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Abstract: Due to a series of exceptional properties, titanium and titanium alloys have received extensive attention in
recent years. Different from other alloy systems, there are two allotropes and a sequence of metastable phases in
titanium alloys. By summarizing the recent investigations, the phase transformation processes corresponding to the
common phases and also some less reported phases are reviewed. For the phase transformation only involving a and S
phases, it can be divided into f—a transformation and a reverse transformation. The former one has been demonstrated
from the orientation relationship between o and S phases and the regulation of a morphology. For the latter
transformation, the role of the stress has been discussed. In terms of the metastable phases, the mechanisms of phase
formation and their effects on microstructure and mechanical properties have been discussed. Finally, some suggestions

about the development of titanium alloys have been proposed.
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1 Introduction

Over the past 30 years, titanium and titanium
alloys have experienced an unprecedented
development in many fields, ranging from
aerospace industry to biomedical applications [1,2].
Their outstanding combination of high specific
strength, excellent anti-corrosion ability and other
special features has attracted wide attention [1,3].
Unlike other alloys, titanium is an allotropy which
can exist in two phases including a phase with
hexagonal close packed (HCP) lattice structure at
low temperature and f phase with body-centered
cubic (BCC) lattice structure at high temperature.
Therefore, different microstructures can be obtained
by regulating the size, morphology and distribution
of the two phases in various conditions. According
to the geometry of a phase, the microstructures of
o+ titanium alloys can be classified into four kinds:

equiaxed microstructure, bimodal microstructure,
Widmanstitten microstructure and basket-weave
microstructure [2]. RAN et al [4] reported that
the basket-weave microstructure has the highest
strength but the lowest plasticity, while the
Widmanstétten microstructure is the opposite. The
bimodal microstructure has the advantages of the
former two, with the optimal combination of
strength and plasticity. By wunderstanding the
forming conditions of « phase with different
characteristics and their influence on the properties,
the processing—microstructure—property relationship
can be built and thus provides basic guidance
to the further fabrication of titanium alloys with
promising properties.

The p—a equilibrium phase transition can be
achieved by slow cooling from the £ phase field.
The allotropic transition between f and a is the
most common, and most complete phase transition
process in titanium alloys. However, a series of
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metastable phases may also be generated during the
p—o transition, as shown in Table 1. The firstly
generated metastable phase may be £’ phase with
lean S stabilizers through f phase separation [5,6].
Other phases include martensitic a” (orthogonal
structure) [7,8], martensitic o’ (HCP structure)
[9,10], intermediate  phase (hexagonal structure)
[11,12] and some uncommon phases such as FCC
phase [13,14], O' [15,16] and O" phases [17,18].
The crystal structures of the metastable phases are
between the BCC structure of § phase and the HCP
structure of o phase (as shown in Table 1). On the
other hand, the reverse transformation from these
metastable phases to the equilibrium a phase and S
phase can also be achieved under certain conditions.
In reality, the reverse transformation in titanium
alloys is very common, such as the a'"-to-f
transformation [19] and w-to-f transformation [12].

Table 1 Various phases in titanium alloys and their
crystalline structures

Phase Crystalline structure
b Body-centered cubic structure
a Hexagonal close packed structure
b Body-centered cubic structure
o' Hexagonal close packed structure
a" Orthogonal structure
w Hexagonal structure

FCC Face-centered cubic structure
o’ Hexagonal structure
o" Hexagonal structure

In order to improve the mechanical properties
of titanium alloys, all kinds of deformation methods
have been adopted by researchers, including rolling,
compression, forging and so on [20,21]. The
introduction of stress during plastic deformation
inevitably result in phase
transformations, including not only the formation of
equilibrium phases but also the metastable phases
mentioned above [2,21]. Therefore, it is crucial to
understand the phase transformation processes
under different processing conditions and also their
effect on the alloy properties. ZHANG et al [1]
utilized an inevitable presence of interstitial atoms
(O and N) to regulate the microstructural variables
of the a-precipitation at GBs during the
thermomechanical and subsequent heat treatment

would various

processes, and an ultra-high yield strength of
~1800 MPa was achieved by this grain boundary
engineering strategy for a low-cost titanium
alloy [1]. Besides, ZHANG et al [21] acquired a
high density of coherent a'/f phase boundaries via
martensite transformation induced by thermo-
mechanical process and conferred the Ti—2.8Cr—
4.57r-2.5Al alloy a combination of high strength,
ductility and toughness. By elaborate manipulation,
the stress-induced o” martensite transformation
(SIM ") has been controlled by LI et al [7] and
brought a high work-hardening ability together with
high tensile strength (1215 MPa) and uniform
elongation (11%) for Ti—6Al-4V-5.5Cu (wt.%)
alloy. Moreover, it is worth noting that each
processing often involves more than one type of
phase transformation due to the complexity of
titanium alloys. In the study of GUAN et al [22],
stress-induced martensite transformation occurred
during the early deformation stage, causing
significant work hardening. And in the latter
deformation process, o phase nucleated at the
boundaries between " martensite and S phase,
making another peak of work-hardening. Therefore,
it can be found that the metastable phases can act as
the intermediary to induce the formation of a phase.
With the exception of a"” phase, w phase has also
been found to assist nucleation of « phase [11,23].

This review is to describe the recent progress
on phase transformations in titanium alloys in
different processing conditions. The various phases
and their formation mechanisms, and their effect
on microstructure evolutions and mechanical
properties are discussed.

2 Allotropic transformation

2.1 f—a transition

The low-temperature stable a phase in titanium
alloy can be precipitated directly from g matrix
through high-temperature aging process. Because
the high-temperature aging process provides
sufficient driving force for p—a phase
transformation, it is seldom accompanied by the
generation of metastable phase.
2.1.1 Orientation relationship and variant selection

It is generally believed that the orientation
relationship (OR) between o and f phases conforms
to Burgers orientation (OR): (0001),/(110)s and
[1120].//[111]s, as shown in Fig. 1(a) [24]. The
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Burgers OR not only affects the orientation of o
phases, but also affects the morphology of a phases.
It has been shown that the o phase conforming to
Burgers OR is usually lamellar and grows along a
lattice invariant line of (335)s, with a specific habit
plane {334}g0r {11 11 13}4[25].

According to the characteristics of the Burgers
OR between the two phases and the symmetry of
the f matrix, twelve possible o phase variants can
be generated from a single f grain, and several
specific axis/angle relationships are maintained
among the o phase variants within the same f
grain [26]. In general, the formation probability of
these twelve a variants should be equal. However,
in most fabrication process, the probability of
occurrence of one or some specific a variants can
be much greater than that of others. This
phenomenon is known as variant selection [26]. In
recent years, many studies have been carried out on
variant selection during the f—a transformation
through a combination of experiments and
simulations, and the results show that it can occur
in various types of titanium alloys.
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The primary a phase [27], special f grain
boundary [28] and dislocation in f phase [29] are
the main factors contributing to variant selection.
For example, different o variants own different
degrees of elastic self-accommodation when
contacting with each other, and the interfacial
energies are also different for different o variants
when interacting with grain boundaries [30]. It
has been shown that the lamellar o phase in
basket-weave microstructure has a tendency to form
the clusters consisting of three o variants [2]. And
these three o variants have the same (1120), axis
parallel to (111) of the § matrix (Figs. 1(b—d)) [11].
This microstructure is considered to be generated
due to the accommodation of transformation strain
of one variant from others [2]. It is worth noting
that the selection of a phase variant has a negative
effect on the mechanical properties of titanium
alloys such as strength, plasticity and fatigue
[31,32]. BHATTACHARYYA et al [33] analyzed
the effect of the crystallographic misorientation
between two adjacent f grains on variant selection.
The results show that o phase at the grain boundary
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Fig. 1 Burgers orientation relationship between BCC-f phase and HCP-a phase (reproduced with permission from
Ref. [24], Copyright (2017), Elsevier) (a); OIM images of three variants with same (1120), axis parallel to (111) of 8
matrix (reproduced with permission from Ref. [11], Copyright (2009), Elsevier) (b—d); Length of « at grain boundary

and lamellar o with same crystallographic orientation growing into adjacent f grains (reproduced with permission from

Ref. [33], Copyright (2007), Elsevier) (e)
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has a coherent OR with the £ grains on both sides,
and even has the same crystallographic orientation
with the a colonies within both adjacent £ grains
(Fig. 1(e)). Therefore, the o colonies within both
adjacent f grains and a phase at the grain boundary
can be considered as a whole colony with the
increase in crystallographic size compared with the
former one. This increases the effective slip path of
the dislocation during deformation and decreases
the strength and fatigue properties of the alloy [33].

With the exception of classical Burgers OR,
MATSUKAWA et al [24] also concluded several
other ORs between HCP phase and BCC phase,
including Pitsch—Schrader OR [34], Potter OR [35],
Rong—Dunlop OR [36] and Zhang—Kelly OR [37].
The OR between f phase and a phase found in the
as-cast Ti-55511 titanium alloy follows the Potter
OR: {110}4/{1011},, (111)4//(1120), [35]. And the
result shows that the (0001) plane in a phase
deviates ~6° from the {110} planes, while (1011)
plane is closer to the {110} planes [35]. The
Pitsch—Schrader OR, which has a deviation of 5.3°
from the Burgers OR, has also been observed in a
hot-rolled titanium alloy [34]. For the deviation
between Burgers OR and other ORs, it is generally
considered to be the result of alloy concentration
and deformation degree [38].
2.1.2 Spheroidization mechanisms of a phase

The main resource of strength, together with
strain incompatibility and stress inhomogeneity,
in titanium alloys is the hindrance to dislocation
slip provided by a/f interfaces [39]. Therefore,
tailoring the morphology, size and distribution of
o phases in titanium alloys to obtain excellent
mechanical properties by controlling f—a+f phase
transformation is of significant importance and has
been the research focus for a long time. The o phase
usually exists in two forms: the equiaxed o phase
and the lamellar o phase [40]. The latter is a result
of cooling from temperatures above the fS-transus
temperature [40], while the equiaxed microstructure
corresponds to the recrystallization process [41].
Various combinations of lamellar and equiaxed a
phases can form different microstructures with
outstanding mechanical property. ZHANG et al [1]
reported that the ultra-high yield strength of a
low-cost duplex titanium alloy can be enhanced to
~1800 MPa by hierarchically heterogeneous
microstructure  composed of  micron-scaled
primary a, nano-scaled secondary a and ultrafine

Widmanstitten a phases in the f-matrix. Another
hierarchical nanostructure consisting of uniformly-
distributed and micro-sized o precipitates was
obtained in Ti-185 alloy with the yield strength of
1655 MPa by DEVARAJ et al [42].

Different from the formation of the lamellar a
phase, obtaining equiaxed a phase requires large
enough plastic deformation in the a+f region and
subsequent annealing. In other words, the formation
of equiaxed a phase involves the spheroidization of
the lamellar o phase. The spheroidization of
lamellar a can be divided into two processes: the
dynamic spheroidization during deformation and
the static spheroidization during heat treatment
[3,43—45]. By considering various conditions of
deformation and heat treatment, spheroidization
process is extremely complicated since the dynamic
and static processes overlap. The dynamic
spheroidization is an essential microstructure
evolution behavior during the thermomechanical
process occurring in titanium alloys. A series of
investigations referring to dynamic spheroidization
of lamellar structure have been carried out, and
mainly focus on the microstructural evolutions, the
spheroidization mechanisms and the influences of
spheroidization on mechanical properties [44,46].
Until now, various spheroidization mechanism
models have been proposed including boundary
splitting model, edge spheroidization model,
laths  shearing model, continuous dynamic
recrystallization model and so on [47—51]. For the
boundary splitting model, the lamellar a phase
experiences shear deformation firstly due to the
external force, and some grain boundaries slip to
produce unstable interfaces. Since the unstable
interface has high energy, the element diffusion is
easy to occur at high temperature, resulting in the S
phase wedging into the lamellar a phase, forming a
new a/f interface, and the lamellar structure will
isolate a spherical structure to achieve the purpose
of spheroidization. Similarly, the diffusion of
[-phase stabilizing elements into lamellar o phase
from the high-energy defects were also found in
edge spheroidization model [52]. Different from the
former two models, the function of § phase is not
shown for laths shearing model [48].

Although the mechanisms are different,
according to the characteristics of dynamic
spheroidization, the process can be divided into
three stages: the formation of high-energy
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structures, the instability of lamellae induced by
the high-energy structures, and the coarsening
process [47]. The existence of the first stage
indicates that the occurrence of spheroidization
needs a preparation stage. In fact, the dynamic
spheroidization of lamellar o occurs only when the
strain of specimens reaches the critical point [53].
SEMIATIN et al [53] reported that the critical strain
of dynamic spheroidization was approximately
0.75—1.0 when the Ti—6Al-4V titanium alloy with
lamellar microstructure was deformed at 815 and
955 °C with the deformation rate of 0.001 s!. The
lamellar o of titanium alloy owns excellent stability,
and thus it is not easy to obtain the complete
spheroidization microstructure only by dynamic
spheroidization [54]. Therefore, heat treatment after
deformation to achieve static spheroidization has
become an important way to obtain the complete
spheroidization structure. ZHEREBTSOV et al [51]
reported that the spheroidization mechanisms would
change corresponding to the temperature. They
conducted the heat treatment at 600 and 800 °C on
the Ti—6Al—4V alloy after isothermal compression
and found that at 800 °C, the fragmentation of
lamellar & was caused by boundary splitting
mechanism. However, at 600 °C, the continuous
dynamic recrystallization and static recrystallization
were the main mechanisms to determine the
microstructure evolution [51].

2.2 a—p transformation

Apart from the phase transformation from
f—a, the reverse transformation from S phase to a
phase has also been investigated widely. Commonly,
the a—f phase transformation is the result of
raising the temperature from a or o+f region to S
phase region. This process is determined by the
diffusion transfer of slow f-phase stabilizing
elements, such as V and Mo atoms, from a to f. It
is worth noting that the a—f phase transformation
can also be affected by various conditions similar to
the f—a phase transformation. According to the
conventional kinetics theory for the diffusion-
controlled phase transformation, the
transition should be slower than the temperature
rise with the increase in heating rate [55]. Therefore,
the p-transus temperature shows an increase
trend with raising the heating rate. However, ZHOU
et al [15] found the f-transus temperature dropped
by 50 °C during the research on the a—f phase

reverse

transformation via electropulsing treatment. This
phenomenon is the result of the action of stress,
including thermal and mechanical stress.

The phase transition is a transformation
process of two energy systems. From the
perspective of dynamics, the phase transition
requires a certain driving force. The driving force of
the phase transition without the function of strain is
the free energy difference generated by the two
phases when the temperature is changed. However,
in the thermal deformation process, the work done
by the deformation stress may provide driving force
for the phase transition. In addition, since the
diffusion conditions and distribution characteristics
of solute elements during the deformation process
are different from those in the non-deformed
process, the two-phase equilibrium state is changed,
which may promote or inhibit the phase transition.
The tensile deformation of Ti—5.5Al-1Fe alloy at
1050—1200 K was carried out by KOIKE et al [56],
and it was found that Fe element was redistributed
in the o and S phases under the action of stress. Due
to the change of Fe element distribution, the free
energy of the two phases was changed, and the free
energy increased for the o phase and decreased for
the f phase, thus promoting the a—f transition.
Some studies have also shown that the a—/f phase
transition in titanium alloys can be inhibited under
certain stress. LIU et al [57] found during the
forging deformation process of Ti—1.5Fe—2.25Mo
alloy below the pf-transus temperature, the
transformation degree from a to f decreased
obviously with the increase in the deformation
degree. They reported that the energy stored during
deformation process can phase
equilibrium state, resulting in the restrictions of
a-to-f transformation.

change the

3 Metastable phase transformation

It has been found that a series of metastable
phases can precipitate from the f matrix, such as
b, a', a", w, O, O" and other phases, by regulating
the stability of S phase
under different heat-treatment and deformation
conditions.

in titanium alloys

3.1 ' phase transformation
Recently, a new avenue has been opened up by
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chemical boundary engineering for the production
of hierarchically heterogenecous microstructures in
alloys, including magnesium alloys and steels. By
using chemical discontinuity within continuous
lattice regions (such as spinodal decomposition
structure), excellent combinations of strength and
ductility can be achieved [58,59]. Spinodal
decomposition refers to the process of spontaneous
separation of a homogeneous phase into two or
more coexisting phases with the same crystal
structure but different compositions through
non-nucleated uphill diffusion. In fact, phase
separation based on spinodal decomposition
mechanism has been observed in a variety of
titanium alloys, especially for metastable pS-Ti
alloys [60,61]. This results in the formation of two
solid solutions: the S phase with more f-stabilizers
and the B’ phase with less f-stabilizers. The two
phase are sometimes named as £ and f, [6]. In
addition, the interface between f phase and ' phase
is coherent.

In terms of distinguishing the two phases,
X-ray diffraction (XRD) and transmission electron

400°C/4h

375 38,0 8.5 390

Intensity (a.u.)

e

I
]
I
I
1
L

L

30 35 40 45 S0 55 60 65 70 75 80 85 90
2 0 (degrees)

(11218
/[121];3

(11BN (2111

100
A AR

microscopy (TEM) analysis are considered to be
the effective ways [2]. AFONSO et al [62] adopted
monochromatic synchrotron radiation to obtain the
XRD pattern of aged Ti—35Nb—7Zr—5Ta alloy, as
shown in Fig. 2(a). It can be seen that an apparent
peak split exists at the (101) diffraction peak,
meaning the occurrence of S phase separation.
Combined with other characterizations, AFONSO
et al [62] pointed out that the splitting of diffraction
peak was caused by the lattice parameter distortions
induced by the composition fluctuations of heavy
elements (Ta and Zr). TEM observations were
conducted by YANG et al [5] on a metastable S
titanium to study the phase transformation referring
' phase, and some of the results can be seen, as
shown in Figs.2(b—e). In Fig.2(b), HAADF
(high-angle annular dark-field)-STEM (scanning
transmission electron microscopy) image of the
striation structure was obtained, and the contrast
difference means the alternate distribution of S
phase and g’ phase. Energy dispersive spectrometer
(EDS) results of the formed striation structure show
that the segregation of V and Ti elements occurred

Z=[012]

Fig. 2 XRD pattern of Ti—35Nb—7Zr—5Ta alloy (reproduced with permission from Ref. [62], Copyright (2010),
Elsevier) (a), HAADF-STEM image of striation structure in Ti—4.5A1-4.5Mo—7V—1.5Cr—1.5Zr alloy (reproduced with
permission from Ref. [5], Copyright (2024), Elsevier) (b); EDS maps of region framed by dotted white line in (b)
(reproduced with permission from Ref. [5], Copyright (2024), Elsevier) (c, d); Interface of § and £’ in (b) (reproduced
with permission from Ref. [5], Copyright (2024), Elsevier) (e); TEM images of aged Ti—40Zr—12Ta alloy (reproduced
with permission from Ref. [6], Copyright (2023), Elsevier) (f, g)
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in f phase and ' phase (Figs. 2(c, d)), respectively.
Besides, the atomic structure of a coherent f/f’
interface can be observed in Fig. 2(e) along [111].
And the integrated intensity of atomic columns
along the white line from £’ phase to f phase was
plotted in the inserted image, and shows a gradual
intensity change in accordance with the result of
AN et al [63]. The phenomenon of S phase
separation was also found by XIAO et al [6] in a
Ti—40Zr-12Ta alloy. TEM bright field image
showing two phases with different contrasts and the
corresponding selected area electron diffraction
(SAED) pattern with the splitting of diffraction
points can be seen in Figs. 2(f) and (g), respectively.
Both of the observations indicate the occurrence of
spinodal decomposition, but it is worth noting that
the spinodal decomposition takes place in certain
conditions. It was observed that the spinodal
microstructure existed only in the temperature
range of 500—700 °C in the TZT12 alloy, and when
the temperature arose to 800 °C, it disappeared.
This is probably related to the miscibility gap
region of the Ti—Zr—Ta phase diagram [64]. Apart
from XRD and TEM analyses, energy-dispersive
X-ray spectroscopy is another way adopted by
GEORGE and DIVAKAR [65] to quantificationally
confirm the compositional fluctuations existing in
Ti—15Mo alloy.

The occurrence of spinodal decomposition also
has a certain effect on other phase transformation
processes. As a metastable phase with segregation
of f-phase stabilizing elements, 5’ phase has been
considered as the precursor for the generation of
other phases, such as w phase [61] and o phase [66].
It should be concerned with the gradient strain at
the p/f’ interface. The f/f' interface can provide

o>

ST Forged
- \

® Striations

Short oy, Longo, «

stress field for the atom diffusion to accelerate the
phase transformation [60,61]. DEVARAJ et al [67]
investigated the sequential f-phase separation and
subsequent structural transformation from Mo-
depleted f regions to w phase. They pointed out that
the strain existing at f/f' interface can provide
driving force for the plane collapse during w
nucleation process, and act as preferential sites
for diffusion (e.g. solute lean region) to aid w
transformation. In fact, the @ phase has been proven
to directly or indirectly assist the nucleation of a
phase [68]. YANG et al [5] reported that, at the
beginning of aging, ' phase, w phase and as phase
existed together. With long-time aging, as phase
gradually nucleated and grew up with the decrease
in the size of B/’ striation structure and @ phase.
Finally, striation structure and w phase disappeared
with the only presence of as phase, as shown in
Fig. 3. With the exception of assisting a nucleation
under the help of @ phase, 5’ phase has also be
found to directly aid the formation of a phase. ZHU
et al [66] observed the nucleation of a phase
occurring at the pf/f' interface and subsequent
growth of the a phase into the §’ phase.

p' phase plays an important role in the
mechanical properties of titanium alloys. By
considering the interface between S phase and S’
phase, the boundary strengthening effect can be
achieved through the pile-up of dislocations at the
interfaces. The f-spinodal structure with an average
width of ~122.6 nm was calculated to provide
~165.7 MPa increment in the tensile yield stress [5].
In fact, the strength increment spinodal cOmes from
two contributions [69]: (1) the misfit effect 7. from
the coherency stress resulted by the periodic
variation of the lattice constant, and (2) the modulus

Sub-grain
p  boundary

Fig. 3 Schematic diagram of phase transformation pathways in aging process referring to S’ (reproduced with

permission from Ref. [5], Copyright (2024), Elsevier)
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effect 7g came from the change of elastic moduli
related to the composition modulation. Therefore,
the reinforcement of the spinodal structure can be
calculated by utilizing the formula [70,71]:

AnE  0.65AGb
2(1-v) A

Tspinodal :Ts +TG = (1)

S

where A4 is the amplitude of compositional
fluctuation, # is the variation of the lattice constant,
E 1s the elastic modulus, v is the Poisson’s ratio, AG
is the difference in shear moduli between £ and £’
striations, b is the magnitude of Burgers vector,
and /s is the wavelength of the spinodal structures.
Moreover, f' phase can indirectly affect the
mechanical properties of titanium alloys via playing
a role in various phase transformations mentioned
above [60,70]. By considering the influence of g’
phase on microstructural evolutions and mechanical
properties of titanium alloys, it is essential to
further study the specific mechanisms of S’ phase
transformation and try the best to control the phase
transformation process to strengthen the materials.
The existence of S’ phase can also bring about
outstanding plasticity. The periodically spaced
stripe structure in a HfNbTiV alloy reported by
AN et al [63] can act as hurdles to change the slip
mode of the dislocations and result in a high tensile
strain to failure (28%).

3.2 a’ and o'’ phase transformation

The martensite transformation in titanium
alloys refers to the transformation from S phase to
martensite phases, including HCP ' phase and
orthogonal a" phase. The formed o' and o phases
are both supersaturated solid solution. These phase
transformations without element diffusion are
caused by atomic shear with rapid transition speed.
In fact,
intermediate process of the f—a transformation,
and the generated martensite phase is determined
by the lattice resistance related to the content of
p-phase stabilizing elements. For the titanium alloys
with less f-phase stabilizing elements, the o’ phase
will be formed. However the " phase will be
obtained in the titanium alloys with more f-phase
stabilizing elements [72]. The occurrence of
martensite transformation needs high supercooling
or mechanical stress. In other words, the generation
of a' and a" phases tends to take place in quenching
and various deformation processes [2]. The phase

the martensite transformation 1s an

transformation induced by deformation is called
stress-induced martensitic transformation (SIMT)
[8,10]. This phenomenon was first discovered in the
transformation-induced plasticity steel [73]. During
the deformation of the steel, the residual austenite
was transformed into martensite, and the volume
change resulted by the phase transformation
consumed certain applied stress, and thus improved
the fracture toughness of the steel. Similarly, the
generation of a’ and a" phases induced by applied
stress can also relieve stress concentration in
titanium alloys [73,74]. NIINOMI et al [73]
reported that SIMT phenomenon was an effective
way to improve the fracture toughness of
Ti—6Al-4V alloy and SIMT also improved the
fracture toughness of Ti—10V—2Fe—3Al alloy [74].

The o' phase tends to appear in near-a or a
titanium alloys, having the same crystal structure as
o. phase [75]. Typically, both a and a’ phases keep
the Burgers OR with f phase as (0001)wq//(110)g,
[1120]wa//[111]5 [38]. In addition, there may be
other ORs for a/a' phase and f phase, such as
Pitsch—Scharder OR [24]. Therefore, it is difficult
to distinguish a phase and o' phase by general
detection and characterization. However, the
difference of generation conditions is considered as
an usual way to distinguish the two phases [2]. The
crystal structures of a” phase and a phase are
different, so the distinction between the two phases
is easy to observe during the detection and
characterization [7]. And the OR between o' phase
and S phase is (001),//{110}4, (100),//{100)s [76],
different from both a phase and o’ phase.

3.2.1 Stress-induced martensite

There are two types of martensitic phase in
titanium alloys, including the stress-induced
martensite and athermal martensite, obtained from
the metastable f phase by deformation and cooling,
respectively [8]. The formation of isothermal «'
and o" phases were also reported recently during
isothermal aging [77].

By considering the formation of stress-induced
martensite (SIM), there are many affecting factors
including deformation temperature,  phase stability,
[ grain size, strain rate and so on [78]. According to
the Clausius—Clapeyron equation [79], the higher
the deformation temperature, the greater the SIM
phase transformation critical stress. Additionally,
the f phase stability can also be enhanced by raising
the deformation temperature, causing the difficulty



Chang-chang LIU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3093-3117 3101

in inducing the SIM. XU et al [78] studied the
deformation mechanism of a Ti—-Nb—Ta—In/Cr alloy
during the deformation process, and found that the
J phase stability of the alloy was also changed with
the change of alloy element content, which led to
the change of alloy deformation mechanism. The
results show that in the Ti—Nb—Ta—In alloy with
low p phase stability, multiple deformation
mechanisms including stress-induced martensitic
transformation, twinning and dislocation slip exist,
while dislocation slip is the only deformation
mechanism for Ti—-Nb—Ta—Cr alloy with high /S
phase stability. The size of the f grains also has a
large influence on the stress-induced martensitic
phase transition. BHATTACHARIJEE et al [80]
found that the larger the £ grain, the lower the
critical stress of the SIM phase transition. However,
it has been found in the as-solution treated
Ti—10V-2Fe—3Al alloy that the critical stress
of a" martensite generation increased from 290 to
533 MPa with the grain size increasing from 130 to
300 um [80]. This is mainly because the effect
curve of grain size on the critical induced stress of
martensite has a U-shape, indicating that the critical
stress reaches a minimum value at an intermediate
point [81]. Strain rate is also an important
parameter affecting the SIMT. AHMED et al [20]
found that at low strain rate (107 s'), the main
deformation mechanism was related to the SIM-a”
phase. At a moderate strain rate (107! s™!), the main
deformation mechanism involved the competition
between the SIMT and {332}(113) twinning.
However, at the high strain rate (10 s™!), {332}(113)
twinning was the only dominant mechanism
due to high strain rate providing a high density
of dislocations that promoted twinning while
suppressing the SIMT.

The SIMT has been verified to affect the
mechanical properties of titanium alloys by various
ways [8,82]. JIA et al [8] found the presence of
SIM-a' resulted by the tensile deformation with 4%
strain in a quenched Ti—2.8Cr—4.5Zr—5.2Al alloy.
Though the SIM sometimes would sacrifice the
yield strength for titanium alloys, it can act as the
intermediary to form other structures to strengthen
the materials. In the work of JIA et al [8], the
lamellar SIM-a" finally transformed into the
ladder-like o5 during the subsequent aging process,
resulting in the increase in both yield and tensile
strength. Besides, the SIM can also cause a

significant improvement in the ductility of titanium
alloys. For example, an outstanding combination
of high tensile strength (~1 GPa) and uniform
elongation (>38%) was achieved under the function
of SIM-a" in a metastable titanium alloy [82].

Similar to a phase, the martensites including o’
phase and a" phase also have various variants
which can cause remarkable effect on the
performance of titanium alloys [9,83]. In fact, there
are several studies reporting the reorientation
induced plasticity (RIP) of martensite in titanium
alloys [9,83]. DUMAS et al [9] investigated the
reorientation behavior of a' martensite, and the
reconstructed variants can be seen in Fig. 4(a). In
their work, it was shown that RIP was induced by
the movement of an unusual twin interface among
martensite variants in the same self-accommodating
groups. And it was the first one to prove that the
motion of twin interface occurs not only in the "
martensite, but also in the o’ martensite. Moreover,
during the deformation, there are also some
substructures forming in the SIM [10]. It can be
observed in Figs. 4(b, c) that both the deformation
twins and stacking faults were generated within
the SIM-a, resulting in the combined effect of
transformation induced plasticity and twinning
induced plasticity on the strain hardening [10].

In addition, it is worth noting that there is a
special feature that can be found from the
strain-stress curves like Fig. 4(d) [22]. Different
from general strain—stress curves, these curves have
two yield points and the phenomenon is called
double-yielding effect. In fact, the first yield point
is caused by the generation of SIM and the second
yield point is related to the common plastic
deformation of matrix [84]. GUAN et al [22]
investigated the deformation mechanisms of
different deformation stages with the adiabatic
shear band, and the related mechanisms can be
seen in Fig. 4(e). During the tensile process, the
accumulation of the stress induced the formation
of SIM-a" corresponding to the first plateau of
strain—stress curve and the a” deformation twins
were subsequently introduced to accommodate the
transformation strain. Finally, the o phase nucleated
at various high-energy boundaries with the «
twinning being induced subsequently, and the
microstructure reached dynamic equilibrium.

3.2.2 Athermal martensite
Except for SIM, athermal martensite obtained
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by water quenching also plays an important role in
breaking the strength—toughness trade-off dilemma
for titanium alloys [21]. It is known that the
precipitation of o phase with dense a/f interfaces
can significantly strengthen the titanium alloys, but
together with the drop in ductility and toughness
[85]. The reason for this condition is that when
plenty of dislocations piled up at the semi-coherent
o/f interfaces, severe stress concentrations can be
caused, thus resulting in the failure of materials.
To avoid this dilemma, ZHANG et al [21]
introduced a great number of three-ordered
athermal o' martensite with coherent o/f interfaces
(Figs. 5(a—d)), and the results show that the
hierarchical nanomartensite microstructure owns an
outstanding combination of ultimate tensile
(~1411 MPa) and elongation (~12.1%). It is worth
noting that different from the brittle o' martensite,
orthorhomibic a"” martensite is softer. Though the
introduction of a"” martensite would reduce the
yield strength, it can also bring higher ultimate
tensile strength [7]. The extraordinary strain-
hardening ability of athermal a” martensite was

adopted by LI et al [7] to reduce the risk of cracking
during subsequent cold deformation. This
characteristic of a” martensite provides an effective
solution for the with  high
deformation resistance at low temperature.
3.2.3 Isothermal martensite

As for the isothermal o” phase, it has been
received extensive concern as a key precursor to
form stable equilibrium « and £ phases [86,87]. An
isothermal a" phase was observed in a metastable
titanium alloy after isothermal aging [88]. Different
from the forming mechanism related to the
nucleation from SIM and athermal martensite,
TAHARA et al [88] found that the isothermal o”
phase was formed due to the upset of balance
among nanodomains, which had suppressing effect
on the generation of martensite [89]. In fact, the
formation of isothermal a” phase referred to a
short-range atomic rearrangement, and the
composition change was not found in the
transformation from isothermal a” phase to a
phase manifesting with no relation to precipitation
and spinodal decomposition [89]. Actually, various

titanium  alloys
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(2024), Elsevier)

pathways leading to the precipitation of o phase
induced by diffusion-based isothermal o” phase
were reported by researchers [8,90]. It can be seen
from Figs. 5(e, f) that the transformation from
isothermal «” phase to ladder-like secondary o
phase occurred with the help of stacking faults
during the aging process in Ti—-3Al-5Mo—4.5V
alloy [8]. And it was found that the critical structure
is the interface of a” phase and f matrix with
chemical composition fluctuation and stress
gradient which can act as the sites for the nucleation
of a phase [91].

3.3 w phase transformation
3.3.1 Classification of @ phase

The @ phase is also a common metastable
phase in titanium alloys. Figure 6(a) shows the
schematic illustrations of the transformation from
p to w [92]. It is clear that the transformation is
related to the collapse of {111} planes. Specifically,
during the f to w transformation, the first and fourth
{111} planes keep unchanged with the middle two

planes collapse and form a new plane. And the
presence of @ phase is usually verified by the extra
diffraction points at 1/3 and 2/3 {112}; locations
along [113]s zone axis, as shown in Fig. 6(b) [92].
Similar to o’ and a"” martensites, w phase can
also be classified into three types according to the
formation conditions: athermal w phase, isothermal
@ phase and stress-induced @ phase [2]. The
athermal w phase induced during quenching process
usually appears as small ellipsoid (as shown in
Fig. 6(c)), which is clearly different from the o' and
o” martensite phases with lath-shaped morphology
in titanium alloys [93,94]. Because the formation
of athermal ® phase via atomic shuffling is
diffusionless and displacive, the athermal w phase
possesses the same composition with £ matrix [95].
The formation of isothermal @ phase in aging
process is considered as a diffusion phase transition,
resulting in a certain difference of the composition
between isothermal @ phase and S phase [96].
Therefore, the isothermal w phase can be achieved
from the athermal w phase by long-time aging [97].



3104 Chang-chang LIU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3093-3117

N
(|T0)|;“
47010)? P

e (1010)0 —

w; *
- \!
w,Ove °,

[110]B zone axis

'
»

P
e

-

-

s @

g 2o+ |8

Fig. 6 Schematic illustrations of transformation from f phase to @ phase (reproduced with permission from Ref. [92],
Copyright (2017), Elsevier) (a); SAED pattern showing reflections of @ phase at 1/3 and 2/3 {112} (reproduced with
permission from Ref. [92], Copyright (2017), Elsevier) (b); Dark-field (DF) TEM images of w phase with various sizes
and morphologies of small ellipsoidal (reproduced with permission from Ref. [94], Copyright (2017), Elsevier) (c),
ellipsoidal (reproduced with permission from Ref. [94], Copyright (2017), Elsevier) (d), cubic (reproduced with
permission from Ref. [94], Copyright (2017), Elsevier) (e) and lath-like shape (reproduced with permission from

Ref. [105], Copyright (2013), Elsevier) (f)

But unlike the conventional nucleation and growth
mechanism, isothermal « phase can grow rapidly
even at low temperature [98]. Determined by the
lattice misfit, the shape of isothermal w phase has
two types: ellipsoidal shape for low lattice misfit
systems obtained from short-time aging and cubic
shape for high lattice misfit systems obtained from
long-time aging, as shown in Figs. 6(d, e) [94].
These two kinds of w phases tend to distribute
dispersedly in the § matrix, resulting in the increase
in strength and decrease in plasticity [99,100].

Different from the former two types, the
stress-induced @ phase usually has the lath-like
shape (Fig. 6(f)) and provides the improvement in
mechanical properties for titanium alloys by
transformation induced plasticity effect [101,102].
Moreover, due to the similar atomic shear, the
stress-induced @ phase is usually generated
accompanied with the formation of {112}(111)
twins [103], causing the zigzag configuration of S
twins and stress-induced @ phase [104,105].

Furthermore, a w-like structure named

embryonic @ can also be found in f§ phase before
the formation of isothermal @ phase with the
evidence of diffuse streaks in diffraction patterns
[106,107]. The occurrence of this phenomenon is
considered to be an energy-consuming process
with the lattice strain reconstruction helping the
subsequent generation of w phase [106]. Therefore,
the continuous growth of embryonic @ can be
viewed as another formation mechanism of w
phase, which needs to be studied further [108].

3.3.2 New insights into o phase transformation

During the further studying of w phase and its
related transformation, there are new insights
referring to the embrittlement mechanism [109],
diffusionless isothermal w transformation [110] and
SO on.

It is worth noting that though the precipitation
hardening effect of w phase is remarkable, its
inevitable brittleness would also bring about
innegligible issue [109]. Therefore, w phase needs
to be avoided in the final state, especially for
the engineering materials. And the corresponding
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mechanisms of w phase embrittlement has been
widely investigated since 1970s [111,112]. In these
early studies, the embrittlement is attributed to the
high volume fraction of @ particles in the f matrix
impeding primary slip, which promoted secondary
slip around each w particle and finally resulted in
the interparticle fracture of w particles [99,100]. It
can be noted that the w particle is considered to be
non-deformable. Afterwards, it is revealed that the
dislocation can shear the w particle, inducing the
formation of slip bands [111,112]. These researches
ascribed the embrittlement to the high stress
concentrations within the slip bands, promoting the
crack nucleation [111,112]. It can be concluded that
a high volume of w phase is considered as the key
factor to embrittlement in previous studies.

However, there are reports revisiting the
embrittlement mechanism of @ phase [82,109].
SUN et al [82] demonstrated that for a Ti—12Mo
alloy already containing ductile-w phase, its
ductility is reduced significantly after an aging
treatment at 250 °C for 1 min. During aging at such
a low temperature with a short time, the volume
fraction kept unchanged basically. Therefore, this
ductile to brittle transition may be related to the
short-range changes of composition. In fact,
obvious elemental partition has been observed in
o particles during aging [94,109]. LAI et al [109]
reported that the embrittlement was caused by the
obvious rejection of Mo element from the
particles during aging, resulting in a significant
increase in shear modulus (>30 GPa) and thus
promoting crack nucleation due to the localization
of flow stress.

Diffusionless isothermal @ transformation is
another newly reported observation in recent
years [110,113]. Actually, in titanium alloys
containing f-phase stabilizing elements, inevitable
compositional fluctuations tend to exist, resulting in
the formation of local unstable regions [113,114].
These unstable regions can further induce the
diffusionless isothermal w without the occurrence
of athermal w transformation due to the stable state
for the entire f matrix. It is known that for the
diffusionless isothermal @ transformation, the
kinetics is determined by two processes: dynamic
atomic shuffling and a nucleation process. And
during the first process, a temporary @ structure can
be achieved and then transform into diffusionless
isothermal w phase [113].

3.3.3 Effect of w phase on mechanical properties

Though the high hardness and brittleness
features make w phase detrimental to the
mechanical properties of titanium alloys, the w
phase can act as the medium to assist the uniform
and diffuse nucleation of a phase [115,116].
Therefore, the @ phase can improve the mechanical
properties of titanium alloys indirectly by
regulating the morphology, size and distribution of
o. phase. LI et al [98] revealed the transformation
pathways from embryonic w to isothermal w phase
and finally to a phase during a long-time aging.
From Fig.7, it can be seen that the whole
transformation can be divided into four steps:
(1) initially, the spinodal decomposition occurs in
S matrix followed by structural reconstruction,
forming the embryonic w (Fig. 7(2)); (2) when the
size of embryonic w reaches a critical point, a
diffusive mode will be activated to cause a change
in chemistry, resulting in the formation of
isothermal @ phase (Fig. 7(b)); (3) the formed
O-rich regions at the isothermal w/f interfaces can
be the preferential nucleation sites for o phase
(Fig. 7(c)); (4) further diffusion between o and S
phases driven by the fast lengthening kinetics
enlarges the size of a phase (Fig. 7(d)). Similar
w-assisted a nucleation was observed in a water-
quenched TBI18 alloy [117]. Based on this, it is
reasonable to obtain a uniformly dispersed «
phase with outstanding combination of strength
and ductility. MANTRI et al [118] significantly
improved the ultimate tensile strength of a f-
titanium alloy from ~1 to 2 GPa utilizing the
precursor @ phase. Besides, appropriate w-assisted
nucleation was adopted by ZHANG et al [117] to
suppress the development of continuous grain-
boundary a phase and cause the refinement of a
lamellae within § grains, resulting in high ultimate
tensile strength (~1364 MPa) with excellent
ductility (~6.7%).

3.4 FCC phase transformation

In recent research reports, it was found that a
phase transformation, from the initial HCP structure
to the metastable FCC structure, can be induced in
high-purity titanium alloys and o-titanium alloys
[119,120]. Due to the excellent deformation ability
of FCC structure and the transformation induced
plasticity, it is feasible to introduce FCC phase
in titanium alloys to improve the plasticity of
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materials [121]. Therefore, it is important to explore
and understand the mechanism of HCP—FCC
phase transformation under different conditions. As
far as we know, the transformation from HCP phase
to FCC phase occurs in several conditions including
solidification [122,123], deformation [119,124], and
heat treatment process. In essence, the formation of
FCC phase is induced by mechanical stress or
internal thermal stress [125,126]. And the forming

mechanisms are related to the gliding of Shockley
partial dislocations on every other {0001} planes in
HCP matrix (Fig. 8) and pure-shuffle/shear-shuffle
of atoms [127].

The lamellar FCC structures has been
observed after the impact test by HUANG et al
(Fig. 9(a)) [14]. From Fig.9(b), it can be seen
that the orientation relationship between FCC
and « phases obeys: {0001},//{111}¢cc and (1120),//
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Fig. 9 TEM image of deformed titanium alloy showing presence of FCC structure (reproduced with permission from
Ref. [14], Copyright (2024), Elsevier) (a); High-resolution TEM image and inserted FFT image of FCC phase and o
matrix (reproduced with permission from Ref. [14], Copyright (2024), Elsevier) (b); Enlarged atomic image (c) of (b)
and relative strain (exx) map (d) of labeled region in (e) (reproduced with permission from Ref. [14], Copyright (2024),
Elsevier); DF images of HCP a phase (¢) and FCC substructures (f) in £ titanium alloy (reproduced with permission

from Ref. [13], Copyright (2022), Elsevier)

(110)rcc with a coherent interface, as shown in
Fig. 9(c). Besides, the corresponding geometrical
phase analysis (GPA) image (Fig. 9(d)) has also
been obtained, showing a severer strain distribution
of FCC phase compared to the o matrix. This is
considered to be related to the mismatch of lattice
between the two phases [14]. Though FCC phase
tends to be found in pure titanium and o-titanium
alloys, it has also been observed in some f titanium
alloys [13]. In these alloys, FCC phase is viewed as
substructure in lamellar a phase, as shown in
Figs. 9(e, ) [13].

It is worth noting that the a phase and FCC
phase have two kinds of ORs in titanium alloys
including basal plane type (B-type) and prismatic
plane type (P-type) [119,120]. The former OR is in
accordance with the OR shown in Fig. 9(b), while
the latter one can be described as {1010}/
{110}rcc and (0001)4//(001)rcc [125]. Similar to
other phases in titanium alloys, FCC phase also
has various variants. According to the OR types of
o phase and FCC phase, the features of FCC

variants including the spatial morphology and
crystallographic orientation distributions have
been concluded by HU et al (as shown in
Figs. 10(a, b)) [128]. It can be known that the two
B-type FCC variants show a parallel relationship
with each other (Fig.10(a)) and the atomic
structures are mirror-symmetric. However, for
the P-type FCC phase, the three variants tend to
display as 60°//[001]gcc relationship as shown in
Fig. 10(b).

The FCC phase formation during HCP-a—
FCC transformation also has an indispensable effect
on the mechanical properties of titanium alloys. It
has been found by LI et al [121] that the existence
of FCC structure has an obvious promoting effect
on the improvement of ductility in a hot-rolled
near-f titanium alloy. HUANG et al [14] pointed
out that the transformation from o phase to FCC
phase may have a similar effect on deformation
twinning during the plastic deformation of a
titanium alloys. This is mainly because of the
shearing displacement caused by a pure-shuffle
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movement of several atomic layers [129] and more
slip systems of FCC phase compared with the a
matrix [130].

Besides, BAI et al [130] studied the
deformation behavior of FCC bands during rolling
process for high-purity titanium alloy. The results
uncover two deformation paths with different
modes under various rolling reductions, as shown
in Fig. 10(c). One of the deformation paths can
be seen in Stage (i), showing the FCC—HCP-a
transformation activated by increasing the strain.
Another deformation path is depicted as Stage
(i))—(v): (1) initially, the sliding and rotation of
interphase boundary occurred, resulting in the
non-coherent interface between HCP and FCC
phases from semi-coherent interface; (2) with the
increase in deformation strain, shearing, bending
and kinking processes were observed to exist
separately or compositely, resulting in the
fragmentation and spheroidization of FCC bands.
Finally, under the function of two deformation
paths, the excellent capacity of plastic deformation
can be achieved due to the combination effect of
spheroidization and phase transformation as shown
in Stage (vi) [130]. A strain partition was also found
between lamellar FCC substructure and multi-scale
distributed a phase by ZHU et al [131] together
with excellent integrative properties including high
tensile strength and ductility.

3.5 O’ and O" phase transformation
It is well known that the formation of o' and a”

phases is a combination process of a partial shear
and subsequent shuffle [2,132]. The interesting
phenomenon is that when the order of shear and
subsequent shuffle process is reversed, the phase
transformation can be intermitted before the
occurrence of shear process with the existence of an
unusual metastable phase [133]. This metastable
phase with orthorhombic lattice structure is called
O' phase [16,133]. A series of researches have been
conducted on the identification and formation of
O’ phase [16,134]. ZHENG et al [16] verified
the presence of O' phase by the atomic scale
characterization, as shown in Figs. 11(a—c). It can
be seen that a {110}(110) shuffle occurred in S
matrix, resulting in the formation of O’ phase
(Fig. 11(a)) with extra diffraction points (as shown
in Figs. 11(b, ¢)). Some other reports show that
when the concentration of some elements (e.g. Mo,
Zr, and Al) reaches a certain value, O’ phase can
be induced and the formation process can be
accelerated by the addition of O solute atom [134].
As a metastable phase, O’ phase also plays an
important role in the microstructural evolutions
during transformation process and thus affects the
mechanical properties of titanium alloys. For
example, a continuous f—O'—a"” transformation
process has been found by LIANG et al [133], as
shown in Figs. 11(d—g). Observations of the
microstructure in a solutionized and quenched
Ti2448 alloy were conducted to confirm the
occurrence of f—O' transformation via a pure
shuffle. Subsequently, the transformation from O’
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Elsevier)

nanodomains to a” nanodomains occurred with the
increase of shear amount in O’ phase during the
cooling (below the room temperature) and loading
processes [133]. And the O'—a" transformation is
considered to act as the essential mechanism
bringing unique superelasticity of Ti-2448 alloy in a
broad temperature range [133]. Nano-scaled O’
phase has also been found to have the influence
on the deformation behavior of a metastable /S
titanium alloy by affecting the formation types of
the deformation twins [135].

With the exception of O' phase, O" phase is
also observed during the f—a transformation. But
different from O’ phase, O" phase is considered to
be an ordered phase with orthorhombic lattice
structure [18]. ZHENG et al [18] pointed out that
the formation of O" phase was a result of the
ordering of every third {011}; plane promoted by
Al segregation. And during the aging processes
with gradually increasing the temperature, it was
found that the presence of O’ phase has a
temperature range below 250°C, while the
formation of O" phase was observed above 350 °C.
The existence of temperature interval indicates that

there is no transition from O’ phase with shuffle-
induced modulated structure to heating-induced O”
phase [18]. Apart from the temperature factor, the
occurrence of O" phase is also related to aging
time [17]. The microstructure of a Ti-5553 alloy
acquired by heating to 400 °C with a rate of
5 °C/min can be observed in Figs. 12(a, b). Except
for the bright diffraction points of § and a phase,
extra weak diffraction points of O" phase can also
be found with the help of intensity profile depicted
by purple line in Fig. 12(e). However, when the
aging time was increased to 15 h, the diffraction
points of O" phase disappeared, as shown in
Figs. 12(c—e). = The corresponding transition
mechanism can be seen from Fig. 12(f), showing
the assistant role of O" phase helping the nucleation
and growth of o phase [17].

4 Summary and prospect

In recent decades, due to excellent properties
and broad application prospects, the researches on
titanium alloys have acquired rapid development
and remarkable achievements [136,137]. In order to
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further expand their applications in a variety of fields,
especially in extremely harsh environments, it is
essential to achieve breakthroughs against the
dilemma of strength—ductility trade-off. However,
different from other alloy systems, there are various
phases and phase transformations in titanium alloys,
resulting in the extreme complexity of micro-
structure [138—140]. Therefore, a comprehensive
and in-depth understanding of the phase
transformation processes and their effects on the
mechanical properties are vital important.

In this review, a series of phases including
equilibrium phases (a and £ phases) and metastable
phases (#', a', ", w, FCC, O' and O" phases)
are discussed. It has been shown that phase
transformation is a result of multiple factors,
including internal composition and structural
differences or externally applied mechanical/
thermal stress, making atoms shuffle and shear to
different degrees and thus obtaining a relative state
among the f—a transformation. As for the unstable
state of metastable phases, titanium alloys with
only equilibrium phases are generally preferred
in engineering applications stable
performance. On the other hand, metastable phases
can act as the medium to assist the nucleation and
growth of a phase. Thus, multi-scale a phase with

to ensure

different morphologies can be designed to achieve
excellent properties on the basis of regulating the
metastable phases. Besides, it is also helpful to
widely and deeply wunderstand the phase
transformations for the failure analysis of titanium
alloys applied to specific environment. It is worth
noting that although various phases and correlated
phase transformation have been widely studied,
there are also a lot of unresolved issues for titanium
alloys.

(1) How to controlling of phase transitions?

Affected by alloy composition, fabrication
processing and heat treatment processes, various
phase transitions in titanium alloys are difficult to
control, and it is necessary to combine machine
learning to establish a corresponding database to
provide a reliable basis for the accurate control of
phase transitions in titanium alloys. At the same
time, further exploration of the phase transition
mechanism is also required to realize the control of
phase transition and revise the rules obtained by
machine learning.

(2) How to utilize metastable phase?

Although there have been a lot of reports about
various metastable phases formation during the
p—o transformation, in the actual production
process, only two equilibrium phases are usually
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used to regulate the mechanical properties of
titanium alloys. On the basis of controlling the
phase transitions, the metastable phase should
be more efficiently utilized to improve the
performance of titanium alloys.

(3) How to simplify preparation process?

In the actual fabrication process, in order to
obtain excellent alloy properties, all kinds of
complex fabrication process routes are adopted,
but the current researches on the microstructural
evolution of titanium alloy are only for simple
alloy systems and preparation processes. Therefore,
developing simple process routes and designing
new high performance titanium alloy are very
critical to achieve the improvement of alloy
properties and also the controlling of the production
cost.
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