Table 3 The lattice correspondence and transformation matrix Ui (i = 13-
15) from austenite to L10 martensite variants

Variants Lattice correspon-
dence Ui

L10-1
[100]B2//[100]L1 -10

[010]B2//[010]L1 -10

[001]B2//[001]L1 -10

0 0
0 0
0 0

=
0.9522 0 0

0 0.9522 0
0 0 1.1292

L10-2
[010]B2//[100]L1 -20

[100]B2//[010]L1 -20

[001]B2//[001]L1 -20

0 0
0 0
0 0

=
0.9522 0 0

0 1.1292 0
0 0 0.9522

L10-3
[001]B2//[100]L1 -30

[010]B2//[010]L1 -30

[100]B2//[001]L1 -30

0 0
0 0
0 0

=
1.1292 0 0

0 0.9522 0
0 0 0.9522
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On the contrary, in the case of the ATGB sample that one
grain with orientation categories I and II (0° ≤ β < 35.26°)
and another grain with orientation category III (35.26° ≤ β ≤
90°), the two grains in ATGB sample take different trans-
formation pathways. In this case, the phase transformation
in one grain follows another one (does not happen si-
multaneously). In detail, the distribution of local shear strain
and local shear stress of ATGB sample C and single crystal
with β = 64.76° are shown in Fig. 11. It shows that, in ATGB
sample C, Grain 1 first takes transformation with pathway
B2 → B19’, while the elastic deformation of the austenite
phase takes place in the Grain 2 at the same time as shown at
ε = 4.5% (see Fig. 11). At the same time, the local strain
increases not only in the phase transformation region in the
Grain 1, but also in some regions of the austenite in the
Grain 2 as marked by black circles. In contrast, the local

strain and stress only increase in the phase transformation
region of single crystal, as shown at ε = 3.0% and 4.8% in
single crystal (see Fig. 11). Similarly, the local strain in-
creases in the phase transformation region in Grain 2 and
some regions of the B19’ martensite phase, when the L10
martensite nucleates and grows in Grain 2 and the elastic
deformation of B19’ phase takes place in Grain 1 as shown
at ε = 10%. This complicate phenomenon induces that, the
total transformation strain cannot be precisely measured
from the macroscopic stress-strain curve, and it should be
the result of the local transformation strain in each grain.
It is interesting that Grain 2 of the bicrystals prefers large

elastic strain of austenite instead of triggering phase trans-
formation, which seems resulted by its lower local stress
than that in Grain 1, as the example shown by the local
stress distribution with ε = 4.5% in Fig. 11. In addition, the

Figure 10 The variants distribution of the STGB and ATGB samples after loading.

Figure 11 The atomic configurations, the local shear strain and the local shear stress of ATGB sample C and single crystal with β = 64.76° under tensile
loading. For the atomic configurations, the blue atoms, green atoms, and red atoms correspond to the B2 austenite phase, L10 tetragonal martensite phase, and
B19’ monoclinic martensite phase, respectively.
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phase transformation in one grain results in stress softening
[59,60], while the simultaneous elastic deformation in the
other grain weakens this softening trend. Consequently, this
interaction makes the macroscopic stress-strain responses
prefer to a more linear one, as shown in Fig. 8(c)-(d). The
in-depth physical mechanism deserves further study.
Similar to previous studies [25,43-45], the result in this

work demonstrates that crystal orientation influences the
transformation behavior, i.e., transformation pathways and
the formation of martensitic variants, thereby affecting the
mechanical properties of materials. Beyond studying several
special crystal orientations, this work goes further by sys-
tematically analyzing the effect of crystal orientation on
martensitic variants at an atomic scale. Additionally, it ex-
plores the correlation between the transformation pathway
and transformation strain in single crystals and bicrystals
SMA, obtaining high-performance bicrystals SMA based on
the crystal orientation effect. Compared to the “S”-shaped
stress-strain curves typically exhibited by conventional
SMAs [61], the nearly linear stress-strain curves observed in
the bicrystals SMA taking the dual-phase transformation,
which might provide potential advantage accurate control in
engineering applications. These interesting phenomena
could be induced by the change of the transformation
pathways between the individual single crystal and the
corresponding grain due to the grain boundary effects.

5. Conclusion

In this work, the effect of transformation strain on crystal
orientation of single crystal and bicrystal NiTi SMAs is
systematically studied by molecular dynamics simulations.
It is found that the crystal orientation-dependent transfor-
mation strain can be attributed to the transformation path-
way and martensite variants in single crystal and bicrystal
NiTi SMAs. The important conclusions can be drawn as
follows:
(1) The orientation-dependent transformation strain of

single crystal NiTi is influenced by the transformation
pathways and martensite variants. The selection rule of the
transformation pathway and preferred martensite variant
that gives rise to the maximum transformation strains for
each orientation is energetically preferred, which can be
predicted theoretically based on the maximum strain cri-
terion. Subsequently, the macroscopic transformation strain
can be predicted by considering the theoretical transforma-
tion strain and the volume fraction of the preferred mar-
tensite variants, which is consistent with the results of MD
in this work.
(2) The mechanical behavior of bicrystal NiTi depends on

the synergistic effect of the transformation pathways in both
single crystal grains. In all STGB samples and ATGB

samples with two grains sharing the same orientation cate-
gory, both grains take the same transformation pathway si-
multaneously, thereby leading to the transformation strain
similar to those of the single crystal with the same or-
ientation. For the case of the ATGB sample that one grain
with orientation categories I and II and another grain with
orientation category III, the ATGB sample takes different
transformation pathways, and the synergistic effects of the
transformation pathways in the two grains could result in a
nearly linear stress-strain response.
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基于晶体取向效应的NiTi形状记忆合金相变应变调控

张爱蒙, 陈苏, 杜晨阳, 吴法, 李春, 张少斌

摘要 等原子NiTi形状记忆合金(SMAs)可以从奥氏体发生多种马氏体相变路径, 这对其宏观性能, 特别是大变形/应变能力, 产生重要

影响. 深入理解马氏体相和马氏体变体选择规则, 以及这些因素对SMA宏观力学行为的作用, 对于高性能SMA的设计与开发具有重要

意义. 本研究结合分子动力学模拟与理论分析, 系统研究了单晶和双晶NiTi SMAs的相变路径、优选马氏体变体及其对宏观力学行为

的影响.结果表明,晶体取向依赖的相变路径和马氏体变体显著影响单晶NiTi的相变应变.此外,在每种晶体取向下,能量最优的相变路

径和马氏体变体产生的相变应变最大, 这一规律能够通过理论分析进行预测, 并与分子动力学模拟结果高度一致. 此外, 双晶NiTi的应

力-应变响应可以基于取向效应, 通过改变其相变路径进行调控. 本研究为晶体取向对NiTi的变形特性的影响提供了原子尺度的深入见

解, 并为基于晶体取向调控高性能SMAs的设计提供了重要的理论依据.

A. Zhang, et al. Acta Mech. Sin., Vol. 41, 124223 (2025) 124223-13

https://doi.org/10.1016/j.actamat.2016.10.019
https://doi.org/10.1145/355958.355965
https://doi.org/10.1016/j.mtcomm.2021.102859
https://doi.org/10.1016/j.mtcomm.2021.102859
https://doi.org/10.1016/j.actamat.2022.117764
https://doi.org/10.1016/j.actamat.2020.10.070
https://doi.org/10.1016/j.actamat.2020.10.070
https://doi.org/10.1016/j.ijplas.2019.10.009
https://doi.org/10.1016/j.commatsci.2022.111451
https://doi.org/10.1016/j.commatsci.2022.111451
https://doi.org/10.1016/j.actamat.2015.03.022
https://doi.org/10.1016/j.euromechsol.2017.02.004
https://doi.org/10.1016/j.ijplas.2012.12.002
https://doi.org/10.1016/j.ijmecsci.2022.107862

	Modulation of transformation strain based on crystal �orientation effects in NiTi shape memory alloy
	1. Introduction
	2.Structure models and simulation methodology
	3. Results
	3.1 Transformation behavior of single crystal NiTi with different orientations
	3.2 Transformation behavior of bicrystal NiTi

	4. Discussions
	4.1 Transformation strain prediction based on the maximum strain criterion
	4.2 The different transformation behaviors of bicrystal NiTi

	5. Conclusion

	基于晶体取向效应的NiTi形状记忆合金相变应变调控

