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Abstract: A clear understanding on the inter-evolution behaviors between {332}(113); twinning
and stress-induced martensite (SIM) a” in $-Ti alloys is vital for improving its strength and ductility
concurrently. As the preliminary step to better understand these complex behaviors, the nucleation
and the intrinsic microstructure evolution of martensite a” from {332}(113); twin boundary (TB)
were investigated in pure -Ti at atomic scale using first-principles calculations in this work. We
found the a” precipitation prefers to nucleate and grow at {332}(113); TB, with the transformation
of {332K113); TB—{130}(310),, TB. During this process, a” precipitation firstly nucleates at
{332}(113); TB and, subsequently, it grows inwards toward the grain interiors. This easy transition
may stem from the strong crystallographic correspondence between {332}(113); and {130}(310),,-
TBs, and the region close to the {332}{113); TB presents the characteristics of intermediate
structure between (3 and a” phases. Kinetics calculations indicate the «” phase barrierlessly
nucleates at {332}(113); TB rather than in grain interior, where there is higher critical driving
energy. Our calculations provide a unique perspective on the “intrinsic” microstructure evolution
of martensite a” from {332}(113); TB, which may deepen our understanding on the precipitation
of martensite a” and the inter-evolution behaviors between {332}(113); twinning and martensite
a” in -Ti alloys at atomic scale.

Keywords: martensite phase transformation; phase transformation kinetics; titanium; first-principle
calculation; twin boundary

1. Introduction

Metastable -Ti alloys have some excellent properties, such as high strength, low density, and
biocompatibility, which make them a promising material in aerospace and biomedical applications
[1,2]. However, the lack of strain-hardening limits their use in advanced applications [3,4]. By
controlling the stability of the 3 matrix through its chemical compositions, a strategy that triggers
martensitic transformation and/or twinning under applied stress, termed transformation-induced
plasticity (TRIP) and twinning-induced plasticity (TWIP), in 3-Ti alloys has been developed to
improve the strength and ductility concurrently [5-9]. It has been reported that the a” and w phases,
{332K113)5 and {112K111)z twins are the major deformation products during the process of
TRIP/TWIP, which are clearly observed in a variety of 3-Ti alloys [10-12]. Generally, a” phases and
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{332}(113); twins are observed in a much larger volume fraction when the concentration of -
stabilizing element is low [13-16].

Sun et al. suggested that {332}(113); twinning and stress-induced martensite (SIM) a” can be
activated simultaneously from the onset of plasticity in a deformed Ti-12Mo (wt.%) alloy [13]. The
volume fraction of both {332}(113)3 twin boundary (TB) and SIM a" increases with strain. They
further observed the activation of secondary {332}(113) g twinning and secondary a” precipitation
within the primary {332}(113); TB. The identical phenomenon was also noted in the very recent
study of Ti-10V—4Cr-1Al (wt.%) by Lilensten et al. [15]. However, Castany et al. suggested that the
{332}(113); TBisnot formed directly in the B phase, but is the result of the reversion of {130}(310),
parent twins occurring in SIM a” phase under stress [14]. In their study of Ti-27Nb (at.%) alloy, the
B phase transforms firstly into a” martensite which subsequently occurs {130}(310),» twinning with
increasing the applied strain; the a” martensite transforms back to the (3 phase, thereby leading to the
transformation of {130}(310), to {332}(113); TB when the stress is released [14]. The similar
{332}(113); twinning assisted by SIM " was also observed in other Ti-Nb-based alloys [17,18]. It is
seen that the formation and activation sequences of {332}(113); TB and SIM a" in Ti-Mo (V) and
Ti-Nb alloys during TRIP/TWIP processes are very different, or even in contrast. In the minds of
Castany et al.,, {332}(113); twinning is always formed from the reversion of {130}(310), twins in
superelastic alloys due to its less stability, and the SIM transformation of {130}(310), twins still
occurs but not in a reversible manner and leads to a TRIP effect when the 3 stability increases, and
there is no more SIM transformation to initiate {332}(113); twinning in more stable (3 phase, making
the classical {112}{111); twinning easier to form instead [14]. As a better 3-stabilizer of Mo than Nb
[19,20], it is expected that SIM a” is more difficult to be formed in Ti-Mo than in Ti-Nb. However, it
is the fact that SIM a” was activated at the strain of 0.7% in Ti-12Mo (wt.%) alloy [13], while the SIM
a” was only found from 3% strain in Ti-27Nb (at.%) alloy which is superelastic [14].

It is seen that it is hard to reach a “universal mechanism” for the deformation product of
{332}(113); TB and SIM a” in 3-Ti alloys, since the stability of 3-Ti alloys is highly associated with
the chemical compositions. The kind and concentration of the chemical elements largely dominate
the specific mechanism of the deformation product of {332}{113); TB and SIM a”, and their
activation sequence or inter-evolution behaviors. However, it is difficult to quantitatively reveal
which and how the chemical elements control the formation behaviors of {332}(113); TB and SIM
a”. As a preliminary step to better understand the complicated process of TRIP/TWIP, it is very
important to uncover the “intrinsic” inter-evolution behaviors between {332}(113) g 1B and SIM a”,
which is generally veiled by the complex effects of chemical compositions and external applied stress.
In this work, we aim to unveil the “intrinsic” inter-evolution behaviors between {332}(113) g TBand
SIM a" using a pure Ti model, which was chosen to eliminate the effects of chemical compositions,
and to strive to describe the specific microstructure evolution from {332}(113); TB using the first-
principles method. Though this work is strongly limited to pure Ti and the external applied stress is
not considered, a unique perspective on the microstructure evolution of {332}(113); TB is provided
at atomic scale, which is beyond the present experimental techniques.

2. Computational Methods and Model

2.1. Computational Methods

Our first-principles calculations were performed with the density functional theory (DFT), as
implemented in the VASP code [21-23]. The electron exchange—correlation interactions were
described with the generalized gradient approximation of Perdew, Burke, and Ernzerhof (PBE) [24],
and ion—electron interactions were treated with the projector-augmented wave (PAW) method [25],
together with the plane wave basis set with a kinetic energy cutoff of 350 eV. During our calculations,
all the degrees of atomic freedom (ions, cell volume, and shape) were relaxed using the conjugate
gradient algorithm, with the convergence criteria for energy and force being 10 eV atom" and 0.01
eV A, respectively. The results obtained with the conjugate gradient algorithm were further
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examined and confirmed with the quasi-Newton algorithm and the generalized solid-state nudged
elastic band (G-SSNEB) method [26] using similar convergence criteria.

2.2. {332K113); Twin Boundary Model

A grain boundary structure can be described as a combination of structural units in two
dimensions [27]. Thus, the {332}(113); TB model was constructed using the structural unit model
[28,29] in our calculations, and the corresponding structural units were denoted with ‘A" (2-atom
structural unit, blue region) and ‘C’ (4-atom structural unit, green region) in Figure 1a,b. Note that
the ‘A’ unit simply describes the lattice of bce crystal along [023] direction projected on (110) plane,
and the ‘C’ unit describes a tetrahedron projected on (110) plane. Our {332}(113); TB model is
consistent with the model used in other literatures [30,31]. The three lattice vectors of the bi-crystal
model, {332113); TB, [110]5, [11§]5, and [332], were orientated in parallel with the x, y, and z
axis, respectively, and periodic boundary conditions were applied in the three directions. The
dimensions of the bi-crystal model were 4.59 x 5.39 x 50.66 A, as listed in Table 1, with the I-centered
Monkhorst-Pack [32,33] k-points grid of 11 x 9 x 1 used in the calculations. As shown in Figure 1a, the
bi-crystal model adopted a “sandwich” configuration containing two identical {332}(113); TBs
positioned at the middle and the boundary of the model. In this case, the periodical TBs were
separated by 34 atom planes in [332]; direction, with the distance about 25 A. This distance was
within the reasonable range between two TBs, which ensured the convergence of interfacial energy
in other studies of TB in o-Ti [34,35]. Our tests also show that this distance can afford the convergent
interface energy within the error of ~5 mJ/m?. Thus, the interactions between the two TBs could be
ignored and the final result was converged at such large distance in our work.

It is well known that pure -Ti is unstable at 0 K under ambient pressure [36]. Therefore, the bi-
crystal model containing {332}(113); TB prefers to relax into the configuration with the lower
energy directly, and the initial and optimal {332}(113); TB cannot be obtained by direct relaxation.
To eliminate any artificial influences during the modeling process as much as possible, the
constructed {332}(113); TB structure was optimized using static calculation method with the same
convergence criteria mentioned above before full relaxation. Firstly, the interatomic distance da
between the atom ‘04’ and ‘0b” was changed by moving the atom ‘0b” along y axis, as shown in Figure
1b. The total energy is functioned with da, and it is minimum when da = 1.87 A, as the black line
shown in Figure 1c. Thus, the optimal interatomic distance da was 1.87 A. Secondly, the {332}(113) B
TB structure was further optimized by changing the interplanar spacing between the TB plane and
its first neighboring atom plane with the interval of 6 = 0.05 A when da was set to 1.87 A. This
optimization was applied on both sides of the TB simultaneously, di= d-1=2d + 5, where d is the
interplanar spacing of (332) plane in bulk. The total energy as a function of 0 is also illustrated in
Figure lc. As indicated by the blue line, the total energy is minimum when 6 = -0.15 A.
Correspondingly, the optimal interplanar spacing is di=d-1=1.24 A. Then, the optimized structure of
{332}(113); TB was used in following calculations.

In our calculations, the interface energy of interface P1/P2 for the two phases P1 and P2 was
calculated as the following equation:

E, —nEp1—mE,
Yir = total nSP1 m P2, 1)
where E is the total energy of the supercell model containing interface P1/P2, n and m are the atom
numbers of the phase P1 and P2 in the model, Eri and Er2 are the energy per atom of the phase P1
and P2 in bulk state, respectively, and S is the interface area. For the calculation of TB, Equation (1)

becomes as follows, since it consists of two same phases:

E, —nE
YrB = %, 2)

where the factor 2 accounts for the two identical TBs in the model.
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Figure 1. (a,b) The 1 x 2 x 1 initial configuration of {332}(113)z twin boundary (TB) projected on
(110) plane. Yellow and black spheres represent the atoms at the adjacent (110) planes. Black
dashed line denotes grain boundary plane, d is the interplanar spacing of (332) plane in bulk. ‘1’ and
‘~1” denote the atomic planes. (c) The energy of the bi-crystal model as a function of d4 and é.

Table 1. The lattice parameters of various interface models used in this work and the corresponding

interface energies.

Lattice Parameters (A) Interface Energy

Interfaces A b . (m]/m?)
{332K113), 459 539  50.66 777.38
{130}(310),,- 459 1062 3745 76.71

(110)5//(001),» 315 459  37.93 740.04

3. Results and Discussions

3.1. The Intrinsic Evolution from {332}{113)g TB to a Phase

It should be noted that pure B-Ti is statically metastable (or dynamically unstable) in DFT
simulation at 0 K [37,38]. Therefore, it sounds illogical to study the microstructure evolution of
{332}(113); TB in pure B-Ti from the black side view when the issue is divided into two sides.
However, from the white side view, its static metastability indicates that 3-Ti can naturally evolve
into lower energy state along the gradient route of energy landscape once slight perturbation is
introduced. Therefore, its static metastability can help us uncover the “intrinsic” microstructure
evolution of {332}(113); TB at atomic scale when it is introduced. As shown in Figure 2, it can be
found that the initial 3 phase containing {332}(113); TB (Figure 2a) experiences significant changes
in structure, and finally relaxes into a phase (Figure 2e). There is no interface in the final relaxed
structure. The lattice parameters of the relaxed unit-cell are a =2.93 A and ¢ = 4.65 A, which is in
agreement with the measurements of hcp a phase [39], as listed in Table 2. Furthermore, the relaxed
structure was further analyzed using radial distribution function g(r), as illustrated in Figure 3. It can
be found that the g(r) of the relaxed structure is well consistent with that of the ideal a phase. It
demonstrates that the final relaxed structure shown in Figure 2e is identical to the ideal a phase.
Though it is thermodynamically expected that the metastable (3-Ti prefers to relax into the stable o
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phase when any slightly perturbation is introduced, the evolution from {332}{113); TB to the flawless
a phase in our calculations implies the probability of a precipitation at {332}(113); TB in 3-Ti.

Table 2. The lattice parameters and energies of various Ti phases.

Lattice Parameters (A) Energy
Phases a b c (eV/atom)

B 3.25 ~7.69
3.32[2]

a” 3.08 4.60 4.85 -7.78
2.94 [40] 4.63[40]5.01 [40]

a 2.93 4.65 -7.80
2.96 [39] 4.69 [39]

() :
= @) ——G-SSNEB
% - quasi-Newton
= 4F Conjugate-gradient
o gf®
ac) . (c) (d)
)
-10 [ L 1 L I (e)
0.0 0.2 04 0.6 0.8 1.0
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Figure 2. The intrinsic microstructure evolution of martensite (a” and «) from {332}113); TB
through the initial (a), intermediate (b-d), and the final (e) atomic configurations. The energy profiles
obtained by the algorithms of the conjugate gradient, quasi-Newton, and G-SSNEB are shown in (f)
for comparison. Yellow and black spheres represent the atoms in the adjacent (110) g and (0001),
planes, respectively. The unit-cells are outlined by the red lines.

To clearly show the microstructure evolution during this transformation, we analyzed the
relaxation processes and determined a series of intermediate transition configurations representing
the transformation sequence, as shown in Figure 2b-d. With the assistance of unit-cell I and II
outlined by the red lines in Figure 2a, these transition configurations can provide the local structure
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changes in details, especially for the displacement sequence of atoms in different regions, close to and
far away from {332}(113); TB. In comparison with the initial structure, one can observe the
noticeable atoms displacements in the vicinity of {332}(113); TB, which leads to the visible changes
of unit-cell I, as shown in Figure 2b. The changed unit-cell I presents the characteristic of a” phase,
which is base-centered orthorhombic (Cmcm) structure with atomic positions of (0, 0, 0), (1/2, 1/2, 0),
(0, y, 0), and (0, 1/2+y, 1/2) in the unit-cell. The basal shulffle, y, changes with the different alloying
element and composition [41]. In our work, the lattice parameters of a” phase are a =3.08 A, b = 4.60
A, c=4.85A, and y = 0.13 in Wyckoff position, which is in agreement with the measurements of "
phase, as listed in Table 2. It should be noted that a” phase is unstable in pure Ti. The a” phase here
is just a snapshot of transition structure presenting the characteristic of a” phase to show the
important intermediate transition state during the relaxation process. Additionally, the unchanged
unit-cell II indicates that the atoms far away from the TB remain immobile at the same time. This
suggests that the transformation firstly takes place at both sides of the {332}(113); TB, resulting in
the formation of a” embryos. As the continuation of this transformation, the a” embryos grow
inwards toward the grain interiors, and then the grains transform from 3 into a” phase, and finally
result in the formation of (130)[310],» TB, as shown in Figure 2c. Subsequently, the a embryos form
at both sides of the (130)[310],» TB, as shown in Figure 2d, whereas the a” phase in grain interiors
has yet to undergo transformation. As the transformation proceeding, the a embryos spread toward
the grain interiors. Finally, the (130)[310],» TB disappears, and the B phase containing {332}(113)
TB completely transforms into « phase, as shown in Figure 2e. In addition, the abovementioned
microstructure evolution was further examined and confirmed using the quasi-Newton algorithm
and the G-SSNEB method. The identical microstructure evolution can also be observed in the
calculations performed with the quasi-Newton algorithm and the G-SSNEB method. The energy
profiles obtained by the conjugate gradient algorithm, quasi-Newton algorithm, and the G-SSNEB
method are very similar, as shown in Figure 2f. This indicates that this microstructure evolution
described by the conjugate gradient algorithm is reliable.
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Figure 3. The radial distribution functions of ideal a crystal and the final relaxed structure.

3.2. The Different Displacements of Atoms Close to and Far Away from {332}113); TB

Actually, the local microstructure evolutions at the TB and grain interior are somewhat different,
which results in a different formation process of a phase at TB and in grain interior. To explicitly
elaborate this difference, we tracked the atoms displacements in unit-cell I and II, and illustrated them
in Figure 4. As shown in Figure 4a, the formation process of a phase at {332}{113); TB involves two
steps: The atoms (blue circle) initially go through shuffle to the sites of green circles, forming a” phase;
subsequently, the atoms shift from green circles to orange ones, forming a phase. During this process,
the shifts of atoms 1, 3, 5, and 7 to atoms 1”, 3", 5", and 7" result in the contraction and expansion of
lattices along [001]g and [110]g directions, respectively.
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Different from the formation of a phase at {332}(113); TB, the changes of unit-cell II indicate
that the formation process of a phase in grain interior can be divided into three steps, as shown in
Figure 4b. The first two steps associated with the formation of a” phase: The initial atoms (blue circles)
shift to the sites of lavender circles, driving the formation of distorted a” phase; the atoms (lavender
circles) then move to the green ones, forming a” phase. Subsequently, the atoms (green circles) shift
to the sites of orange circles, and the a” phase converts into o phase. During the entire transformation,
the lattices of 3 phase (plotted by atoms 13, 15, 17, and 19) experiences contraction and expansion
along [001]g and [ITO]B directions, respectively. Meanwhile, the atoms 12, 14, 16, and 18 go
through shuffle to atoms 12", 14", 16", and 18", forming the final a phase. The orientation relationships of
B and o” phases are [110]g//[001]y, [001]g//[100],, [110]g//[010]y, in agreement with other
literature [42].
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Figure 4. Schematic illustration of a phase formation process projected on the (110)g plane at
{332}(113); TB (a) and grain interior (b), using the two unit-cell I and II shown in Figure la. Blue
and orange circles denote the initial and final structures, respectively. Green and lavender circles
denote the intermediate structures. All the atomic displacements refer to the original atom 0Oa (a) and
11 (b).

3.3. The Nucleation and Structure Evolution of Martensite from Crystallographic Perspective

Our calculations uncover the intrinsic microstructure evolution of {332}{(113); TB to
{130}(310),» TB. This easy transition may stem from the strong crystallographic correspondence
between {332}(113); and {130}(310),» TBs, as demonstrated by Bertrand et al. in the study of Ti—
25Ta-20NDb alloys [43]. Under applied stress, the precipitation of a” martensite at {332}{113); TBin
[-Ti alloys has been observed in many experiments [13,15,44]. In our calculations, the complicated
synergy effects of p-stabilizing elements and applied stress were fully eliminated. Thus, it is not
reasonable to directly compare our results to these experiments. However, our calculations show that
the nucleation and growth of a” precipitation at {332}(113); TB is feasible. Based on this, it is
reasonable to infer that the applied stress inducing the a” precipitation within {332}(113); TB may
partly play the role of facilitating the displacing of atoms to overcome the transition barrier of p—«a”
at {332}113); TB in B-Ti alloys. Here, our calculations provide a unique perspective on the
microstructure evolution and martensite precipitation at {332}{113); TB, which can be used to
better understand the experimental observed a" precipitation at {332}(113); TB.
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In our calculations, the formation of martensite is, in fact, induced by the higher interface energy
of {332}(113); TB, rather than applied stress, and driven by the energy difference between 3 and a”
phases. As the calculated energies listed in Tables 1 and 2 (the interface energies were calculated
using supercell model with lattice parameters listed in Table 1), the interface energy difference
between {130}(310),- and {332}(113) p IBsisabout—-700 m] m=2, and the energy difference between
a” and {3 phases is about -0.09 eV atom-1. Additionally, one can note that the a” phase can be formed
by shifting the black atoms of (3 phase along the arrow collectively, as shown in Figure 5c. It is clearly
seen that the displacements of black atoms in the vicinity of {332}(113); TB are small compared
with that in 3 phase. The radial distribution function (RDF) analysis further shows that {332}(113),
TB presents the structural characteristics between (3 and a” phases, as displayed in Figure 5d, which
indicates that the unit-cell in the vicinity of {332}(113); TB can be considered as an intermediate
structure between [3 and a” phases. Therefore, the nucleation of a” phase at {332}(113); TB is not
only more favorable in energy, but also in crystallographic structure than its nucleation directly in 3
grain interior.

(332)[1‘151,3 B

"0

>

> B
TB vicinity
> { .

o

3

4
r(A)

Figure 5. The illustration of a” formation through atom collective displacements. The local atomic
configurations of {332}(113); TB (a), f and a” (b). (c) The displacements of atoms projected on the
(110)3 plane for the formation of a” phase in  phase and at {332}(113); TB. (d) The radial
distribution functions of 3 phase, the local region of {332}(113); TB and a" phase.

3.4. The Nucleation and Structure Evolution of Martensite from Kinetic Calculations

The nucleation of a” precipitation at {332}{113); TB can also be further demonstrated within
the framework of classical nucleation theory [45], by evaluating its nucleation driving energy and
critical nucleation radius. Classical nucleation theory suggests that the nucleation of a new second
phase is driven by volumetric energy reduction due to phase transformation, at the energy expense
of creating new interphase interfaces. The driving energy (AG) for the formation of the new second
phase can be expressed as:

AG = vAG, + ESy, 3)

where v is volume of the new phase, AGv is the free energy change per unit volume between the new
and the parent phases, and XSy accounts for all interface energy contributions. In Equation (3), the
strain energy can be incorporated into the interface energy owing to interface commensuration [46].
As the schematic shown in Figure 6a, the total driving energy for the nucleation scenario of a” at
{332}(113); TB can be expressed as:
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(332)p—a”
AG, =vAG, FTT + (S + S2)Y10)5//000)e T S1(Y(130) — Y(332)8)
(4)
1 (332)g—a” 5
= —_nriAG, ’ STV (10 5//000) F T2 (Va30) — Y(332)6)s
332) g0’
where AG,E 874 i the energy change due to the nucleation of a” at TB, which is evaluated from

the energy difference between the instant structure firstly presenting a” phase at TB and the
optimized {332}(113); TB; and Si and S: are the areas of top/bottom and side surface of a” phase,
respectively. Here, we suppose that the a” embryo takes a thin plate shape with the aspect ratio of 1
=1/8r, where / is the thickness and r is the radius of the thin plate, since a” phase is generally observed
in plate shape [47]. The thickness of a” plate is so small that we treat y ;1) 5//(001)4 AS the side
interface energy between «a” plate and 3 matrix, based on the orientation relationship of
(110)4//(001), determined in experiments [48,49]. The last term of Equation (4) accounts for the
formation of {130}(310), TB from {332}(113); TB. For the a” nucleation in 3 grain interior, its
driving energy can be expressed as:

-a 1 S, 9
AG; = VAGE “+ SY(110)4//(001) o = _gT[r3AG5 “+ ;”rZY(no)B//(om)aw )

Based on the energies listed in Tables 1 and 2, the driving energies of a” nucleation at
{332}(113); TB and in (3 grain interior were evaluated and are shown in Figure 6b. Note that the
formation of a” phase at {332}(113) g TB is almost barrierless. However, there is an evident energy
barrier of ~1900 eV for the formation of a” plate with the critical radius (1) of ~130 A and the thickness
of ~16 A in B grain interior. This indicates that only the a” embryo with radius larger than 7, can
continue to grow up, otherwise it tends to disappear.

@ (332)[113], T8
- : y [113]4
Sef Seis [epm,

. I_
B side (130):[310]a-- x [110]

(b)
2000

1600

Interiof]
——TB

1200
800
400

AG (eV)

-400
-800

L
0 50 100 150 200
r(A)

Figure 6. The kinetic behaviors of a” formation at the TB and in 3 grain interior. (a) The schematic of
the different nucleation sites for a” phase at {332}{113); TB and in 3 grain interior. (b) The driving
energy curves associated with the formation of a” phase at {332}(113); TB and in {3 grain interior.

Though the applied stress was not considered in our calculations, to some extent, this result can
help us understand the reason why " phase is easy to find when {332}(113); TB exists in the
experiments [13,15,50]. In the experimental study of Ti-Mo (wt.%) alloy, it is evidently shown that
the volume fraction of a” phase from parent {332}(113); TB is much higher than that of a” phase
directly formed in (3 grain interior [13]. Based on our calculations, this higher volume fraction of a”
phase from parent {332}(113)5 TB may be well understood since the a" precipitation prefers to
nucleate and grow at {332}(113); TB rather than in 3 grain interior under the same external applied
stress. It should be noted that the nucleation of martensite and its corresponding microstructure
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evolution from {332}{113); TB in our calculations are not universal but intrinsic, and the exact
evolution process may be strongly dependent on the specific -stabilizers. How the kind and
concentration of (-stabilizers affect the inter-evolution between {332}113); TB and a" phase will
be further investigated in our following studies.

4. Conclusions

In conclusion, our first-principles calculations show that pure $-Ti containing {332}{113); TB
has a tendency of transforming into a” phase. In this process, the martensite firstly nucleates at
{332}(113); TB, accompanying the transformation of {332}(113); into {130}310),» TB, and it
subsequently grows inwards toward the grain interiors. The {332}{113); TB presents the
characteristics of intermediate configuration between [3 and a” phases from the perspective of
crystallography. The kinetic calculations show that a” phase prefers to nucleate at {332}(113) s TB
and then grow inwards toward grain interiors barrierlessly, rather than in  grain interior. In this
case, the critical driving energy of a” phase nucleation in  grain interior is estimated up to ~1900 eV,
with the critical radius of ~130 A. This study provides a detailed description of the martensite
nucleation and its intrinsic microstructure evolution from {332}(113); TB at atomic scale from a
unique perspective, which may deepen our understanding on the precipitation of SIM a” phase
within the {332}(113); TB in {-Ti alloys. As a preliminary step, it also contributes to better
understanding on the inter-evolution behaviors between {332}(113)3 twinning and SIM a" and
further study on the complicated process of TRIP/TWIP.
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