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The Ti2AlNb alloy is a refractory material with the potential to replace Ni-based alloys in the manufac-
turing process of aerospace engines. However, the development of this alloy is still in the research stage,
requiring further investigation to promote its industrial application. Therefore, this paper provides an
overview of the alloy, starting from its elemental composition and encompassing its microstructural mor-
phology, fabrication processes, and mechanical properties. First, this paper presents the nine common
alloying elements (Al, Nb, Mo, Zr, Fe, V, W, Ta, and Si), which play various roles in determining the alloy’s
microstructure and mechanical performance. Then, the paper presents three typical microstructures and
the corresponding microstructure regulation processes, providing references for microstructure regulation.
In the regulation process, although there are seven manufacturing processes (Casting, Forming under
pressure, Machining, Welding and joining, Powder metallurgy, Additive manufacturing, and Surface
treatment) currently applied to the industrialization of this alloy, certain shortcomings still exist, indicating
significant research opportunities. Finally, the paper summarizes the relationships between the alloy’s
typical microstructures and its mechanical properties. In conclusion, the work presented in this paper offers
a clear reference for advancing the industrial application of the alloy and encourages future researchers to
contribute to the further development of this field based on the foundation established by this review.
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1. Introduction

Since the incorporation of Nb into Ti-Al alloys, the newly
discovered O-phase Ti2AlNb alloy (Ref 1) has emerged as a
viable material for advanced aerospace engines, owing to its
superior high-temperature strength, excellent oxidation resis-
tance, outstanding creep resistance, and microstructural stabil-
ity. However, the application of this alloy in complex service
environments such as aerospace engines is limited by its coarse
grain size, complex constituent phases, and intricate phase
interactions. The further development of this alloy is closely
associated with advancements in its elemental composition,
microstructural characteristics, fabrication processes, and
mechanical properties. Meanwhile, while there are already
some review articles (Ref 2-4) on Ti2AlNb alloys, these
publications typically have a narrow scope, focusing primarily
on specific domains of research, thus failing to provide a
sufficiently broad knowledge base. This limited coverage poses

a hurdle for researchers who are newly entering this field,
impeding their learning process. They struggle to attain a
comprehensive understanding and are hindered from delving
deeply into various facets of the alloy and its potential value
across diverse applications. Hence, there exists a compelling
need for a more comprehensive and inclusive review article.
Such a publication would serve to assist novice researchers in
establishing a robust foundation, ultimately leading to greater
success in both research endeavors and practical applications.
The dissemination of such an article would contribute signif-
icantly to advancing our understanding of Ti2AlNb alloys and
promoting further research in this domain. Therefore, this
article provides a comprehensive review of this alloy’s relevant
aspects, serving as a valuable reference for future researchers,
as shown in Fig. 1.

2. Elemental Composition and Its Impacts
of Ti2AlNb Alloy

The elemental composition (in terms of mole fraction) of
Ti2AlNb alloy is primarily dominated by Ti-(18-30%)Al-(12.5-
30%)Nb. In comparison to conventional Ti-Al alloys, the
addition of Nb leads to the precipitation of a new phase,
denoted as the O phase, within Ti2AlNb alloy. In the academic
community, researchers have classified the developmental
progression of Ti2AlNb alloy into two generations based on
the varying content of Nb. When the molar fraction of Nb is
less than 25%, the phase composition of Ti2AlNb alloy after
heat treatment in the three-phase region (b/B2 + a2 + O) is
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denoted as b/B2 + a2 + O, and at this point, the alloy is
referred to as a first-generation Ti2AlNb alloy. At this juncture,
the nominal composition of the aforementioned alloy is
designated as Ti-25Al-17Nb, Ti-21Al-22Nb, and Ti-22Al-
23Nb. When the molar fraction of Nb exceeds or equals
25%, the B2 + O phase alloy obtained after heat treatment in
the two-phase region (B2 + O) is referred to as the second-
generation O phase alloy. Its nominal composition is designated
as Ti-22Al-25Nb and Ti-22Al-27Nb.

During the development of Ti2AlNb alloy, variations in the
content of the three constituent elements (Ti, Al, and Nb) result
in divergent mechanical properties. In addition to modulating
the content of the three constituent elements, the incorporation
of other alloying elements (Mo, Zr, Fe, Ta, W, Si, V, among
others) serves as a crucial approach to enhance the compre-
hensive performance of Ti2AlNb alloy. As shown in Fig. 2,
primarily, the incorporation of these elements into Ti2AlNb
alloy manifests solid solution strengthening (Si, Fe, Al, V, Zr)
and fine-grain strengthening (W, Mo, Nb, Ta), thereby enhanc-
ing its mechanical properties. Subsequently, the inclusion of
these alloying elements in Ti2AlNb alloy exerts diverse effects
on other material properties, such as oxidation resistance,
tensile strength, elastic modulus, plasticity, among others. The
effects exerted by different elements on Ti2AlNb alloy can be
summarized as follows.

Al: Increasing the content of Al enhances the alloy’s
oxidation resistance, tensile strength, and elastic modulus,
while concurrently diminishing its ductility and fracture
toughness (Ref 5).

Nb: Increasing the Nb content (15-27%) enhances the
strength, creep resistance, and fracture toughness of the alloy
(Ref 6). However, the elevation of Nb content leads to an
increase in alloy density, a reduction in oxidation resistance
(Ref 7), and hampers the uniform distribution of alloy
constituents during ingot solidification, thereby exacerbating
the challenges in the melting process.

Mo and Zr: By incorporating Mo and Zr as partial
substitutes for Nb, it is possible to refine the microstructure
of the O phase lamellar (Ref 8), ensuring that the alloy
maintains high oxidation resistance (Ref 9), creep resistance
(Ref 10, 11), and excellent high-temperature performance
without compromising its yield strength and plasticity (Ref 10).

Fe: The addition of Fe as a partial substitute for Nb leads to
an enhancement in the high-temperature tensile yield strength
and ultimate tensile strength (Ref 11).

V: The inclusion of V increases room-temperature ductility,
also at the cost of reduced strength and oxidation resistance
(Ref 12).

W: The addition of W refines the lamellar microstructure,
thereby enhancing the high-temperature tensile strength (Ref
13).

Ta: The substitution of Nb with Ta increases the strength of
the O phase and B2 phase, while also enhancing the strength of
the B2 + O matrix through the refinement of the O phase
lamellar thickness. Furthermore, it maintains high-temperature
tensile ductility. Moreover, it can raise the b/B2 phase
transformation temperature.

Si: The addition of 0.3 to 0.9% (molar fraction) Si improves
the alloy’s oxidation resistance at 650 and 750 �C, resulting in
an approximate 20% increase in creep resistance. However, it
concurrently decreases room-temperature ductility and fracture
toughness (Ref 7).

3. Ti-Al-Nb Alloy Phase Diagram

3.1 Isothermal Phase Diagrams

In recent years, numerous researchers have investigated the
ternary isothermal phase diagram of Ti-Al-Nb alloys at elevated
temperatures, such as 1000, 1150, 1300, 1400 �C, etc (Ref 14-
18). Despite extensive research efforts on Ti-Al-Nb ternary
alloy phase diagrams, several challenges and limitations still
exist in the current work, including insufficient and inaccurate
data. As depicted in Fig. 3, among all the established ternary
phase diagrams, the phase diagram proposed by Witusiewicz
(Ref 17) and Cupid (Ref 19) exhibits the highest accuracy,
incorporating the O-Ti2AlNb and x0-Ti4NbAl3 which cannot be
predicted by binary alloy phase diagrams. Furthermore, Xu
et al. (Ref 15, 16, 20) employed novel characterization methods
(SEM, EBSD, EPMA, DSC, et al) to systematically investigate
the ternary alloy phase diagrams under high-temperature
conditions. However, substantive research regarding the pre-
cipitation of the O phase in Ti-Al-Nb ternary alloys remains
lacking, despite the substantial efforts devoted by researchers to
study ternary alloy phase diagrams.

3.2 Pseudo-Binary Phase Diagram

In the industrial sector, as the application of O-phase
titanium alloys becomes increasingly widespread, numerous
researchers have shifted their focus to pseudo-binary phase
diagrams of Ti-(22,25)Al-xNb alloys for the sake of conve-
nience in studying the related issues. As shown in Fig. 4, the
pseudo-binary phase diagram has undergone extensive research
and continuous improvements by various investigators (Ref 21,
22). It can be observed that the Nb and Al contents have a
significant influence on the temperature range of the phase
regions. The typical phase regions in both diagrams include B2/

Fig. 1 Structure of the review article, including Alloy elements,
Microstructure, Fabrication processes, and Mechanical properties
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b, a2 + B2/b, a2 + O + B2/b, B2/b + O, and O phase regions.
When the atomic fraction of Al is 22%, the range of the B2 + O
phase region expands with increasing Nb content. This
inevitably leads to an increase in alloy density. To mitigate
excessive alloy density and achieve an extended range of the
B2 + O phase region, a second-generation Ti2AlNb alloy (Ti-
22Al-25Nb) has been developed for engineering production.
When the molar fraction of Al in the alloy is 25%, even with
the same content of Nb element, there can be significant
variations in the phase region range within the phase diagrams.

Taking the case of Nb element with a molar fraction of 25%,
the Ti2AlNb alloy undergoes a typical phase transformation
process when cooled from a high-temperature single-phase
region to room temperature.

B2 fi a2: When the alloy is cooled from a high-temper-
ature single-phase region (B2/b phase) to a two-phase region

(B2/b + a2 phases), the a2 phase precipitates from the matrix
phase (B2/b phase) through either shear or diffusion. The B2
matrix phase and the precipitated a2 phase maintain an
orientation relationship (Ref 21): (0001)a2//(110)B2, [11 �2
0]a2//[1 �1 1]B2.

Peritectoid reaction: When the alloy is cooled from the two-
phase region (B2/b + O phases) to the three-phase region (B2/
b + a2 + O phases), the reaction B2 + a2 fi O occurs.

As the temperature continues to decrease, the alloy under-
goes the reaction: B2 fi B2 + O.

When the alloy’s Al content increases from 22 to 25%, even
with the same Nb content, the phase transformation process
during cooling from the high-temperature single-phase region
varies significantly. This observation suggests that the Al and
Nb content play a crucial role in the phase transformation
during the cooling process within the Ti2AlNb alloy.

Fig. 2 Strengthening mechanisms of different elements in Ti2AlNb alloy

Fig. 3 Isothermal phase diagram at (a) 1300 �C, and (b) 1400 �C obtained from Witusiewicz (Ref 17) and Cupid (Ref 19) and the tie-triangle
identified in Xu�s research (Ref 20). Reprinted from Journal of Materials Science & Technology, Vol 80, Hongyu Zhang, Na Yan, Hongyan
Liang, Yongchang Liu, Phase transformation and microstructure control of Ti2AlNb-based alloys: A review, Pages No. 203-216, Copyright 2021,
with permission from Elsevier
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4. Phase Composition, Phase Formation Mecha-
nisms, and Typical Microstructure Character-
istics of Ti2AlNb Alloy

4.1 Phase Composition

According to numerous previous studies, it has been
demonstrated that there are three primary phases present in
this alloy, namely the O phase, B2 phase, and a2 phase. The
lattice parameters of these three phases are provided in Table 1.

According to extensive research, the most significant
constituent phase of titanium alloys is the B2/b phase. This
phase adopts a body-centered cubic (bcc) structure with a space
group of Pm �3 m, which belongs to the CsCl-type structure, as
shown in Fig. 5(a). The lattice of this structure contains a
significant number of interstitial sites, allowing for the incor-
poration of a large amount of elements. The variation in
element content leads to significant changes in the composition
of the B2 phase. The b phase represents the disordered form of
the B2 phase, characterized by a disordered bcc structure. Its
space group is Im �3 m. With increasing temperature, the
internally ordered B2 phase within the alloy transforms into the
disordered b phase (Ref 24). The temperature at which the
transition from the ordered phase to the disordered phase occurs
remains constant under the condition of unchanged element
types and contents within the alloy. However, the transition
temperature (�1383 K) between the ordered and disordered
phases varies with changes in element types and contents (Ref
2, 24, 25).

In traditional titanium alloys, the a phase is an important
strengthening phase. With the development of titanium alloys,
the newly developed Ti2AlNb alloy also contains the a2 phase,
which acts as a hardening phase within the material. The crystal
structure of this phase is hexagonal close-packed (HCP), with a
space group of P63/mmc, as shown in Fig. 5(b). In traditional
titanium alloys, the chemical composition of this phase is
Ti3Al. However, with the addition of Nb elements in traditional

titanium alloys, Ti and Al atoms arrange themselves in a
specific order within the lattice, while Nb atoms randomly
occupy the sub-lattice of Ti atoms (Ref 27). Due to its limited
slip systems, this phase exists as a brittle phase within the
material. The presence of this phase contributes to the inherent
brittleness observed in traditional titanium alloys. In Ti2AlNb
alloy, this phase is relatively stable and does not undergo
decomposition at lower temperatures. However, at higher
temperatures, it may precipitate within the B2 phase or
decompose into the O phase.

Compared to traditional titanium alloys, Ti2AlNb alloy has
gained significant attention from researchers due to the
presence of the O phase. Since Banerjee’s discovery of the O
phase in 1988 (Ref 1), extensive research has been conducted
on O-phase titanium alloys. The chemical composition of the O
phase is Ti2AlNb, and it adopts an ordered orthorhombic crystal
structure with a space group of Cmcm, as shown in Fig. 5(c).
Similar to the a2 phase, the O phase also acts as a hardening
phase within the alloy. The atomic occupancy relationships
within the O phase have been theoretically studied by Wu et al.
(Ref 23) Their research findings indicate that Ti atoms tend to
occupy the a (8 g) sub-lattice, Al atoms tend to occupy the c
(4c1) sub-lattice, and Nb atoms tend to occupy the b (4c2) sub-
lattice. The element content and types in the O phase are similar

Fig. 4 Pseudo-binary phase diagram of Ti-Al-Nb alloy: (a) Ti-22Al-xNb (Ref 21). (b) Ti-25Al-xNb (Ref 22). (a) Reprinted from Journal of
Materials Science & Technology, Vol 80, Hongyu Zhang, Na Yan, Hongyan Liang, Yongchang Liu, Phase transformation and microstructure
control of Ti2AlNb-based alloys: A review, Pages No. 203-216, Copyright 2021, with permission from Elsevier. (b) Reprinted with permission
from N. V. Kazantseva et al, Study of the Ti-Al-Nb phase diagram, Physics of Metals and Metallography, volume 102, 189-180, 2006, Springer
Nature

Table 1 Lattice parameters in the Ti2AlNb alloy (Ref 2,
23)

Phase Structure Space group

Lattice constant, nm

a b c

a2 hcp P63/mmc 0.576 … 0.466
b bcc Im �3 m 0.331 … …
B2 bcc Pm �3 m 0.322 … …
O1 ort Cmcm 0.609 0.957 0.467
O2 ort Cmcm 0.609 0.957 0.467
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to those in the B2 phase. The main difference between the O
phase and the a2 phase lies in the Nb element content. Ti2AlNb
alloy, with the presence of the O phase, exhibits outstanding
creep resistance, good high-temperature stability, and remark-
able strengthening effects compared to traditional B2 + a2
phase titanium alloys (Ref 28). In comparison to the a2 phase,
the compatibility of crystal structure between the O phase and
the B2 phase matrix is better. The substantial presence of the O
phase mitigates the inherent brittleness caused by the a2 phase,
thereby enhancing the high-temperature stability of Ti2AlNb
alloy (Ref 29).

Figure 6 depicts the relationship between crystal structure
and atomic occupancy of Ti2AlNb alloy. This relationship was
initially proposed by Muraleedharan et al. (Ref 30) The

figure illustrates the mapping projection of the O phase along
the [001] direction, the B2 phase along the [110] direction, and
the a2 phase along the [0001] direction.

4.2 a2 Phase Formation Mechanism

In this alloy, there are two forms of the a2 phase: equiaxed
a2 phase and lamellar a2 phase. The precipitation of the a2
phase is primarily associated with the matrix phase (B2 phase).
In this alloy, a B2/b to a2 phase transformation occurs during
high-temperature cooling process. In the typical ideal scenario,
different variants of the a2 phase can occur within the material.
Among them, the B2 phase has six {011}B2 planes, and each
plane has two < 111 > B2 directions. Theoretically, there are
a total of 12 variants of Burgers orientations in a2 phase with

Fig. 5 Crystal structures of Ti-Al-Nb alloy (Ref 26): (a) B2 phase, (b) a2 phase, and (c) O phase. Reprinted from M. Peters and C. Leyens,
Titanium and Titanium Alloys: Fundamentals and Applications, John Wiley & Sons. Copyright � 2003 Wiley-VCH Verlag GmbH & Co. KGaA

Fig. 6 Crystal lattices of O phase, B2 phase, and a2 phases (Ref 27). Reprinted from Progress in Materials Science, Vol 42, D. Banerjee, The
intermetallic Ti2AlNb, Pages No. 135-158, Copyright 1997, with permission from Elsevier
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equal probabilities of occurrence (Ref 31), as shown in Table 2.
In actual production processes, it is common for one or several
a2 textures to form, leading to a significant increase in the
occurrence probability of these specific a2 phase variants due to
the selection effect (Ref 32-34). This means that certain a2
variants are more likely to appear compared to other variants.
At this point, the relationship between the texture and the
matrix phase is illustrated in Fig. 7. Research findings indicate
that this texture is primarily generated due to the combined
effects of externally applied stress/strain and internal stresses.
Additionally, the influencing factors of the selection effect
extend beyond these factors and include the effects of
dislocations, grain boundaries, and slip bands, among others.

4.3 O Phase Precipitation Mechanism

According to extensive research conducted by numerous
investigators, the precipitation mechanisms of the O phase can
be classified into three types: B2 fi O, a2 fi O, and

B2 + a2 fi O. Hereafter, a detailed description of each
precipitation mechanism is provided as follows.

Type I: B2 fi O. There are currently two different
viewpoints regarding the precipitation mechanism of the O
phase. Previous studies (Ref 36) demonstrated that the
pseudotwins in the B2 phase form in the Ti-Al-Nb alloys.
Analysis results show that all twins observed in the alloy
belong to the intermediate metastable B19 phase. The first
viewpoint of O phase precipitation mechanism suggests that
under the influence of stress, the B2 phase undergoes shear
displacement along the (111) [110] direction, leading to the
formation of the B19 phase. Subsequently, the B19 phase
further transforms through an ordering process to form the O
phase (Ref 37). The process can be described as B2 fi B19
fi O. The presence of the B19 phase has been observed in the
relevant process by Zhou et al. (Ref 37) and Bendersky et al.
(Ref 38) using different techniques. The study conducted by
SADI et al. (Ref 39) indicates that the transformation from the
B2 phase to the O phase occurs through a phase transition
process, where the B2 phase contracts along the a-axis and
expands along the b-axis and c-axis to form the O phase.
However, another viewpoint (Ref 40) suggests that the B2
phase directly undergoes a phase transition to form the O phase,
without the presence of an intermediate phase.

Type II: a2 fi O. Theoretically, there are six variants of
Burgers orientations in the O phase that can precipitate within
the a2 phase (Ref 1). Similar to the precipitation of the O phase
from the B2 phase, there are two different viewpoints regarding
the precipitation of the O phase within the a2 phase, both of
which have experimental evidence. The first viewpoint suggests
that the a2 phase undergoes modulation decomposition. As the
Nb content increases in the alloy, the Nb content within the a2
phase also increases, resulting in Nb element oversaturation in
this phase. The oversaturation of Nb atoms in the lattice
destabilizes the crystal structure, leading to the migration of
solute Nb atoms. This results in the formation of Nb-poor and
Nb-rich regions within the phase. The Nb-rich regions exhibit
significant lattice distortion and have an elemental composition
closer to Ti2AlNb, forming the O phase. The activation energy

Table 2 Orientation variants of a2 phase precipitation
(Ref 35)

Variant number Corresponding plane Corresponding direction

1 (0001)a2//(011)B2 [2 �1�1 0]a2//[ �1�1 1]B2
2 [2 �1�1 0]a2//[1 �1 1]B2
3 (0001)a2//(�1 01)B2 [2 �1�1 0]a2//[1 �1 1]B2
4 [2 �1�1 0]a2//[111]B2
5 (0001)a2//(0 �1 1)B2 [2 �1�1 0]a2//[111]B2
6 [2 �1�1 0]a2//[ �1 11]B2
7 (0001)a2//(101)B2 [2 �1�1 0]a2//[ �1 11]B2
8 [2 �1�1 0]a2//[ �1�1 1]B2
9 (0001)a2//(�1 10)B2 [2 �1�1 0]a2//[ �1�1 1]B2
10 [2 �1�1 0]a2//[111]B2
11 (0001)a2//(110)B2 [2 �1�1 0]a2//[1 �1 1]B2
12 [2 �1�1 0]a2//[ �1 11]B2

Fig. 7 Schematic diagram of Burgers orientation between B2/b and a2 (Ref 26). Reprinted from M. Peters and C. Leyens, Titanium and
Titanium Alloys: Fundamentals and Applications, John Wiley & Sons. Copyright � 2003 Wiley-VCH Verlag GmbH & Co. KGaA
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for the lattice transformation in this case is the lattice distortion
energy. Evidence supporting the modulation decomposition of
the a2 phase to generate the O phase has been provided by
Wang et al. (Ref 40) and Huang et al. (Ref 41), who observed
small O phase precipitates within the a2 phase. Khadzhieva
et al. (Ref 42) demonstrated through their research that stacking
faults (SFs) exist within the primary a2 phase, providing a site
for Nb segregation and accumulation. The segregation of Nb
atoms leads to significant lattice distortion in that region, and
under the driving force of lattice distortion energy, the a2 phase
transforms into the O phase. A schematic representation of this
phase transformation is shown in Fig. 8. The second viewpoint
suggests that atomic ordering occurs within the a2 phase,
directly generating the O phase. Banerjee et al. (Ref 1)
observed similar diffraction patterns for both phases, suggest-
ing that the O phase is formed due to slight lattice distortion in
the a2 phase. Similarly, Wu et al. (Ref 43) found similar results,
indicating similar crystal structures for both phases. The
cylinder angles between the a2 and O phases are reported to
be 120� and 118�, respectively, indicating a small difference.

Type III: B2 + a2 fi O. The mechanism involves the co-
precipitation of the O phase through a peritectic reaction
between the B2 and a2 phases, as illustrated in Fig. 9. The O
phase can exist in various morphologies in Ti2AlNb alloys,
including lamellar, acicular-like, equiaxed, and ring forms. The
formation mechanism of the ring O phase differs from that of
other morphologies. Research conducted by Banerjee et al. (Ref
1) has demonstrated that the a2 and B2 phases can undergo
peritectoid reactions to generate the O phase. Subsequent
studies (Ref 41) investigating the phase transformation behav-
ior during heat treatment of the alloy revealed the presence of a
light-colored phase surrounding the primary a2 phase. Trans-
mission electron microscopy (TEM) observations confirmed
this phase to be the O phase. Therefore, under suitable heat

treatment conditions, the O phase often forms around the
periphery of the a2 phase, and this particular state of the O
phase is generated through the peritectoid reaction of B2 + a2
fi O (Ref 44).

4.4 Microstructure Characteristics

In general, Ti2AlNb-based alloys exhibit multiple phases,
microstructures, and phase composition in typical microstruc-
tures, as shown in Fig. 10. In this subsection, a detailed review
is provided on the formation processes of these three types of
typical microstructures.

The equiaxed structure is formed through spheroidization of
the alloy, often achieved by subjecting it to thermal processing
in the three-phase region (O + a2 + B2). The equiaxed a2
phase and O phase structure are derived from the B2 phase
matrix, following a specific procedure: firstly, the alloy
undergoes either solution treatment or aging treatment in the
two-phase region (a2 + B2), followed by quenching to preserve
the high-temperature microstructure. Consequently, the heat-
treated alloy develops equiaxed phases (O phase or a2 phase)
within the matrix (B2 phase) (Ref 45). Additionally, a ring-
shaped O phase is observed surrounding the equiaxed a2 phase
in the initial microstructure of the alloy after isothermal forging
(Ref 46). It can be observed that the a2 phase can exist stably at
lower temperatures and is less susceptible to decomposition
during subsequent aging in the two-phase region (O + B2) (Ref
47, 48). Li et al. (Ref 49) investigated the phase transformation
and microstructural evolution during aging of the alloy
processed by spark plasma sintering and found that equiaxed
O phase precipitation occurs at temperatures ranging from 700
to 850 �C. However, the microstructure containing equiaxed O
and a2 phases is relatively unstable at higher temperatures,
rendering the alloy with equiaxed structure unsuitable for
prolonged service at intermediate to high temperatures.

Fig. 8 Schematic diagram of phase transformation between O and a2 (Ref 42). Reprinted with permission from O. G. Khadzhieva et al, Effect
of aging on structure and properties of quenched alloy based on orthorhombic titanium aluminide Ti2AlNb, Physics of Metals and
Metallography, volume 115, pages 12-20, 2014, Springer Nature

Journal of Materials Engineering and Performance



The bimodal microstructure in the alloy can be considered
as a combination of primary equiaxed or lamellar a2 phase, O
phase, O/B2 phase, and secondary Widmanstätten structures
within the matrix. Achieving this type of microstructure
requires a combination of suitable thermal processing and heat
treatment. The equiaxed a2 phase distributed along the grain
boundaries is obtained by subjecting the alloy to solution
treatment within the two-phase region (O + B2), with the
solution treatment temperature being 20 �C lower than the b

phase transformation temperature. The primary equiaxed a2
phase thus formed impedes grain growth and prevents the
presence of coarse grains that could have a significant impact
on the material’s mechanical properties. It has also been found
that introducing small a2 phase with a volume fraction of
approximately 8 to 12% into the matrix is necessary to
effectively suppress grain growth during heat treatment at
temperatures close to the b phase transformation temperature.

In two-dimensional microstructural observations, the alloy’s
lamellar microstructures are often categorized as acicular-like,
lamellar, and Widmanstätten structures (O phase or a2 phase).
The formation of lamellar O phase can be achieved by heating
the alloy to a designated temperature range within the single-
phase B2 region and then furnace-cooling to a lower temper-
ature (<600 �C). The thickness of the lamellar O phase is
related to the cooling rate, where a lower cooling rate promotes
an increase in the thickness of the lamellar O phase. Research
by Hagiwara et al. (Ref 50) demonstrated that under such
conditions, a semi-coherent relationship is maintained between
the lamellar O phase and the B2 matrix. This semi-coherent
relationship provides good compatibility between the two
phases. When the cooling rate is low, coarse lamellar O phase
and thicker intergranular a2 phase can be observed in the
material. However, this microstructure significantly compro-
mises the material’s mechanical properties.

Therefore, the formation of this morphology of the
microstructure should be avoided as much as possible during
thermodynamic processing and subsequent heat treatment.
During aging in the O + B2 phase region, a considerable
transformation of B2 phase to O phase occurs on the matrix,
resulting in the direct precipitation of fine Widmanstätten
structures. This precipitation hardening enhances the Vickers
hardness (Range: 300-500 HV) and mechanical properties of
the material during the aging process (Ref 51).

The material’s properties mainly depend on the composition
and morphological characteristics of the phases. The alloy with
equiaxed phases exhibits good ductility at room temperature
but has inferior high-temperature creep resistance and strength.
On the contrary, the lamellar microstructures enhances the
alloy’s high-temperature creep resistance but reduces its room
temperature ductility and toughness. The bimodal microstruc-
ture combines the advantages of both, achieving a balance
between room temperature ductility, high-temperature creep
resistance, and material strength. Therefore, determining the

Fig. 9 Schematic diagram of peritectoid reaction between B2 and a2. (The circles and axis are the scale-plate to show the phase dimension.)

Fig. 10 The typical phases, microstructures, and precipitated phase
composition (B2 phase matrix) in typical microstructures of Ti2AlNb
alloy

Journal of Materials Engineering and Performance



optimal microstructure and phase morphology that enhance the
material’s mechanical properties and applying them in engi-
neering applications has become an urgent issue.

4.5 Microstructure Regulation

The microstructure of Ti2AlNb alloy is closely related to the
types of processing techniques and heat treatment conditions.
Not only in traditional material manufacturing processes such
as forging, extrusion, and rolling, where the microstructure is
influenced by deformation and heat treatment, but also in novel
material manufacturing processes such as powder metallurgy
and additive manufacturing, the microstructure is closely
related to process parameters. In different processing tech-
niques, the microstructure of Ti2AlNb alloy can be significantly
affected by controlling process parameters such as deformation
amount, deformation rate, deformation temperature, and hold-
ing time. Proper process selection and optimization can achieve
refinement, homogenization, and control of grain orientation in
the alloy, thereby improving its performance. Furthermore, heat
treatment conditions also play a crucial role in influencing the
microstructure of Ti2AlNb alloy. By controlling heat treatment
parameters such as solution temperature, holding time, and
cooling rate, the microstructural characteristics such as grain
size, phase proportion, and phase morphology of the alloy can
be adjusted. Appropriate heat treatment conditions can promote
the formation of desired phase structures in the alloy and
regulate the interactions between phases, thus enabling precise
control over the alloy’s performance. Therefore, a comprehen-
sive understanding of the relationship between microstructure,
processing techniques, and heat treatment conditions is of
significant importance in advancing the development of
Ti2AlNb alloy in industrial applications. Such comprehensive
understanding will help optimize the process flow, improve
alloy performance, and drive the widespread application of this
alloy in aerospace, automotive, and other fields.

Plastic deformation has an influence on the microstructural
morphology. Temperature and crystal orientation affect the
plastic deformation in alloy (Ref 52, 53). Thus, temperature and
crystal orientation also affect the microstructural morphology in
Ti2AlNb alloy. In the case of Ti2AlNb alloy, processes such as
forging, extrusion, and rolling can cause fragmentation of the
original microstructure. With increasing deformation, the
lamellar structure is significantly fragmented, forming numer-
ous spherical O-phase particles (Ref 54). Among various plastic
processing methods, Boehkert et al. (Ref 55) suggested that
multidirectional isothermal forging is a highly suitable process
for this alloy. It effectively refines the as-cast microstructure,
promotes homogenization of the microstructure, and provides
sheet materials with a more uniform lamellar orientation. Zhang
et al.’s research (Ref 56) indicates that the microstructure
undergoes refinement after deformation of the alloy’s grains.
By employing sintering and extrusion processes to produce
Ti2AlNb alloy bars, during the extrusion process, the sintered
alloy structure undergoes deformation, resulting in the disap-
pearance of blocky a2 phase and elongation of some B2 grains
along the extrusion direction (Ref 57). Partial dynamic
recrystallization occurs at the original B2 grain boundaries,
leading to grain refinement and achieving the effect of fine
grain strengthening.

Solution temperature has a significant impact on the
microstructure of Ti2AlNb alloy. According to the research
by Zhou et al. (Ref 58), when solution is performed below the

B2 single-phase region temperature (this temperature is about
1000 �C, and it is varied with elemental composition), the
presence of a2 phase at grain boundaries results in no
significant change in the size of B2 grains, and their growth
rate is slow. However, when solution is performed above the B2
single-phase region temperature, the a2 phase at grain bound-
aries disappears, and the B2 grains rapidly grow, forming fully
lamellar and larger-sized B2 grains. With increasing solution
temperature, in order to reduce interfacial energy, the lamellar
a2 and O phases in the original microstructure gradually
transform into equiaxed and coarsened morphology through
atomic diffusion, with a decrease in proportion, while the
proportion of the B2 phase gradually increases. Xue et al. (Ref
47) analyzed the influence of heat treatment on the microstruc-
ture of Ti-22Al-25Nb alloy and found that with increasing
solution temperature, the small equiaxed O phases tend to
coalesce or dissolve into the B2 matrix. Additionally, the
solution temperature also has a significant effect on the
precipitation of fine lamellar O phases during aging. At the
same aging temperature, higher solution temperature leads to a
higher proportion of fine lamellar O phase precipitation (Ref
59). The aging temperature effectively regulates the proportion
of fine lamellar O phases. Moreover, when the solid solution
temperature is fixed, the growth rate of B2 grains decreases
with increasing solution holding time.

Aging temperature also affects the microstructure of
Ti2AlNb alloy. According to the research by Wang et al. (Ref
60), compared to the as-solution microstructure, with increasing
aging temperature, the proportion of a2 phase increases, the
Rim-O phase surrounding the a2 phase becomes thicker, and
the a2 grains embedded within the Rim-O phase completely
dissolve, partially transforming into equiaxed O phase, which
continues to grow. Fine lamellar O phase precipitates in the
aged microstructure. The precipitation of O phase is highly
sensitive to aging temperature. Under the same solution
temperature, the secondary precipitation proportion of fine
lamellar O phase decreases, its thickness increases, and its
length decreases with the increase of aging temperature (Ref
61). However, the thickness of the primary coarse lamellar
phase shows no significant influence with respect to aging
temperature. However, aging treatment does not have a
pronounced effect on the growth of B2 grains. Huang et al.’s
research (Ref 62) discovered that when the alloy is subjected to
aging treatment while in the a2 + B2 two-phase region, the
stability of the lamellar a2 phase is not as previously reported.
Spontaneous transformation of a2 fi B2 + O phase occurs
during annealing at 650 �C, and fine lamellar O phase layers
form within the matrix.

Cooling rate is an important factor influencing the phase
composition and phase proportions of the alloy. Research on
the as-solution microstructure at different cooling rates has
shown that water quenching results in an alloy consisting of
continuous B2 phase and a small amount of residual O phase,
while furnace cooling leads to the formation of numerous
lamellar O phase lamellar and discontinuous B2 phase (Ref 63).
It can be observed that at slower cooling rates, the microstruc-
ture has sufficient time for the transformation from b/B2 to O
phase, and the lamellar O phase exhibits a greater thickness at
lower cooling rates (Ref 64). Subsequently, during the aging
process, more fine lamellar O phase layers precipitate.

Ti2AlNb alloy exhibits static coarsening behavior during
aging. In the initial stage of aging, significant coarsening occurs
due to the Ostwald ripening mechanism (Ref 65) (refer to
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Fig. 11). This mechanism elucidates the presence of size-
disparate phases within the material, wherein the smaller phases
dissolve and deposit onto the larger ones. The driving force
behind this process stems from the energy disparity between
larger and smaller structural entities. In accordance with
thermodynamic principles, it is well-established that the surface
energy of a given structure surpasses that of its interior.
Consequently, the energy density of larger structures markedly
falls short of that exhibited by smaller structures. This
predilection facilitates the facile dissolution of smaller struc-
tural entities into the material matrix, followed by their
subsequent adhesion to the periphery of larger structures,
thereby diminishing the energy density of the latter. Subse-
quently, boundary segmentation and termination migration
mechanisms begin to control the coarsening process. This is
because the interface energy between the end faces of O phase
layers differs from the long axis, resulting in diffusion of solute
atoms and causing coarsening and segmentation of the O phase
layers. With increasing aging time, the O phase layers continue
to coarsen, and the interfaces between O and B2 phases become
more pronounced, with coarsening rate increasing with the
concentration of diffusing solute atoms. Furthermore, higher
aging temperatures enhance the kinetic effects of O phase layer
coarsening, consistent with the results of Xue et al.’s research
(Ref 66). Higher temperatures provide a higher diffusion
activation energy that accelerates the growth of O phase layers.
At the same time, the thickness of O phase layers increases with
increasing aging time. The growth process of O phase layers is
driven by energy reduction and the equilibrium of B2 phase
atom concentration. In the initial aging stage, the alloy
possesses higher stored energy, providing the driving force
for atomic diffusion and boundary diffusion. As the aging time
extends, the driving force for alloy growth decreases, and the
concentration gradient of alloy elements decreases, making it
difficult for the O phase layers to continue coarsening.

The sintering parameters in powder metallurgy have a
significant influence on the microstructure and mechanical
properties of Ti2AlNb alloy. Wang et al.’s research (Ref 67)
demonstrated the use of a staged sintering process, where the
alloy was initially treated under preliminary sintering condi-
tions of 630 �C/20 MPa/1.0 h, followed by sintering at 950-
1300 �C/35 MPa/1.0-2.5 h, and finally subjected to furnace
cooling. The sintered Ti-22Al-25Nb alloy exhibited a low
elongation of less than 5.09%, indicating poor room temper-
ature ductility. However, under the sintering conditions of

1250 �C/1.5 h, the Ti-22Al-25Nb alloy showed excellent
comprehensive performance at 650 �C, with a tensile strength
of 620.53 MPa and an elongation of 7.44%. Wang et al. (Ref
68) pointed out in their study that using a holding temperature
of 903 K for 60 min at a pressure of 20 MPa, followed by a
subsequent increase to 1523 K at 30 MPa for 120 min, and
finally furnace cooling, the powder metallurgy-prepared alloy
exhibited a maximum elongation of 146% at 1313 K and a
strain rate of 1.04 9 104 s-1, with a tensile strength exceeding
85 MPa.

5. Fabrication and Machining Processes

Since the discovery of this alloy, numerous researchers have
been dedicated to investigating its forming methods. As
depicted in Fig. 12, the current forming methods employed
for this alloy primarily encompass processes such as pressure
forming, machining, cutting, welding, powder metallurgy, and
additive manufacturing. Nevertheless, these forming methods
are still in the research stage when applied to this particular
alloy, with limited industrial utilization. Therefore, one of the
key research focal points in this chapter is to provide an
overview of the advantages, disadvantages, and research
frontiers for each of these forming methods.

5.1 Casting

Although casting has become an important means of
producing industrial products, the Ti2AlNb alloy has not been
widely used in production due to several unresolved key issues
(Ref 4). The specific details describing these key issues are as
follows:

1. During the casting process, there is a tendency for the
segregation of multiple alloying elements within the al-
loy, such as Al and Nb. This results in uneven chemical
composition and phase distribution across the cross-sec-
tion of the castings.

2. The alloy is prone to porosity formation during the cast-
ing process.

3. Undesirable crystalline textures can easily develop during
the casting process.

4. Coarse grains (Fig. 13), which is the key issue for the
application of this material in industry, in millimeters of

Fig. 11 Ostwald ripening mechanism. (The circles and axis are the scale-plate to show the phase dimension.)

Journal of Materials Engineering and Performance



several types of Ti2AlNb alloy, including Ti-22Al-23Nb,
Ti-12Al-38Nb, Ti-23Al-27Nb, and Ti-25Al-25Nb, tend to
form during the casting process.

The main reason for these issues lies in the significant
differences in physical properties between the base material and
the alloying elements, especially in terms of density and
melting point (Ref 71). The aforementioned problems encoun-
tered during the casting process make it challenging to obtain
high-quality deformable materials, semi-finished products, and
welded structures. In particular, for the Ti2AlNb alloy, due to its
sensitivity to element composition and microstructure, its
processability (plasticity, machinability, and weldability) as
well as its mechanical properties (strength, ductility, and
fracture toughness) are more complex compared to commer-
cially available titanium alloys.

5.2 Forming under Pressure

In recent years, the issue of grain refinement in Ti2AlNb
alloy has become a key focus of research due to the presence of
coarse grains. In the field of materials processing, it is typically
achieved through thermoplastic deformation to increase dislo-
cation density and promote the redistribution of dislocations,
leading to dynamic recrystallization and subsequent grain
refinement (Ref 28, 72). However, conventional plastic defor-
mation techniques such as hot extrusion and hot rolling can
only refine the grains of this alloy to a certain extent. To further
refine the grain size, limitations arise from the achievable
plastic deformation levels of traditional methods and the
workability of the alloy, making the desired goals difficult to
achieve. Consequently, in order to address these challenges,
various methods of severe plastic deformation, such as high-
pressure torsion (HPT), equal channel angular pressing

(EACP), and multidirectional forging (MDF), have been widely
adopted in the industrial sector (Ref 73, 74).

Through years of research, it has been discovered that
multidirectional forging is the most suitable method for refining
grain size in the Ti2AlNb alloy, as illustrated in Fig. 14.
Relevant studies (Ref 55) have indicated that multidirectional
forging can refine the coarse grains produced during casting
into fine-grained materials, as shown in Fig. 15(a) and (b),
providing favorable billets for subsequent processing opera-
tions. Relevant researches, as shown in have demonstrated that
multidirectional forging can refine the grains from centimeters
to micrometer. Moreover, the alloy processed by multidirec-
tional forging not only offers high-quality billets but can also be
directly machined into components, such as turbine discs in
aerospace engines. The desired microstructure can be achieved
through the forging of the alloy after casting. As shown in
Fig. 15(c) and (d), the alloy with lamellar microstructure can be
transformed into bimodal microstructure with O phase spher-
ization during plastic deformation. This phenomenon can be
attributed to the morphology of lamellar O phase is easily
affected by the heat and deformation.

Additionally, rolling can further optimize the mechanical
properties of the material. Rolling is typically performed in the
a2 + B2 two-phase region or the a2 + B2 + O three-phase
region, aiming to refine the grains and strike a balance between
toughness and strength. During the rolling process, key
parameters such as coating methods, rolling speed, reduction
rate, pass schedule, intermediate heat treatment temperature,
and annealing temperature are focal points for researchers in the
field of rolling technology (Ref 78). Studies have shown that
rolling below the B2 single-phase region does not induce
recrystallization and grain refinement; rather, as shown in
Fig. 15(e) and (f), it elongates the grains along the rolling
direction (Ref 79). Meanwhile, lamellar O phase can be

Fig. 12 The evolutionary progression of primary forming methods for this alloy
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transformed into spheroidized O phase. Conversely, rolling
within the B2 single-phase region promotes microstructural
refinement (Ref 55). Investigations by Dey et al. (Ref 80) have
emphasized the significant influence of rolling temperature and
reduction on phase content, morphology, and texture evolution
after rolling in both the B2 single-phase region and two-phase
region. In the single-phase region, the alloy exhibits refined
grains that meet the requirements when the reduction rate
reaches 0.8. Conversely, other researchers (Ref 81) have
achieved grain refinement by employing the pinning effect of
hardening phases in the two-phase region, which involves a
post-rolling aging treatment following high-temperature rolling.
The aforementioned researches highlight that grain-refined
materials processed through different techniques exhibit a
favorable combination of room temperature plasticity and
strength.

Overall, multidirectional forging has proven to be an
effective method for refining the grain size in the Ti2AlNb
alloy. Subsequent rolling processes, whether conducted in the
B2 single-phase region or the two-phase region (a2 + B2
phases), can further enhance the material’s mechanical prop-
erties. The comprehensive understanding of rolling parameters

and their impact on phase content, morphology, and texture
evolution is crucial for optimizing the rolling process (Ref 43).
These findings contribute to the development of Ti2AlNb alloys
with fine-grained microstructures, enabling improved room
temperature plasticity and strength, which holds significant
promise for various applications in the field of materials science
and engineering.

5.3 Machining

Due to the high specific strength and low thermal conduc-
tivity of Ti2AlNb alloy at high temperatures, its machinability is
poor (Ref 82). There are two main factors contributing to the
poor machinability. Firstly, during the cutting process of this
alloy, challenges arise from high cutting temperatures and
severe tool wear. Under conventional cooling conditions, the
tool surface temperature can reach up to 1000 �C when high-
speed cutting this alloy (Ref 83). Such high temperatures pose
significant challenges to cutting tools. As a result, the available
types of tools for practical cutting processes are very limited.
Previous studies have shown that the wear rate of carbide tools,
polycrystalline diamond tools (PCD), and cubic boron nitride

Fig. 13 Grain size of: (a) Ti-22Al-23Nb (Ref 69). (b) Ti-12Al-38Nb (Ref 70). (c) Ti-23Al-27Nb (Ref 70). (d) Ti-25Al-25Nb (Ref 70). (a)
Reprinted from Materials & Design, Vol 225, Z. Yang, H. Liu, Z. Cui, H. Zhang, F. Chen, Refinement mechanism of centimeter-grade coarse
grains in as-cast Ti2AlNb-based alloy during multi-directional forging, Article No. 111508, Copyright 2023, with permission from Elsevier. (b)-
(d) Reprinted from Materials Science and Engineering: A, Vol 279, C.J. Boehlert, The effects of forging and rolling on microstructure in
O + BCC Ti Al Nb alloys, Pages No. 118-129, Copyright 2000, with permission from Elsevier

Journal of Materials Engineering and Performance



tools (CBN) significantly accelerates when the temperature
exceeds 740, 760, and 900 �C, respectively (Ref 84). Although
some tools such as ceramic cutting tools (e.g., alumina matrix,
Si3N4), super hard cutting tools (e.g., CBN, PCBN) can be
used for processing this alloy, their high cost is discouraging.
Therefore, it is essential to balance processing efficiency and
cost when selecting machining methods. The second factor lies
in the high affinity between titanium and aluminum atoms in
Ti2AlNb alloy and tool materials. The high cutting pressure
during the cutting process firmly welds the workpiece to the
tool surface. Consequently, part of the tool materials is torn or
sheared and flies away with the chips, resulting in severe
adhesive wear (Ref 85). Moreover, during high-temperature
cutting processes, tool materials are more prone to oxidation
reactions and diffusion phenomena, leading to significant
oxidation fatigue and diffusion layers on the tool. Additionally,
the strength and hardness of tool materials also decrease
significantly with increasing cutting temperature, causing
severe abrasive wear.

Cutting speed and cutting depth play a vital role in
controlling the microstructure of Ti2AlNb alloy, as shown in
Fig. 16. The degree of chip segmentation correlates positively
with cutting speed and cutting depth. The chip morphology of
Ti2AlNb alloy exhibits varying characteristics under different
cutting conditions. As the cutting speed and cutting depth

increases, as shown in Fig. 16(b)-(f), the chip morphology of
Ti2AlNb alloy transitions from a continuous chip with very
small sawtooth features on the free surface to a serrated chip
with adiabatic shear bands, consistent with the theory of
thermoplastic instability. Additionally, deformation bands
reveal elongated structures along the shear bands in the form
of thin strips. Optimization of the combination of cutting speed
and cutting depth can be employed to maintain continuous chip
formation. To reduce tool wear during the cutting process, two
main methods are currently employed. The first method
involves developing more efficient tool materials and coatings
that exhibit high chemical inertness with the workpiece
materials while maintaining good mechanical properties at
high temperatures.

The second method involves adopting more effective
cooling technologies during machining, as illustrated in
Fig. 17. The most commonly used method is conventional
cooling, where coolant liquids are sprayed onto the machined
surface and gradually infiltrate into the cutting zone. However,
due to the extremely high temperature and high contact
pressure on the tool surface, coolant liquids under conventional
cooling conditions cannot effectively penetrate into the cutting
zone, resulting in inadequate lubrication of the contact area and
limited temperature reduction in the cutting area (Ref 86, 87).
Fortunately, high-pressure jet cooling technology (HPJCT)

Fig. 14 Schematic diagram of multidirectional forging (Ref 75). Reprinted from Materials Science and Engineering: A, Vol 817, N. Azizi, R.
Mahmudi, Microstructure, texture, and mechanical properties of the extruded and multi-directionally forged Mg-xGd alloys, Article No. 141385,
Copyright 2021, with permission from Elsevier
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provides an effective cooling solution by directly jetting coolant
liquids into the cutting zone, dissipating a significant amount of
heat and reducing frictional heat generation, thereby ultimately
reducing the cutting temperature (Ref 88-90). Numerous
studies (Ref 91-95) have demonstrated that high-pressure jet
cooling technology not only significantly reduces tool wear and
extends tool life but also improves chip breakability, machining
efficiency, and surface integrity.

5.4 Welding and Joining

For the Ti2AlNb alloy, the production of high-quality joint
structures is crucial for its industrial applications. Currently,
numerous researchers are developing various welding or
joining processes to achieve high-quality joint structures. These
emerging processes will expand the application range of the
Ti2AlNb alloy. Several welding methods, as shown in Fig. 18,
have been investigated thus far to assess the welding perfor-

Fig. 15 Microstructure of Ti2AlNb alloy: (a) before forging, (b) after forging (Ref 76); (c) before mechanical processing, (d) after mechanical
processing (Ref 77); (e) before rolling, (f) after rolling (Ref 55). (a), (b) Reprinted from Materials & Design, Vol 225, Zhongyuan Yang, Haowei
Liu, Zhenshan Cui, Haiming Zhang, Fei Chen, Refinement mechanism of centimeter-grade coarse grains in as-cast Ti2AlNb-based alloy during
multi-directional forging, Article No. 111508, Copyright 2023, with permission from Elsevier. (c), (d) Reprinted from Materials Science and
Engineering: A, Vol 299, Jihua Peng, Yong Mao, Shiqiong Li, Xunfang Sun, Microstructure controlling by heat treatment and complex
processing for Ti2AlNb based alloys, Pages 75-80, Copyright 2001, with permission from Elsevier. (e), (f) Reprinted from Materials Science and
Engineering: A, Vol 279, C.J. Boehlert, The effects of forging and rolling on microstructure in O + BCC Ti Al Nb alloys, Pages No. 118-129,
Copyright 2000, with permission from Elsevier
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mance of the Ti2AlNb alloy, including linear friction welding
(Ref 96, 97), laser beam welding (LBW) (Ref 98-100), and
electron beam welding (EBW) (Ref 101-103). Zou et al. (Ref
104) studied the microstructure and strength of joints in Ti-
22Al-25Nb alloy during transient liquid phase diffusion
bonding. The results indicated that appropriate holding time
and high bonding temperature favor composition uniformity
and interface bonding, resulting in robust joints. Quenching and
tempering techniques can improve the microstructure and
enhance the strength of the joints. Lei et al. (Ref 100, 105)
studied the microstructural evolution and tensile properties of
laser-welded Ti-22Al-27Nb and Ti-22Al-27Nb/TC4 joints,
while Zhang et al. (Ref 99) investigated the laser weldability
of dissimilar Ti-22Al-27Nb/TA15 alloy. As shown in Fig. 19(a)
and (b), after laser welding of a Ti-22Al-25Nb alloy, the O
phase in B2 matrix is disappeared. The laser-welded joints of
this alloy exhibited low ductility at both room and high
temperatures due to the columnar solidification structure
formed in the weld and the precipitation of the O phase at

the B2 grain boundaries. The influence of linear friction weld
on microstructure is significant.

As shown in Fig. 19(c) and (d), prior to welding, the base
metal exhibited a typical three-phase microstructure consisting
of a2, B2, and O phases. Specifically, the black granular phase
and the grey acicular phase corresponded to the a2 and O
phases, respectively, while the matrix was predominantly B2
phase. Post-welding, the weld zone was primarily composed of
B2 phase, with the granular a2 phase and acicular O phase
nearly disappearing. Chen et al. (Ref 96, 97) investigated the
microstructural evolution and mechanical properties of linear
friction welded Ti2AlNb alloy under post-weld and post-weld
heat treatment conditions. Solution and aging treatments
significantly enhanced the microhardness in the welding zone,
attributed to the precipitation hardening of the O phase and
grain refinement strengthening. After aging treatment, the
tensile strength of the joint further increased due to the
secondary O phase precipitation, while the elongation de-
creased due to the suppression of the soft deformation mode in
the fine needle-like microstructure. EBW is preferred for
titanium alloy joining as it takes place in a clean vacuum
chamber and offers high energy density and relatively low heat
input (Ref 108, 109), resulting in narrow and deep penetrating
welds, small heat-affected zones, low deformation, and residual
stresses. Therefore, EBW has become the preferred method for
welding Ti2AlNb alloy.

As shown in Fig. 19(e) and (f), after electron beam welding,
the equiaxed O and a2 phase appear in B2 phase matrix. Tan
et al. (Ref 101-103) performed dissimilar welding of Ti-22Al-
25Nb and TC11 alloys using EBW. In their study, heat
treatments such as isothermal deformation and heat treatment
were employed to improve the microstructure and mechanical
properties of the welded joints.

It is worth noting that welded panel structures are widely
applied in the aerospace industry. In practical applications,
welding deformation has become a significant issue to be
addressed due to the high requirements for structural integrity
and dimensional accuracy. However, previous studies have
mainly focused on the microstructure and mechanical proper-
ties of Ti2AlNb alloy welding joints, with limited research on

Fig. 16 Ti2AlNb alloy: (a) Initial microstructure; the chip morphology under different cutting depth: (b) 0.06 mm, (b) 0.1 mm, and (c)
0.15 mm; the chip morphology under different cutting speeds: (e) 20 m/min, (f) 40 m/min, (g) 60 m/min, and (h) 80 m/min (Ref 83). Reprinted
with permission from Linjiang He et al, Study on dynamic chip formation mechanisms of Ti2AlNb intermetallic alloy, The International Journal
of Advanced Manufacturing Technology, volume 92, pages 4415-4428, 2017, Springer Nature

Fig. 17 Schematic diagram of the two types of coolant application:
1. Conventional coolant type, 2. High-jet pressure coolant type (Ref
82). Reproduced from International Journal of Lightweight Materials
and Manufacture under the terms of the Creative Commons
Attribution license
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the influence of welding parameters on welding deformation.
Therefore, investigating the deformation caused by welding of
the Ti2AlNb alloy is of great significance in promoting its
application in aerospace structures.

5.5 Powder Metallurgy

During the production of Ti2AlNb alloy products, traditional
processing methods such as casting exhibit certain drawbacks,
including issues of elemental segregation, grain coarsening, and
shrinkage (Ref 110-112). These issues primarily arise from the
differences in melting points, densities, and diffusion coeffi-
cients of the various elements present in the alloy (Ref 113).
Research indicates that materials difficult to process using
conventional methods can be effectively processed using
powder metallurgy techniques (Ref 113), such as titanium-
aluminum alloys, as shown in Fig. 20. Powder metallurgy
techniques enable the retention of attractive physical properties
of the material and facilitate the manufacturing of complex-
shaped products, while offering advantages of simplicity,
reduced processing time, and lower costs (Ref 114). The ability
to manufacture complex-shaped products is particularly crucial
for the production of challenging-to-form intermetallic com-
pounds. Powder metallurgy processing, utilizing pre-alloyed
titanium powders, has been demonstrated as a viable net-
shaping technology. It has been proven to be a cost-effective
method capable of producing complex structural components
with performance comparable to those produced by traditional
forging methods (Ref 67, 115, 116).

Within powder metallurgy techniques, blended elemental
powder metallurgy (BEPM) offers economic advantages over
pre-alloyed powder metallurgy, facilitating the alloying process
(Ref 117). However, alloys synthesized using BEPM typically
exhibit inferior mechanical properties, particularly in terms of
ductility (Ref 118, 119). Extensive researches (Ref 120-123)
have been conducted to understand the causes of low ductility.

Research findings indicate that an increase in oxygen content
resulting from powder metallurgy processes is the primary
cause of reduced ductility. The elevated oxygen content
promotes the formation of the brittle a2 phase in Ti2AlNb
alloy, consequently decreasing the material’s ductility. Recent
research results (Ref 124-126) demonstrate that rare earth (RE)
elements are highly effective in removing oxygen from titanium
and titanium-aluminum alloys due to their superior chemical
affinity for oxygen compared to titanium and aluminum
elements. The addition of rare earth elements facilitates
microstructure refinement, enhances the density of sintered
compacts, and suppresses the precipitation of the brittle a2/a
phases in BEPM titanium alloys. Studies (Ref 127) have shown
that the addition of 0.5 wt.% LaB6 can improve the elongation
of pure titanium by 31.4%. However, pure rare earth metal
powders are expensive and prone to oxidation, making them
non-competitive. To overcome these obstacles, rare earth
compounds are widely employed. Among various forms of
rare earth, stable, easily grindable, and cost-effective LaB6
represents a potential choice. Additionally, the in-situ reaction
between LaB6 and titanium or titanium-aluminum produces
TiB short fibers, which are important strengthening phases and
grain refiners in titanium and titanium-aluminum alloys (Ref
125, 127). Based on the aforementioned research findings, it
can be inferred that the introduction of LaB6 holds promise for
improving the performance of BEPM Ti2AlNb alloys. How-
ever, there is currently limited research reported on the
incorporation of LaB6 into the alloy.

In the production of powder metallurgy (PM) Ti2AlNb-
based alloys, efforts have been made, including the use of
elemental powders (Ref 68) and pre-alloyed powders (Ref 128)
through vacuum hot pressing sintering, as well as the utilization
of pre-alloyed powders through hot isostatic pressing sintering
(Ref 81, 114). However, the resulting microstructures from
these sintering processes are typically found to be relatively

Fig. 18 Schematic diagram of (a) laser beam welding (Ref 98), (b) linear friction welding (Ref 97), and (c) electron beam welding (Ref 106).
(a) Reprinted from Journal of Alloys and Compounds, Vol 681, Yanbin Chen, Kezhao Zhang, Xue Hu, Zhenglong Lei, Longchang Ni, Study on
laser welding of a Ti-22Al-25Nb alloy: Microstructural evolution and high temperature brittle behavior, Pages No. 175-185, Copyright 2016,
with permission from Elsevier. (b) Reprinted from Materials Science and Engineering: A, Vol 668, X. Chen, F.Q. Xie, T.J. Ma, W.Y. Li, X.Q.
Wu, Microstructural evolution and mechanical properties of linear friction welded Ti2AlNb joint during solution and aging treatment, Pages No.
125-136, Copyright 2016, with permission from Elsevier. (c) Reprinted from Materials Science and Engineering: A, Vol 392, Paolo Ferro,
Andrea Zambon, Franco Bonollo, Investigation of electron-beam welding inwrought Inconel 706—experimental and numerical analysis, Pages
No. 94-105, Copyright 2005, with permission from Elsevier
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coarse, as sufficiently high sintering temperatures are required
to fully consolidate these high-strength pre-alloyed powders.
Spark plasma sintering (SPS) is a pressure-assisted pulsed
electric current powder sintering technique that enables rapid
heating, enhanced mass transfer, rapid consolidation, and near-
net shaping concurrently. It has been proposed that the Joule
heat generated by pulsed currents accelerates the densification
of alloy powders by enhancing local plastic flow around
connecting necks (Ref 129). It has been recognized that SPS is
more effective in achieving microstructural homogenization
compared to hot pressing sintering using mixtures of elemental
and master alloy powders, as the intense Joule heating effect
raises local temperatures, thereby increasing the diffusion rate.
Niu et al. (Ref 110) conducted experimental investigations on
the microstructure and mechanical properties of alloys after
SPS and further optimized the microstructure through heat

treatment, resulting in Ti2AlNb-based alloy products with
improved performance.

The microstructural changes of compacts prepared under
different Hot Isostatic Pressing conditions are shown in Fig. 21.
Low-temperature Hot Isostatic Pressing results in noticeable
Prior Particle Boundaries (PPB), as illustrated in Fig. 21(a). As
the temperature increases, inter-powder bonding improves but
powder surface contours remain visible, as illustrated in
Fig. 21(b). Further increasing the Hot Isostatic Pressing
temperature eliminates powder surface contours, revealing a
fine and uniform microstructure with grain sizes ranging from
30 to 50 lm, as shown in Fig. 21(c). This microstructure
quality rivals that of materials produced by casting or forging
but requires minimizing inherent gas pores in gas-atomized
powders to ensure good mechanical properties.

Fig. 19 Microstructure of (a) before laser beam welding, (b) after laser beam welding (Ref 98); (c) before linear friction welding, (d) after
linear friction welding (Ref 107); and (e) before electron beam welding, (f) after electron beam welding (Ref 103). (a), (b) Reprinted from
Journal of Alloys and Compounds, Vol 681, Yanbin Chen, Kezhao Zhang, Xue Hu, Zhenglong Lei, Longchang Ni, Study on laser welding of a
Ti-22Al-25Nb alloy: Microstructural evolution and high temperature brittle behavior, Pages No. 175-185, Copyright 2016, with permission from
Elsevier. (c), (d) Reprinted from Xiangqing Wu, Wenya Li, Tiejun Ma, et al, Oxidation Behavior of Three Different Zones of Linear Friction
Welded Ti2AlNb Alloy, Advanced Engineering Materials, John Wiley and Sons. � 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(e), (f) These figures were published in Aerospace Science and Technology, Vol 14, L. Tan, Z. Yao, W. Zhou, H. Guo, Y. Zhao, Microstructure
and properties of electron beam welded joint of Ti-22Al-25Nb/TC11, Page Nos. 302-306, Copyright Elsevier 2010
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5.6 Additive Manufacturing

In the past three decades, the emergence of Metal Additive
Manufacturing (MAM) technology has drawn attention from
scientists and engineers towards the production applications of
alloy (Ref 4). Currently, commonly used MAM techniques for
this alloy include Powder Bed Fusion (PBF) (Ref 131, 132) and
Directed Energy Deposition (DED) (Ref 4), as shown in
Fig. 22.

As shown in Fig. 23(a)-(e), the observation reveals signif-
icant differences in microstructure between the bottom and top
regions of the sample, primarily influenced by temperature
variations during the Powder Bed Fusion process, particularly
affected by platform preheating and laser heating cycles. The
microstructure in the top region (Fig. 23b and c) displays a
different morphology, presenting as elongated B2 + O lamellar

structure, containing more O (Ti2AlNb) phase precipitates
compared to the bottom, likely due to lower processing
temperatures. Additionally, microcracks observed in the top
region suggest lower preheating temperatures compared to the
bottom part.

The microstructure in the bottom region (Fig. 23d and e)
exhibits a B2 + O + a2 structure with relatively coarse B2
grains. Under high magnification, elongated B2 + O
microstructure is observed, with coarse a2 (Ti3Al) phase
precipitates along the boundaries of B2 grains, indicating aging
of the alloy during the SLM process. Prolonged manufacturing
times and high temperatures lead to B2 phase decomposition
and a2 phase precipitation in the bottom region. The experi-
ments emphasize that titanium intermetallic alloys processed
via Powder Bed Fusion under high-temperature platform
preheating and laser heating cycles result in non-uniform

Fig. 20 Schematic diagram of powder metallurgy (Ref 67): (a) the blended powder, (b) the low-energy milling, (c) the sintering process, and
(d) the sintered alloy. Reprinted from Materials Science and Engineering: A, Vol 654, Guofeng Wang, Jianlei Yang, Xueyan Jiao, Microstructure
and mechanical properties of Ti-22Al-25Nb alloy fabricated by elemental powder metallurgy, Pages No. 69-76, Copyright 2016, with permission
from Elsevier

Fig. 21 Microstructures of powder metallurgy (Ref 130) prepared by hot isostatic pressing: (a) 980 �C/140 MPa/3 h, (b) 1010 �C/140 MPa/3 h,
(c) 1030 �C/140 MPa/3 h. Reprinted from Journal of Materials Science & Technology, Vol 31, Jie Wu, Lei Xu, Zhengguan Lu, Bin Lu, Yuyou
Cui, Rui Yang, Microstructure Design and Heat Response of Powder Metallurgy Ti2AlNb Alloys, Pages No. 1251-1257, Copyright 2015, with
permission from Elsevier
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microstructures along the build direction. This highlights the
importance of controlling and optimizing processing parame-
ters to achieve desired material properties and structural
integrity. As shown in Fig. 23(f) and (g), the microstructure
commonly observed in O-phase alloys produced by Directed
Energy Deposition consists of B2/b-grains containing varying
fractions of grain boundary O- or a2-precipitates, along with
intragranular precipitates of lamellar O-phase. Plate-like

colonies primarily grow from the boundaries or manifest as
individual small O-platelets situated between these colonies.
The current achievements and challenges of this technology can
be summarized as follows: Firstly, MAM enables the produc-
tion of dense, fine-grained materials with excellent mechanical
performance combinations at room temperature, although they
are not yet thermodynamically equilibrium in their initial state.
Secondly, post-processing methods that can provide thermally

Fig. 22 Schematic diagram of Additive Manufacturing (Ref 133): Powder Bed Fusion (a) Laser power bed fusion, (b) Electron beam powder
bed fusion; Directed Energy Deposition (a) Laser direct energy deposition, (b) Electron beam direct energy deposition, (c) Gas metal arc direct
energy deposition, (d) Gas tungsten arc direct energy deposition, and (e) Plasma arc direct energy deposition. Reprinted from Advances
Industrial Manufacturing Engineering, Vol 2, J.P.M. Pragana, R.F.V. Sampaio, I.M.F. Bragança, C.M.A. Silva, P.A.F. Martins, Hybrid metal
additive manufacturing: A state-of-the-art review, Article No. 100032, Copyright 2021, with permission from Elsevier
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stable structures and balanced properties at both room and high
temperatures are yet to be developed. Thirdly, the dual-wire
feeding method holds significant potential in the WAAM (Wire
arc additive manufacturing) process for O-phase alloys.
Fourthly, L-PBF (Laser-PBF) demonstrates exceptional
mechanical properties for powder feedstock, while hybrid
additive manufacturing processes combining L-DED (Laser-
Directed Energy Deposition) and point forging exhibit promis-

ing results. Lastly, inkjet binding processes may not be the
optimal choice for creating O-phase alloy structural parts due to
increased porosity and longer post-processing time.

Future research can focus on detailed investigations of the
effects of post-processing and chemical composition on the
microstructure and mechanical properties, including cyclic
loading, fracture toughness, and creep testing. This will ensure
the development of heat treatment methods that provide a

Fig. 23 (a) The tensile specimen built by Powder Bed Fusion (Ref 134), (b-c) the microstructure on the top of tensile specimen, (d-e) the
microstructure on the bottom of tensile specimen; the microstructure of Directed Energy Deposition (Ref 4) (f) with grain boundary, and (g)
without grain boundary. Reprinted from Materials under the terms of the Creative Commons Attribution license
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performance combination comparable to refractory nickel,
titanium, and titanium gamma-aluminide compounds within
the operating temperature range of 600-700 �C.

5.7 Surface Treatment

For Ti2AlNb alloy, low wear resistance poses a significant
challenge in the fabrication of tribological components such as
shafts and blades in gas turbines, engine valves, and tur-
bochargers (Ref 135, 136). Surface modification is an effective
and economical method to improve their tribological perfor-
mance. The dual glow plasma surface alloying process known
as the Korf Process has been proven to enhance the surface
properties of metals or alloys, including microhardness, wear
resistance, and oxidation resistance (Ref 137).

Previous studies have shown that a plasma surface chromiz-
ing layer on Ti2AlNb alloy significantly improves its oxidation
resistance at both room and high temperatures (Ref 138).
Tungsten is a major component of commercially available hard
alloys used for coating applications (Ref 139). As indicated in
reference (Ref 140), tungsten occupies positions in the titanium
sublattice, leading to changes in the electronic structure. Based
on empirical electron theory, it is expected that tungsten
occupying the titanium sublattice will primarily form a
titanium-tungsten phase in the titanium-aluminum-niobium
system. Research has revealed that the addition of tungsten to
Ti2AlNb-based alloys can enhance the wear resistance of the
base material. Carbon, with its smaller atomic size, can diffuse
deeply and form a WxC1-x/C coating, interacting with tungsten
to create a W-C phase. This coating is chosen due to its low
friction characteristics, higher relative hardness, and low
surface energy, which are expected to reduce adhesion and
wear (Ref 141). Relevant studies propose the method of plasma

surface W-C dual-layer treatment. Figure 24 illustrates the
microstructure of an Al/Cr coating on Ti2AlNb alloy. Scanning
electron microscopy (SEM) images reveal that the deposition of
Cr (Fig. 24a) and Al (Fig. 24b) is uniform and dense, exhibiting
no pores or cracks. At higher magnification, the Cr film appears
polycrystalline with an island growth mechanism, while the Al
crystals exhibit a layered growth mechanism. Cross-sectional
morphology of the Al/Cr protective coating (Fig. 24c) and
energy-dispersive x-ray spectroscopy (EDS) analysis (Fig. 24d)
indicate that the coating surface consists of a dense Al layer (as
seen in Fig. 24b), beneath which an Al-Cr alloy layer forms.
This formation is primarily attributed to mutual diffusion
between the Al and Cr layers during heat treatment, consistent
with diffusion laws. Additionally, the presence of the Cr and
diffusion layers results from the characteristics of double glow
treatment, where Cr atoms sputter onto the substrate to form
both a deposited layer and a diffusion layer at elevated
temperatures. The diffusion within the Al/Cr coating enhances
the bond strength between the coating and substrate, preventing
delamination. The thickness of the Al/Cr coating measures
63 lm, as depicted in Fig. 24(d). Clearly, a diffusion zone has
developed due to mutual diffusion between Cr, the substrate,
and Al.

6. Mechanical Properties of Ti2AlNb Alloy

Ti2AlNb alloy, as an important structural material in the
aerospace field, is evaluated based on its mechanical properties,
which are closely related to its microstructural features. A
thorough understanding of the relationship between tensile
performance, fracture toughness, creep resistance, fatigue

Fig. 24 SEM images of Al/Cr coating on Ti2AlNb alloy (Ref 135) (a) Cr deposition, (b) Al deposition, (c) cross-section images (d) EDS result.
Reprinted from Materials Science and Engineering: A, N. Azizi and R. Mahmudi, Microstructure, texture, and mechanical properties of the
extruded and multi-directionally forged Mg–xGd alloy, Article No. 141385, Copyright 2000, with permission from Elsevier
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performance, and microstructure is crucial for the future
development of this alloy. Table 3 presents the differences in
physical and mechanical properties between Ti2AlNb alloy,
nickel-based superalloys, and c-TiAl alloys. From Table 3 and
Fig. 25, it can be observed that there are no apparent defects in
this alloy.

As shown in Table 4, the tensile performance of this alloy is
influenced by factors such as alloy composition, microstructural
state (phase types, proportions, phase, and grain sizes, etc.),
heat treatment processes (solution treatment and aging temper-
ature, time, and cooling rate after heat treatment), and
deformation processes (forging, extrusion, and rolling, etc.).
Zhang et al. (Ref 142) investigated the tensile performance of
Ti-22Al-25Nb and Ti-22Al-23.9Nb-1.1Mo alloys. The addition

of Mo element reduced the room temperature strength and
plasticity but increased the high-temperature strength and
plasticity due to the refinement of grain size caused by Mo
addition. The addition of other alloying elements also affects
the mechanical properties of the material, which requires
further research. Tensile performance is closely related to the
microstructural features. Li et al. (Ref 143) studied the
relationship between microstructure and properties and found
that a dual-phase microstructure exhibited a good balance
between strength and plasticity. Fu et al. (Ref 144) investigated
the influence of lamellar O phase on the mechanical properties
of the alloy and found that the size and distribution state of the
O phase affected the macroscopic mechanical response of the
alloy. Additionally, Fu et al.’s study (Ref 145) revealed that the

Table 3 Physical parameters of advanced high temperature materials

Material
q,

g cm23
Elasticity

modulus, GPa

Yield
strength,
MPa

Tensile
strength, MPa

RT
ductility%

HT
ductility%

Limit tem. of creep
res., �C

Antioxidation limit
tem., �C

Titanium 4.5 95-115 380-1150 480-1200 10-25 12-50 600 600
Ni-based 7.9-8.5 206 800-1200 1250-1450 3-25 20-80 800-1090 870-1090
c-TiAl 3.7-4.2 160-180 350-600 500-800 1-4 10-60 750-800 800-900
Ti2AlNb 5.3-5.7 110-145 900-1130 1010-1250 3-16 15-35 650-750 650-750
RT: Room temperature; HT: High temperature; tem.: temperature; res.: resistance

Fig. 25 Comparison of tensile properties and specific yield strength of Ti2AlNb alloy and to near-a titanium, Ti3Al, IN718 and TiAl alloy (Ref
26): (a) Fracture strain, (b) Fracture strain vs. yield strength, and (c) Specific yield strength. Reprinted from M. Peters and C. Leyens, Titanium
and Titanium Alloys: Fundamentals and Applications, John Wiley & Sons. Copyright � 2003 Wiley-VCH Verlag GmbH & Co. KGaA

Table 4 Tensile properties of Ti2AlNb alloy at room temperature

Nominal component Deformed state Microstructure Rm, MPa Rp0.2, MPa A, %

Ti-12Al-38Nb (Ref 146) Forge and roll Lamellar 869 809 12.3
Ti-22Al-24Nb (Ref 146) Forge and roll Lamellar 916 836 4.5
Ti-22Al-25Nb (Ref 55) Free forge Duplex 1180 1100 3.5
Ti-22Al-27Nb (Ref 143) Roll Duplex 1160 1050 10.1
Ti-23Al-17Nb (Ref 147) Forge Duplex 1095 910 13.0
Ti-25Al-24Nb (Ref 146) Forge and roll Equiaxed 1237 1125 5.0
Ti-22Al-24Nb-3Ta (Ref 13) Roll Duplex 1110 1100 14
Ti-22Al-20Nb-7Ta (Ref 143) Roll Duplex 1320 1200 9.8
Ti-22Al-24Nb-2 V (Ref 13) Roll Lamellar 888 740 3.3
Ti-22Al-24Nb-2W (Ref 13) Forge Lamellar 960 860 0.8
Rm: Ultimate tensile strength; Rp0.2: yield strength; A: elongation.
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precipitation of the a phase at grain boundaries influenced the
mechanical properties of the alloy, and the morphology, size,
and distribution state of the a phase had different effects on the
alloy. By optimizing the microstructural morphology, different
deformation processes can alter the mechanical properties of
the alloy.

Fracture toughness (Ref 148) reflects the material’s resis-
tance to crack unstable propagation and is an important
assessment criterion in aircraft damage tolerance design,
directly affecting the aircraft’s lifespan. The fracture toughness
of this alloy is significantly related to the microstructural state,
as shown in Fig. 26. Alloy composition, grain size, and lamellar
microstructure have a significant impact on the fracture
toughness of the alloy. Alloy composition influences the
fracture toughness. Higher Nb content and lower Al content
can improve the alloy’s cleavage fracture capability, while the
substitution of Nb with Mo or Ta does not have a significant
effect on fracture toughness (Ref 149). Decreasing grain size
can enhance the material’s fracture toughness. As shown in
Fig. 26, the fracture toughness of this alloy depends on the
microstructure, with the lamellar microstructure exhibiting the
best fracture toughness (Ref 150). Moreover, the fracture
toughness of the alloy is also related to the thickness of the
lamellar microstructure, as an increase in lamellar thickness
improves the fracture toughness. From the figure, it can also be
observed that although the fracture toughness of this alloy is not
as high as that of titanium alloys, it is better than other Ti-Al
series alloys.

Creep resistance is a critical indicator for evaluating whether
an alloy can be used in high-temperature environments of
aircraft engines. Figure 27 shows a temperature comparison of
different alloys when the total creep strain reaches 0.2% within
100 hours (Ref 151). It can be seen from the figure that the Ti-
22Al-25Nb alloy exhibits good creep resistance within the
range of 600-700 �C, which is attributed to its higher activation
energy for grain boundary diffusion and lattice self-diffusion
(Ref 152). The creep resistance of the alloy is closely related to
alloy type, microstructural state, and grain size. After the
addition of Mo and Zr, all three stages of creep resistance are
superior to that of the Ti-22Al-27Nb alloy, which is attributed
to the higher activation energy for lattice self-diffusion. The

creep deformation mechanism is controlled by dislocation
climb. The addition of Zr can effectively enhance the alloy’s
creep resistance by coarsening the O-phase lamellae. He et al.’s
study (Ref 153) found that the creep resistance is closely related
to the proportion and morphology of the O-phase lamellae, with
the O phase exhibiting higher creep resistance than the B2
phase. As the aging temperature increases, the thickness of the
O-phase lamellae increases, leading to increased creep resis-
tance. Therefore, the creep performance of the full lamellar
microstructure is superior to the dual-phase microstructure.
Boehlert et al.’s research (Ref 152) found that under low stress,
the alloy exhibits low activation energy, with Coble creep being
the dominant mechanism. Under moderate stress, grain bound-
ary sliding and grain boundary diffusion occur, and the
minimum creep rate is proportional to the square of the stress
and inversely proportional to the grain size. Under high stress,
the creep mechanism is controlled by dislocation climb. O-
phase content is positively correlated with creep resistance.

Fatigue performance is another important indicator for
studying this alloy. Currently, there are few research reports on
the fatigue performance of this alloy, indicating a significant
research gap in this field. As shown in Fig. 28, the high-cycle

Fig. 26 (a) Fracture toughness of Ti2AlNb alloy (Ref 5), (b) Fracture toughness vs. yield strength of Ti2AlNb, near-a titanium, Ti3Al, TiAl
(Ref 5). Reprinted from J. Kumpfert, Intermetallic Alloys Based on Orthorhombic Titanium Aluminide, Advanced Engineering Materials, John
Wiley and Sons. � 2001 WILEY-VCH Verlag GmbH, Weinheim, Fed. Rep. of Germany

Fig. 27 Creep properties of Ti2AlNb alloy and related alloys (Ref
151, 154)
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fatigue performance of this alloy is superior to that of near-a
titanium alloys and TiAl alloys. The fatigue performance of the
alloy is related to alloy elements, microstructural state, and
surface treatment. Singh et al. (Ref 155) investigated the
influence of Mo on the low-cycle fatigue performance of the
alloy and found that the addition of Mo resulted in a more
uniform microstructure and increased the alloy’s low-cycle
fatigue resistance. Studies (Ref 156) have also indicated that
shot peening can introduce compressive stress, thereby improv-
ing fatigue strength and fatigue life. The microstructure
primarily affects fatigue performance in three aspects: the O-
phase lamellar impede dislocation propagation through the O/
B2 phase interface, improving crack initiation resistance; the
B2 phase lamellar passivate crack propagation, exhibiting
higher high-cycle fatigue life; the TiB particles in the
microstructure can enhance room temperature high-cycle
fatigue performance, with small particles impeding dislocation
motion, while large particles release stress concentration and
hinder fatigue crack propagation.

In summary, the mechanical properties of the Ti2AlNb alloy,
including tensile performance, fracture toughness, creep resis-
tance, and fatigue performance, are closely related to its
microstructural features. Factors such as alloy composition,
microstructural states, heat treatment processes, and deforma-
tion processes all influence its mechanical properties. Further
research is needed to gain a deeper understanding of the
relationship between mechanical properties and microstructure
to drive the future development of this alloy.

7. Conclusion and Prospects

The Ti2AlNb alloy is considered a potential contender for
manufacturing high-temperature structural components as a
replacement for high-temperature nickel-based alloys due to its
outstanding creep resistance and oxidation performance at

elevated temperatures. However, its widespread application is
limited by inherent brittleness, large grain size, and other
physical characteristics. Elemental composition, microstructure,
fabrication and machining processes, and mechanical properties
are critical factors restricting its application, and research in
these areas is still relatively underdeveloped. Consequently, it is
essential to provide a comprehensive summary and a forward-
looking perspective on the relevant aspects of this alloy.

The mechanical performance of the alloy is closely related
to its composition, and researchers have been exploring the
influence of various alloying elements on its properties.
Numerous research findings indicate that introducing different
alloying elements, including Al, Nb, Mo, Zr, among others, can
enhance specific physical properties of the alloy, making it
more suitable for practical applications. Moreover, extensive
research has focused on the binary and ternary phase diagrams
of this alloy, with room for further investigation under specific
conditions.

The alloy mainly comprises the O phase, a2 phase, and B2
phase, with different combinations of phase content and
morphology leading to three typical microstructures: bimodal,
lamellar, and equiaxed structures. Due to the varying content
and morphology characteristics of these phases, they exhibit
distinct mechanical properties, with bimodal microstructures
demonstrating superior comprehensive mechanical perfor-
mance. Currently, methods for microstructure control of the
alloy include heat treatment, plastic deformation, and control-
ling sintering parameters. In addition to traditional machining
and manufacturing processes such as casting and welding, new
manufacturing methods like additive manufacturing and pow-
der metallurgy have garnered considerable attention among
researchers. These novel methods offer numerous advantages,
including exceptional material utilization, reduced processing
steps, and enhanced production flexibility, when compared to
traditional manufacturing methods.

The mechanical properties of the alloy, such as tensile and
fracture performance, are closely linked to its microstructural
state. Despite extensive research in this area, understanding the
micro-mechanisms remains a primary focus for future inves-
tigations.

In conclusion, this article provides viable recommendations
across four key aspects of the alloy: elemental composition,
microstructure, manufacturing processes, and mechanical prop-
erties. While extensive research has been conducted in these
four areas, there are still crucial issues that need to be addressed
to promote the industrial application of this alloy. Future
research should emphasize the following aspects: 1. In-depth
exploration of the microstructure, including microstructural
morphology, formation mechanisms, and the relationship
between microstructure and mechanical performance. Re-
searchers should aim to establish the link between microstruc-
ture and relevant mechanical properties under various
operational conditions. 2. Intensified research into the trans-
formation mechanisms of the O-phase, especially at different
temperatures. Despite some existing research on the deforma-
tion mechanisms of the O-phase at various temperatures, the
available data remains limited and often lacks precision. 3.
Continued exploration of emerging processing techniques such
as additive manufacturing and powder metallurgy. The intro-
duction of new processing methods, such as the powder bed
fusion additive manufacturing technique, provides a high level
of flexibility for the production of this alloy, reducing
production steps and enhancing material usage efficiency.

Fig. 28 High cycle fatigue of Ti2AlNb alloy and related alloys (Ref
26). Reprinted from M. Peters and C. Leyens, Titanium and
Titanium Alloys: Fundamentals and Applications, John Wiley &
Sons. Copyright � 2003 Wiley-VCH Verlag GmbH & Co. KGaA
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However, research on these new processing methods for the
alloy is still relatively scarce and is expected to become a hot
topic in future alloy studies.
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