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Abstract—Ti–Nb-based alloys are essential materials for biomedical implant and aerospace applications. They reveal complex phase transformation
behavior. Here, a {211}bh111ib twinning induced b (body-centered cubic phase) to x (hexagonal phase) transition in Ti–Nb-based alloys is demon-
strated by transmission electron microscopy and analyzed employing ab initio calculations and the linear elastic inclusion theory. Our theoretical
results reveal a distinct energy barrier for the b to x transition, where the contribution from lattice rearrangement, rather than the elastic contribution
associated with lattice parameter mismatch, plays the major role. It is shown that this energy barrier can be overcome by {211}bh111ib shear,
explaining why {211}bh111ib twinning or, alternatively, the b to a00 (orthorhombic phase) transition promotes local formation of the x phase.
Ó 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Allotropic transformations between the high-
temperature body-centered cubic (bcc) b phase and the
lower-temperature hexagonal close-packed (hcp) a phase
exist in group IV elements such as Ti, Zr and Hf. Upon
alloying with b-stabilizing elements such as V, Mo, Nb,
W or Ta the resultant alloys may form a number of other
stable or metastable phases including hcp a0, base-centered
orthorhombic a00, non-close-packed hexagonal x and some
intermetallic phases. Improved understanding of the meta-
stable x phase in b-type Ti alloys and Zr alloys is of high
relevance since its discovery, due to its roles in affecting
mechanical and physical properties and its special forma-
tion mechanism [1]. Banerjee et al. [2] documented the vari-
ous x phase morphologies and underlying formation
mechanisms: The b to x transformation can occur (i) ther-
mally, i.e., via rapid cooling from the single bcc b phase
field or by subsequent isothermal aging, producing
ellipsoidal or cuboidal x particles homogeneously dis-
tributed throughout the b matrix; or (ii) mechanically,
i.e., via extremely high strain-rate compressive loading
(shock loading), producing non-uniformly distributed x
plates (hereafter referred to as plate-like x) [3,4].

Interestingly, recent studies on Ti–Nb-based alloys [5–7]
report about a similar plate-like x phase during quasi-static
compression (in the vicinity of the {211}bh111ib twin
boundary, see Fig. 3 in Ref. [6]) and even during quenching
(at the a00/b interface, see Fig. 2 in Ref. [7]) as listed in

Table 1. Considering that, both twinning and a00

transformation involve a shear process [8], it can be
assumed that the formation of the plate-like x phase is
due to the local atomic shear rather than to the macro-
scopic compressive stress state. This assumption, however,
is so far not fully confirmed in the literature. Moreover, for
the compositions listed in Table 1 (valence electron number
e/a = 4.22–4.24), previous ab initio investigations [9,10]
show that the x phase is energetically more stable com-
pared to the b phase, anticipating a spontaneous transition
from b to x, in contrast to the experimentally observed
requirement for shear-assistance. Taking into account that
the formation of an x inclusion is associated with a lattice
mismatch [11] and that the phase transformation is a
kinetic process, it can be assumed that the atomic shear pri-
marily follows one of the two principles, namely, decreasing
the elastic strain energy associated with lattice mismatch
between b and x, or overcoming a kinetic barrier associated
with the energetic pathway. This is another aspect that is
not fully clarified yet.

The present work thus aims at providing an improved
understanding on these two points. First, for addressing
the former aspect, we performed both cold rolling and uni-
axial tension experiments on a Ti–Nb-based alloy with a
valence electron number value e/a in the same range and
then examined whether the {211}bh111ib twin introduced
by the two different loading modes induces similar plate-
like x phases along the twin boundary. For the latter
aspect, a treatise based on ab initio calculations and the the-
ory of elastic inclusion was carried out to clarify the full
energetic context of the atomic shear.

http://dx.doi.org/10.1016/j.actamat.2015.03.040

1359-6462/Ó 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

⇑Corresponding author.

Available online at www.sciencedirect.com

ScienceDirect
Acta Materialia 92 (2015) 55–63

www.elsevier.com/locate/actamat



2. Experimental procedure

For the experiments, we used a laboratory-cast Ti–
36Nb–1.4Ta–2.8Zr–0.3O (wt.%, e/a = 4.23) ingot. It was
melted in an arc-melting furnace under argon atmosphere
and cast into a copper mold. The as-cast material was then
homogenized at 1200 °C for 4 h, under vacuum, followed
by furnace cooling. Individual samples were cut from the
ingot using electron discharge machining. The initial
microstructure was characterized by backscattered electron
(BSE) imaging and electron backscatter diffraction (EBSD)
mapping using a Zeiss-Crossbeam XB 1540 FIB-SEM
instrument (Carl Zeiss SMT AG, Germany) at an accelerat-
ing voltage of 15 kV. A plate with a thickness of 5 mm was
subjected to 3.5% rolling at room temperature. To examine
the situation of tensile loading, uniaxial tension was con-
ducted to a sheet of 10 mm � 1 mm cross section until frac-
ture. Disks of 3 mm diameter were cut (close to the fracture
surface in the case of uniaxial tension) and then mechani-
cally thinned to less than 100 lm followed by twin-jet elec-
tro-polishing until perforation. The electro-polishing was

performed at 6 °C and 20 V in an electrolyte of 60 ml per-
chloric acid, 350 ml butoxyethanol and 590 ml methanol.
Transmission electron microscopy (TEM) observations
were carried out on a JEOL JEM-2200FS microscope
operated at 200 kV.

3. Simulation methodology

Generally, the x phase forms by a f111gb collapse
mechanism or, equivalently, by atomic shuffling on a

{211}b plane along a < 111>b direction [1,2] as shown
in Fig. 1(a) and (b), respectively: 2/3 of the atoms in the

f111gb layers (layer “1” and layer “2”) collapse to a middle

plane between them with the third layer left unaltered.
Fig. 1(a) shows that both the b phase (with lattice parame-
ter ab) and x phase (with lattice parameter ax and cx) can
be depicted by a hexagonal lattice with three atoms per unit
cell, giving the lattice parameter correspondence between

ax, cx and
ffiffiffi

2
p

ab,
ffiffiffi

3
p

ab=2, respectively. The atomic

Fig. 1. Relationship between bcc b and hexagonal x structures. (a) Hexagonally illustrated b and x crystal lattices. (b) ð011Þb//ð1210Þx atomic plane

showing a shuffle transformation process from b to x.

Fig. 2. Microstructure of the as-homogenized Ti–36Nb–1.4Ta–2.8Zr–0.3O alloy: (a) BSE image; (b) EBSD inverse pole figure map; (c) EBSD phase

map of the bcc b phase, where the grain boundaries (>15°) are also shown.
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positions are (0,0,0), (2/3,1/3,2/3 ÿ Zx) and (1/3,2/3,1/
3 + Zx) with the latter two atoms belonging to the same
sub-lattice, where Zx = 0 defines the bcc b crystal,
0 < Zx < 1/6 defines the non-ideal x crystal and Zx = 1/6
defines the ideal x crystal. The b ! x transformation strain
tensor can be expressed as

e0ij ¼
1

3

2g1 þ g2 g1 ÿ g2 g1 ÿ g2

g1 ÿ g2 2g1 þ g2 g2 ÿ g1

g1 ÿ g2 g2 ÿ g1 2g1 þ g2

2

6

4

3

7

5
; ð1Þ

where g1 ¼ ax=ð
ffiffiffi

2
p

abÞ ÿ 1 and g2 ¼ 2cx=ð
ffiffiffi

3
p

abÞ ÿ 1. The
corresponding elastic strain energy in a stress-free state
was calculated using the Khachaturyan theory for an elastic
inclusion [12,13]:

DF els ¼ 1

2

Z Z Z

BðeÞjhðkÞj2 d3k

ð2pÞ3
ð2Þ

where h(k) is the Fourier transform of the shape function of
the inclusion, and

Fig. 3. TEM images of the 3.5% cold rolled sample. (a) Bright field image displaying two twin lamellae (referred to as T1 and T2). (b) ½011�b selected
area diffraction pattern of the circled area in (a). ð211Þb[111]b twin and two variants of x are illustrated. (c) Dark field image taken using the twin

reflection (011)b,T. (d) HRTEM image of T1, where the inset shows its FFT image corresponding to the electron diffraction pattern.
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BðeÞ ¼ kijkle
0
ije

0
kl ÿ eir

0
ijXjlðeÞr0

lmem ð3Þ

is a function of the direction e = k/k. k is the elastic con-
stant tensor, which correlates the transformation stress
with strain according to Hooke’s law, r0

ij ¼ kijkle
0
kl, and X

a Green’s tensor defined by its inverse Xÿ1
ij ðeÞ ¼ kikljekel.

In this work, the difference between the moduli of b and
x of the same composition was neglected. This approx-
imation is justified due to the composition invariance and
the crystallographical match of the b and x lattices.

The chemical contribution to the total free energy at a
Wigner–Seitz radius r and temperature T can be approxi-
mated as Fchem(r, T) = E(r) + Fvib(r, T) + Felec(r, T), where
E is the 0 K total energy, Fvib the phonon vibrational free
energy calculated by the Debye–Grüneisen model [14,15]
and Felec the thermal electronic contribution to the free
energy [16]. The details for the calculation of Fvib and
Felec are presented as Supplementary Online Material.
The 0 K total energy was calculated using the exact muf-
fin-tin orbitals (EMTO) method [17–19], where the chemi-
cal disorder was treated by coherent potential
approximation [20,21]. The one-electron equations were
solved within the scalar-relativistic and soft-core approx-
imations. The EMTO self-consistent calculations were per-
formed for a muffin-tin basis set including s, p, d, f orbitals,
and the Green function for the valence states was calculated
for 60 complex energy points exponentially distributed on a
semicircular contour with 2.8–3.6 Ry diameter enclosing
the occupied states. The elastic constants of the bcc struc-
ture (b phase) were calculated using the volume-conserving
orthorhombic and monoclinic distortion method [19] for
six distortions e = 0.00, 0.01, . . ., 0.05. The k-point meshes
were carefully tested such that 3549–19683 uniformly dis-
tributed k-points were used to sample the irreducible wedge
of the Brillouin zones depending on the crystal structures
and distortions. The Perdew–Burke–Ernzerhof functional
in generalized gradient approximation is used to describe
the electronic exchange and correlation [22].

4. Results and discussion

4.1. Twinning induced b to x transformation

The typical microstructure of the as-homogenized Ti–
36Nb–1.4Ta–2.8Zr–0.3O (wt.%) alloy is shown in Fig. 1.
The alloy presents an equiaxed microstructure consisting
of b grains with about 80 lm size. Neither BSE nor
EBSD detected any twins in the pre-deformed alloy. The
absence of twins is also confirmed by TEM observations
reported in a previous work [23]. It should be noted that
small amounts of granular x phases formed during the final
cooling were observed by TEM. The relatively small size
(less than 10 nm) and limited volume fraction of the x

particles render them invisible to the spatial resolution of
BSE and EBSD.

After 3.5% cold rolling, twin lamellae with nano-scale
width were found in the alloy as displayed in Fig. 3. The
bright-field image in Fig. 3(a) shows two twin lamellae
(referred to as T1 and T2) oriented along the [111]b direc-
tion. The width of T1 and T2 is 12 nm and 27 nm, respec-
tively, while their length extends over several microns. The
½011�b-zone selected area diffraction (SAD) pattern
(Fig. 3(b)) and dark-field image (Fig. 3(c)) of these two
lamellae indicate that they are ð211Þb[111]b twins. In addi-
tion to the twin reflections, x diffraction spots located at 1/3
and 2/3 {211}b positions can also be seen in Fig. 3(b). There
are four variants of the x phase with [ÿ2110]x1, [ÿ1014]x2,
[01ÿ14]x3 and [ÿ12ÿ10]x4 parallel to ½011�b, where the
diffraction spots of x2 and x3 are completely overlapping
with those of the b phase. Thus, only x1 and x4 are distin-
guishable in the SAD pattern. Since the four x variants
formed with equal probability during the cooling process
following homogenization [1,23], the populations of them
are equal and, hence, it is reasonable to observe both x1
and x4 spots in Fig. 3(b). Interestingly, a difference in
diffraction intensity between these two variants is observed
as well, where x1 shows higher intensity, indicating that
more x1 formed during the cold rolling.

High resolution transmission electron microscopy
(HRTEM) images reveal that there is a layer of the x phase
along the boundary between the ð211Þb[111]b twin and the
b matrix. As an example, Fig. 3(d) displays the HRTEM
image of T1, where the inset is its Fourier filtered trans-
formation (FFT) image corresponding to the electron
diffraction pattern. The plate-like x phase located along
the twin boundary is indexed as x1 variant, whose diffrac-
tion intensity is much higher than that of the other variant
x4 as seen in the FFT image. The orientation relationship
between the b matrix and the plate-like x phase is
(ÿ211)b//(01ÿ10)x. Apparently, the additional formation
of the plate-like x phase leads to the higher diffraction
intensity of the x1 variant.

In the case of uniaxial tension, identical phenomenon
concerning {211}bh111ib twinning and plate-like x phase
is observed, as shown in Fig. 4. Fig. 4(a) is a TEM bright
field image showing a (211)b½111�b twin lamella in the alloy
deformed by uniaxial tension. The diffraction pattern and
its key diagram, Fig. 4(b), illustrate that the twinned b
reflections overlap the matrix and the x reflections, render-
ing corresponding x diffraction spots brighter. The
HRTEM image in Fig. 4(c) reveals x phase regions aligned
along the twin boundary in the same manner as found for
the cold rolling and compression cases [6]. This demon-
strates that the formation of plate-like x phase accompany-
ing {211}bh111ib twinning is not exclusive to the
macroscopic compressive stress state. It depends on twin-
ning itself, rather than on the specific loading mode.

Table 1. Composition, valence electron number e/a, processing state of Ti–Nb-based alloys that show a plate-like x phase. The corresponding

microstructural location of the x phase is also listed.

Composition e/a Processing state Location of x phase

Ti–23Nb–0.7Ta–2Zr–1.2O (at.%) [6] 4.24 Compression {211}bh111ib twin boundary

Ti–35.7Nb–2.01Ta–2.98Zr (wt.%) [5] 4.24 Quenching a00/b interface

Ti–22Nb (at.%) [7] 4.22 Quenching a00/b interface

Ti–24Nb (at.%) [7] 4.24 Quenching a00/b interface
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Since small amounts of x particles were already present
in the as-homogenized microstructure, it is important to
clarify if the plate-like x phase is formed by a preferential
growth of the pre-existed x particle or by nucleation of a
new twinning-induced x phase. During deformation the
local stress state may affect the equally-probable growth
of the four x variants, promoting selective growth of a
specific variant and inhibiting the growth of others. This
assumption is nonetheless excluded by taking into account
the low temperature and the limited dwell time of the defor-
mation processes. In general, the growth of the x phase in b
titanium alloys occurs at 150–500 °C and the process is
known to be sluggish [24–27]. For example, the x particles
with an average size <10 nm in Ti-9 at.% Mo alloy require
48 h at 475 °C to grow to an average size of �40 nm [24].
Here, the plate-like x phase extends to several microns
accompanying the {211}bh111ib twin, but the dwell time
of the deformation processes is less than one minute, which
is apparently not enough for the nano-sized particles to
grow to a plate with a length of several microns. On the
other hand, the formation of plate-like x phase along the
{211}bh111ib twin boundary in the similar composition
without pre-existed x phase [6] already proves that the x
plate is newly nucleated, i.e., induced by twinning.

The x particles already present prior to deformation
may act as barriers for dislocation slip [28,29], but they
seem to play a minor role in the propagation of twin.
This situation is also true for the {332}bh113ib twin
occurred in metastable b titanium alloys [30,31].

4.2. Elastic and chemical contributions to the relative phase
stability between b and x

The governing potential of the b to x transformation for
a specific composition is the total free energy difference,
which concerns the elastic contribution associated with lat-
tice parameter mismatch and the chemical contribution
from lattice rearrangement (Fig. 1(a)). Previous studies
[9,10] considering only the chemical contribution at 0 K
predict a spontaneous transformation from b to x.
Nonetheless, as shown in the previous subsection, the

plate-like x phase formed inside the bulk b matrix and
linked to the bcc b lattice coherently, may introduce elastic
strain energy to the system if there is a lattice parameter
mismatch between these two phases. On the other hand,
temperature effects may also contribute to the relative sta-
bility of b and x.

To our knowledge, few studies exist on the measurement
of the lattice parameter of the x phase in Ti–Nb-based
alloys due to the difficulty associated with its relatively
small size and limited volume fraction. In this work, ab ini-
tio simulations were used to assess the room-temperature
lattice parameters of b and x phases of Ti–Nb alloys with
temperature effects approximated by the Debye–
Grüneisen model [14,15]. Fig. 5(a) and (b) presents the lat-
tice parameters of the b and x phases of Ti–Nb alloys (e/
a = 4.14–4.30), respectively. Available experimental data
[32–34] are also displayed for comparison. A good agree-
ment between theory and experiment is shown and the
experimentally observed slightly increasing trend in ab is
well reproduced. For a specific composition, the volume
per atom of the x phase turns out to be larger than that
of the b phase (not shown here), similar to the volume
expansion phenomena in Ti–V alloys observed via neutron
diffraction [11]. When b transforms to x, there is an
enlargement in ah110ib ð

ffiffiffi

2
p

abÞ and a decrease in a<1 1 1>bð
ffiffiffi

3
p

ab=2Þ, and, therefore, a homogeneous isotropic strain
in the {111}b planes and a change in the spacing between
adjacent {111}b planes are induced. Thus, these lattice
parameter differences cause a lattice mismatch between x
and the surrounding b, hence introducing an elastic misfit
strain into the system.

Fig. 6(a) displays the elastic strain energy DFels of the
plate-like x inclusion formed inside the b matrix which
was calculated based on the experimentally determined
habit plane {211}b [6] and theoretical structural parame-
ters, assuming an infinitesimal thickness of the x plate.
For comparison, the DF els

exp calculated with the lattice
parameters and elastic constants of the b phase interpolated
and extrapolated from the available experimental data
[33,35,36] are also shown. Both sets of elastic strain energies
increase with e/a, which can be interpreted by the

Fig. 4. (a) TEM bright field image showing a twin lamella in the sample deformed by uniaxial tension; (b) ½011�b selected area diffraction pattern with

corresponding key diagram and (c) high resolution TEM image of the twinned area revealed in (a).
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enhancing mismatch between the lattice parameters of b
and x phases (Fig. 5(b)).

In order to clarify whether the elastic contribution to the
total free energy opposes a spontaneous transformation

from b to x, the chemical contribution at room tempera-
ture is calculated as DFchem = Fx ÿ Fb with Fx and Fb being
the chemical free energies of the x and b phases, respec-
tively. Fig. 6(b) shows DFchem as a function of e/a (Nb con-
centration), revealing that DFchem increases monotonically
with increasing Nb concentration, reproducing the experi-
mentally determined b-stabilizing effect of Nb. Similar to
Ref. [9,10], the x phase appears to be thermodynamically
more stable than the b phase in the composition range of
e/a = 4.22–4.25 even when the temperature effect is taken
into account.

Although the elastic contribution favors the b phase, for
e/a = 4.22–4.25 it is too small to compete with the energy
difference determined by the chemical contribution
DFchem. As seen in Fig. 6(b), the combination of elastic
and chemical contributions still shows an energy gap
between b and x for e/a = 4.22–4.25, indicating the exis-
tence of a thermodynamic driving force for a spontaneous
transition from b to x. This result contradicts current
experimental observations of a shear assisted trans-
formation [5–7].

4.3. Energy barrier of the b to x transformation

As discussed above, when only comparing the free ener-
gies of b and x, the b to x transition is expected to occur
spontaneously even when the elastic contribution and tem-
perature effects are taken into account. In fact, such a com-
parison ignores the energy change of the intermediate
transition states (0 < Zx < 1/6) transiently formed during
the transformation process. If the transformation (from
Zx = 0 to Zx = 1/6) is spontaneous, the energy of these
intermediate transition states should decrease monoto-
nously with the increase of Zx. In order to probe the energy
landscape along the transformation path, ab initio cal-
culations were performed to determine the chemical free
energies of seven intermediate transition states with
Zx = 1/48, 2/48,. . ., 7/48 between the b and x structures.
During the calculations, the lattice parameters of each crys-
tal structure were optimized to minimize the total energy.
Taking Ti-24Nb alloy (e/a = 4.24) as an example, the
change of the chemical energies DFchem with respect to
the b structure for each intermediate structure is shown in

Fig. 5. Lattice parameters of the b and x phases of Ti–Nb alloys at room temperature. (a) Theoretically predicated lattice parameters of the b phase

compared with available experimental data [32–34]. (b) Theoretically predicted lattice parameters of the x phase compared with those of the b phase.

Fig. 6. Elastic and chemical contributions to the free energy difference

between the b and x phases as a function of e/a in the Ti–Nb alloys. (a)

Elastic strain energy DFels determined by ab initio simulations. For

comparison, the DF els
exp determined based on the experimental struc-

tural parameters of b phase [33,35,36] is also included. (b) Chemical

free energy DFchem associated with lattice rearrangement from b to x.

The combination of elastic and chemical contributions is also shown.
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Fig. 7, where the inset illustrates the ð011Þb and ð1210Þx
atomic planes characteristic of the movement of the inner
two atoms (i.e., transformation path). When the inner
atoms move from the positions they occupy in the b phase
to their new positions in the x phase (see Supplementary
Movie which also shows the change of the lattice parame-
ters), DFchem increases first up to a maximum near
Zx = 3/48, and then decreases monotonously until the
transition is finished. This result reveals an energy barrier
of �6.04 meV/atom for the transformation pathway.
Based on the theoretically determined structural parame-
ters, the elastic strain energy DFels of each intermediate
transition state was calculated as well. The elastic con-
tribution slightly enlarges the energy barrier to
�6.30 meV/atom, but contributes only 4% to the total bar-
rier value. Our results also demonstrate that the energy bar-
rier is composition dependent and drops with the decrease
of e/a. When the e/a is 4.14, the energy barrier falls to
�1.87 meV/atom (including the elastic contribution). The
existence of the energy barrier suggests that the b to x
transformation in the above experimentally investigated
composition range (e/a = 4.22–4.24) is not spontaneous
and, hence, requires the contribution of external stimuli.

To this end, thermal fluctuations at around room tem-
perature are not sufficient, although a simple comparison
of the energy barrier and the mean kinetic energy
(�26 meV/atom for room temperature) seems suggestive
of a thermally driven transition. Such a scenario is, how-
ever, ruled out by taking into account the fact that the tran-
sition process requires a highly correlated atomic
movement of a sufficiently large nucleus to form the first
instance of the x phase. The corresponding probability of
this correlated movement to occur (i.e., the product of
the individual probabilities of the atoms to perform a
movement into the specific direction) is negligibly small
when considering the weakly correlated thermal fluctua-
tions. Instead, we have to extend the search to external
stimuli that naturally inherit the type of correlated move-
ment required for the phase transformation.

4.4. Role of atomic shear in overcoming the energy barrier

As displayed in Fig. 7, if there is a local stress moving a

pair of adjacent {211}b atomic planes along the < 111>b

direction by a displacement of Zx = ±3/48, the energy bar-
rier will be overcome and then the transition can occur
spontaneously. Thus, the atomic shear along the

{211}b< 111>b direction can act as an assisting factor.

Indeed, this explains why the {211}b< 111>b twinning
or b to a00 transformation induces a plate-like x phase in
Ti–Nb-based alloys with an e/a range of 4.22–4.24, as
schematically illustrated in Fig. 8. The bcc structure of
the b phase can be generated by a stacking of {211}b
planes. Crystallographically, the {211}b< 111>b twinning
can be referred to as a consecutive shearing of {211}b
planes along the < 111>b direction [37], while the b to a00

transformation involves (i) shearing of atoms in the

< 111>b direction within the {211}b plane and (ii) shuf-

fling of atoms in every other 011b atomic plane [8,38].

Both processes impose a {211}b< 111>b shear stress on
the surrounding b matrix, which assists in overcoming the
energy barrier on the b to x transition pathway and, there-
fore, induces the formation of a sequence of x phases

aligned along the {211}b< 111>b twin boundary or a00/b
interface.

It should be noted that the energy barrier can be over-
come by thermal activation as well if the alloy is subjected
to higher temperature. Normally, the x transformation
start temperature in b titanium alloys is 150–500 °C [24–
27]. For the Ti–35.7Nb–2.01Ta–2.98Zr (wt.%) alloy, a simi-
lar composition as that investigated in this work, in situ
synchrotron X-ray diffraction analyses indicate that the x
phase starts to form at around 200 °C [5]. This explains
the existence of dispersed x phase precipitates in the b
matrix prior to deformation (Subsection 4.1), considering
the long exposure to high temperature during gradual fur-
nace cooling.

Fig. 7. Change of free energy during the b to x transition process in

Ti–24Nb alloy at room temperature. DFchem and DFels are the ab initio

determined chemical and elastic contributions, respectively. The inset

illustrates the start and end structures of the transition process

characteristic of two inner atoms moving from Zx = 0 to Zx = 1/6.

Fig. 8. Schematic representation of the formation of the plate-like x

phase induced by {211}b< 111>b twining and b to a00 phase

transformation. The x phases are located along the boundary between

the b matrix (bM) and b twin (bT) or a
00.
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5. Conclusion

We explain for the first time the critical role that the
{211}bh111ib atomic shear plays for the formation of the
plate-like x phase precipitates in Ti–Nb-based alloys and
reveal the theoretical background and underlying mecha-
nisms. We draw the following conclusions:

� The formation of plate-like x phase along the
{211}bh111ib twin boundary in Ti–Nb-based
alloys with e/a = 4.22–4.24 is independent of the
macroscopic stress state. It is induced by the
{211}bh111ib twinning.

� At room temperature, the x phase is thermodynami-
cally more stable than the b phase for the com-
position range of e/a = 4.22–4.25. The elastic
strain energy introduced by the lattice parameter
mismatch between b and x favors the b phase, but
it is too small to change the relative stability.

� There is an energy barrier on the energetic pathway
of the b to x transition, preventing a spontaneous
transformation, and the {211}bh111ib shear associ-
ated with {211}bh111ib twinning and a00 trans-
formation is critical in overcoming this barrier,
interpreting why twin or a00 induces plate-like x
phase along their boundary.
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