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a b s t r a c t

Upgrading and developing metallic materials are bases for improving the performance of aircraft. As one of 
the new structural metallic materials used in aerospace, lightweight and high-strength γ-TiAl alloys have 
been successfully used as high-risk structural parts in aircraft engines. Nonetheless, intrinsic embrittlement 
is the main factor limiting applications of γ-TiAl alloys. To further enlarge the application fields of γ-TiAl 
alloys, it is urgent to improve mechanical properties, like strength and ductility. This paper first introduces 
phase constituents and precipitates of γ-TiAl alloys, summarizes microstructure control measures of γ-TiAl 
alloys, and presents texture evolutions of γ-TiAl alloys. Then, based on four strength mechanisms, this 
review paper summarizes factors influencing mechanical properties of γ-TiAl alloys during compression, 
tension, creep and fatigue as well as tribology tests. It also includes the fracture mechanisms of γ-TiAl alloys. 
Finally, this paper proposes some future development directions for studying γ-TiAl alloys, like screening 
chemical compositions via machine learning technology, and developing microstructure evaluation soft
ware.

© 2022 Elsevier B.V. All rights reserved. 
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1. Introduction

The development of human society is inseparable from metallic 
materials application. The use of bronze wares significantly pro
motes the development of ancient China’s economy, culture (like 
Square vessel with four rams, in Fig. 1a) and military, giving impetus 
to the social progress of panhuman. Currently, metallic materials and 
their products have been widely used as essential tools in people’s 
daily life and travel (like kettle and car). More importantly, metallic 
materials play crucial roles in biomedicine, electronic communica
tion, transportation and aerospace fields, like aero engine (Fig. 1b) 
and Mars probe (Fig. 1c) [1,2].

Metallic materials can be divided into two categories by the di
viding line with a density of 5 g·cm−3 [3]. The former are lightweight 
metallic materials, like aluminum, magnesium and titanium alloys. 
The latter are heavy metallic materials, like iron and steel, copper 
alloys and nickel-based superalloys. The strength and heat resistance 
of metallic materials are usually proportional to their density range. 
Therefore, the service performances and temperature of lightweight 
metallic materials are relatively low compared with those of heavy 
metallic materials and need to be further improved. The ultimate 
strength of aluminum alloys is often smaller than 650 MPa [4]. The 
ultimate strength and service temperature of titanium alloys are 
1000 MPa (for TC21, [5,6]) and 600 ℃ (for Ti600), respectively. 
Therefore, titanium alloys are widely used in aviation industry, in
cluding landing gears, fan blades and other aircraft components far 
away from high-temperature region. In some aircraft, the usage of 
titanium alloys is as high as 50% [7]. However, the service perfor
mances and temperature of conventional lightweight metallic ma
terials have gradually reached their limit recently, because the 
requirements dramatically increase for maneuverability and trans
portation capacity of aircraft.

Heavy materials, such as steel and nickel-based superalloys, are 
widely used in the aviation industry because of high service per
formances and temperature. For example, nickel-based superalloys 
are frequently used as components near high-temperature region of 
aero engines, such as turbine disks and low-pressure turbine (LPT) 
blades. However, the weight of nickel-based superalloys components 
is about 40%− 60% total weight of aero engines, which seriously 
impedes improvements in maneuverability and transportation ca
pacity of aircraft. Thus, it is necessary to develop advanced metallic 
materials with lightweight and high service temperatures.

γ-TiAl alloys are titanium aluminides with the Al content of 
42–49 at.% (atomic percent), which are considered as important 
substitutes for titanium alloys and nickel-based superalloys in aero 
engines. γ-TiAl alloys exhibit low density (∼4 g·cm−3), high service 
temperature (650–850 ℃), high specific strength, excellent creep 
and oxidation resistance. Besides, much attention has also been paid 
to poly-synthetically twinned TiAl (PST-TiAl) single crystal with a 
service temperature up to 900 ℃ [8]. The PST-TiAl single crystal with 
controlled lamellar orientations was prepared by directional solidi
fication. It presents the elongation to failure of ∼6.9% at room tem
perature, about triple that of polycrystalline γ-TiAl alloys, and an 
ultimate strength at room temperature of about 978 MPa, compar
able to that (≥1016 MPa, [9]) of nickel-based superalloys. Due to 
remarkable advantages, γ-TiAl alloys have been commercially uti
lized in aero engines to partially replace Ni-based superalloys in the 
temperature range of 600–800 ℃ [10]. And the weight of GEnx en
gines was reduced by 200 pounds after equipping Ti-48Al-2 Nb-2Cr 
(termed as 4822 alloy) LPT blades. Nevertheless, the relative brit
tleness remains the Achilles’ heel of γ-TiAl alloys, and limits the 
wider application in aerospace that requires safety and reliability 
without any catastrophic failure. In addition, the service tempera
ture of γ-TiAl alloys also needs to be further raised to replace more 
Ni-based superalloys components in aero engines. Therefore, it is 
important to optimize mechanical properties, like ductility, strength 
and service temperature of γ-TiAl alloys via tailoring their micro
structures [11].

Considering the relationship between microstructure and per
formance, this paper mainly summarizes recent study on micro
structure control and mechanical properties optimization of 
polycrystalline γ-TiAl alloys. Besides, research progress on the tri
bological property and fracture mechanisms of polycrystalline γ-TiAl 
alloys are also reviewed.

2. Microstructure

2.1. Phase constituents

γ, α2 and β0 phases are main phase constituents of γ-TiAl alloys. γ 
phase (TiAl) has an L10 tetragonal structure with the c axis slightly 
larger than the a axis. Wang et al. [12] found that the c/a ratio of γ 
phase increases from 1.014 to 1.021 as the Al content increases from 
42 at.% to 51 at.%. Fang et al. [13] claimed that adding Ta reduces the 

Fig. 1. (a) Square vessel (fang zun) with four rams (National Museum of China); (b) Trent XWB aero engine (Rolls-Royce), (c) Insight Mars lander (NASA). 
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value of a axis, but increases the value of c axis and the c/a ratio of γ 
phase. Besides, for γ-TiAl alloys prepared by using directional soli
dification technique, the c/a ratio of γ phase decreases from 1.012 to 
1.002 with the increasing of growth rate from 0.2 mm·min−1 to 
1.0 mm·min−1 [14]. Meanwhile, both the lattice parameters and 
chemical compositions of γ, α2 and β0 phases are also altered with 
the growth rate for directionally solidified γ-TiAl alloys, as exhibited 
in Table 1. α2 phase (Ti3Al) presents a D019 hexagonal structure, and 
α2 lamellae show Blackburn orientation relationships of 
{111} ||(0001) 2 and < < >11̄0] 112̄0 2 with γ lamellae. Ad
ditionally, the value of a axis slightly decreases, while the value of c 
axis and the c/a ratio of α2 phase increase after adding Ta element 
[13]. β0 phase has a body-centered cubic structure, and is rich in Cr 
and Mo elements [15]. Although β0 phase significantly increases 
after adding Nb element, the Nb enrichment in β0 phase is hard to 
figure out due to the sluggish diffusion of Nb element. Sometimes β0 

phase exists special orientation relationships of 
{111} ||(0001) ||(110)2 0 and < < > < >11̄0] 112̄0 1112 0 to 
γ and α2 phases [16].

Aside from above phase constituents, γ-TiAl alloys also contain 
some other minor phase constituents, like ω, ω0, O, τ2, Ti2Al and B19 
phases [22,23]. ω phase (Ti6Al6Nb4) has a D88 hexagonal structure, 
and the lattice parameters and chemical compositions are presented 
in Table 1. ω phase is mainly precipitated from β0 phase with the 
orientation relationships of {101̄0} {110} 0 and 
< > < >0001 11̄1 0 [24,25]. ω0 phase (Ti4Al3Nb) has a B82 

structure, with the chemical composition of Ti-31.37Al-18.2 Nb- 
0.73 W (at.%) [20]. ω0 phase is formed in β0 or α2 phase, with the 
orientation relationships of (1120) (0001)0 2 and 
[0001] [1120]0 2 to α2 phase [26–28]. Particularly, the α2→ω0 

phase transformation is tightly linked to Nb element diffusion [29]. 
O phase (Ti2AlNb) has an orthorhombic structure, and keeps the 
orientation relationships of O{001} (0001) 2 and 
< > < >O110 112̄0 2 to α2 phase [30]. O phase is mainly gener
ated from α2 phase, or precipitated from α2′ martensitic phase 
[21,31]. The precipitated O phase increases the nano Vickers 

hardness of α2/γ lamellar colonies up to 13.78% [32]. Rackel et al. [33]
found that the O phase is prone to precipitate when γ-TiAl alloys 
with the Al contents of 46–47 at.% were heat-treated at 550 ℃. Be
sides, they found that the formation of O phase is induced by adding 
Nb, Mo, Ta and V elements, whereas unaffected by adding B and C 
elements. Dai et al. [29] reported that Nb element is the primary 
factor governing α2→O phase transformation. Furthermore, the ad
dition of Fe element would introduce τ2 phase with the chemical 
composition of Ti-38.16Al-22.8Fe-2.25 Nb (at.%) in γ-TiAl alloy [34].

Ti2Al and B19 phases are metastable phases in γ-TiAl alloys. 
During high-pressure torsion of γ-TiAl alloys, α2 phase is transformed 
into γ phase through Ti2Al and Ti1.4Al intermediate phases, as shown 
in Fig. 2a-b. The crystal structure of Ti2Al phase is the same as that of 
α2 phase, and the crystal structure of Ti1.4Al is the same as that of γ 
phase [35]. In addition, Ti2Al phase might be precipitated on α2/γ 
lamellar interface with the orientation relationships of and to α2 and 
γ lamellae [22]. B19 phase has an orthorhombic structure, which is 
formed in the temperature range of 600–700 ℃. It often acts as an 
intermediate phase when supersaturated α2 phase decomposed into 
α2 and γ phases, or β0 phase transformed into O phase [36,37]. In 
some cases, B19 phase is precipitated from γ lamellae with the or
ientation relationship of during room temperature tension of Ti- 
45.6Al-7.7 Nb-0.2 C (Fig. 2c) [38]. Notably, the authors also observed 
a similar γ→B19 phase transformation during heat treatment of la
mellar 4822 alloy.

2.2. Precipitates

Except for various phase constituents, γ-TiAl alloys also exist 
some precipitates, like borides, carbides and silicides. TiB exhibits 
B27 and Bf orthorhombic structures. According to previous research 
[39,40], various elements play vital roles in the formations of B27 
and Bf TiB. B27 TiB is promoted by Nb and Ta elements, but inhibited 
by Mn element. Yet Bf TiB is accelerated by Ta and Hf elements, but 
impelled by Mn and Nb elements. TiB2 shows a C32 hexagonal 
structure, and sometimes presents special orientation relationships 
(and ) to β0 phase [41]. TiB2 promotes the α2 and γ lamellae nu
cleation and then refines α2/γ lamellar colonies [42,43]. More pre
cisely, TiB2 would appear in two kinds of morphologies: flake and 
block (Fig. 3a-b), and only the block TiB2 has a large impact on the 
lamellar spacing of α2/γ lamellar colonies [44].

There are two kinds of carbides in γ-TiAl alloys: H-Ti2AlC with a 
hexagonal structure and P-Ti3AlC with an E21 cubic structure. Wang 
et al. [45] found that the orientation relationships between H-Ti2AlC 
and γ phase are < > <H112̄0 101] and H(0001) {111} . And the 
orientation relationships between P-Ti3AlC and γ phase are 
< > <P100 100] and P(010) (010) . The volume fraction of H- 

Table 1 
Lattice parameters and chemical compositions of phase constituents in γ-TiAl alloys. 

Phase Lattice parameters /Å Compositions /at.% Ref.

Ti Al Nb Cr

γ c= 4.05, a= 4.02 43.12 47.85 5.38 2.17 [14]
α2 c= 4.64, a= 5.76 61.58 31.60 2.12 2.09 [14,17]
β0 a=c= 3.31 51.09 36.08 5.81 6.21 [14,18]
ω a= 4.56, c= 5.65 48.47 22.50 27.17 — [19,20]
O a= 5.92, b= 9.80, c= 4.67 54 37 9 — [21]

Fig. 2. (a)-(b)TEM bright-field images of (a) Ti2Al and (b) Ti1.4Al metastable phases [35], (c) HRTEM image of B19 phase in α2/γ lamellar colonies [38]. 
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Ti2AlC increases with the increasing of annealing time, while the 
volume fraction of P-Ti3AlC decreases by splitting. Similar rules also 
can be found as the contents of Al and C elements increase. More
over, increasing the creep pressure facilitates the formation of H- 
Ti2AlC on α2/γ lamellar interfaces [46]. Fig. 3c-f reveals the splitting 
process of P-Ti3AlC when γ-TiAl alloy annealed at 800 ℃. The needle 
P-Ti3AlC (Fig. 3d) initially transforms into plates (Fig. 3c), then 
changes to dumbbell shape via P/γ phase interface bulging (Fig. 3e), 
and finally splits into sub-particles (Fig. 3 f) [47].

As the common silicide, ζ-Ti5Si3 has a D88 hexagonal structure, 
and acts as one of the strengthening phases in γ-TiAl alloys. Klein 
et al. [48] found that ζ-Ti5Si3 is mainly distributed in β0 phase via ab 
initio calculations. Howbeit, ζ-Ti5Si3 shows orientation relationships 
of <(0110) 011] and <(0002) 233] to γ phase [49]. During 
directional solidifying of γ-TiAl alloy, ζ-Ti5Si3 morphology would 
gradually change from short rods to long strips along the growth 
direction [50].

2.3. Typical microstructures

Both γ and α phases in γ-TiAl alloys are presented in two forms: 
lamellae and grains. According to the volume fraction of α2/γ la
mellar colonies and γ grains, γ-TiAl alloys can be divided into four 
typical categories: near gamma, duplex, nearly lamellar and fully 
lamellar structure (Fig. 4a-d). Fig. 4e-f presents tensile stress-strain 
curves of γ-TiAl alloys with four typical microstructures. Whether 
tested at room temperature or 700 ℃, the elongation to failure of 
fully lamellar structure is minimum, followed by nearly lamellar and 
duplex structure, and that of near gamma structure is maximum, as 
exhibited in Fig. 4e-f. At a given strain, the tensile strength order of 
γ-TiAl alloys is just opposite to the order of elongation to failure. 

Apparently, the tensile strength of γ-TiAl alloys increases while the 
elongation to failure decreases as the volume fraction of α2/γ la
mellar colonies increases.

This phenomenon can be explained in the following. Compared 
to γ phase with tetragonal structure, α2 phase with hexagonal 
structure is hard to deform for lacking independent dislocation 
systems. Therefore, from the perspective of crystallographic struc
ture, the ductility of α2/γ lamellar colonies is often lower than that of 
γ grains at given orientations. Besides, various lamellar interfaces, 
like γ/γ twin interfaces can be found in a single α2/γ lamellar colony. 
These lamellar interfaces are effective barriers for dislocation slip 
and twinning, and thus would induce stress concentrations at la
mellar interfaces. Hence for the given grain sizes, the ductility of α2/γ 
lamellar colonies is generally lower than that of γ grains. Moreover, 
the mechanical properties of α2/γ lamellar colonies are dependent on 
lamellar orientations (the intersection angle between lamellar in
terface and loading direction). PST-TiAl single crystal is a single α2/γ 
lamellar colony. Yao et al. [52] and Kim et al. [53] confirmed that the 
yield strength and elongation to failure of PST-TiAl single crystal at 
room temperature are sensitive to lamellar orientations, as shown in 
Fig. 5a-b. Imayev et al. [54] found that the compressive properties of 
PST-TiAl single crystal at high temperature are also tightly linked to 
lamellar orientations, as shown in Fig. 5c. α2/γ lamellar colonies with 
orientation angles closing to 0 deg. and/or 90 deg. are hard for plastic 
deformation, and thus present poor ductility. However, α2/γ lamellar 
colonies with orientations ranging from 0 deg. to 90 deg. often co
exist in polycrystalline γ-TiAl alloys. To a certain degree, the occur
rence of α2/γ lamellar colonies would deteriorate the ductility but 
improve the strength of γ-TiAl alloys. For the above reasons, the 
ductility of γ-TiAl alloys decreases with the increase of α2/γ lamellar 
colonies. Furthermore, Schwaighofer et al. [55] also confirmed that 

Fig. 3. (a)-(b) SEM images for: (a) flake and (b) block TiB2 [42]. (c) Bright-field TEM image of P-Ti3AlC, (d)-(f) HRTEM images of P-Ti3AlC: (d) needle shape, (e) dumbbell shape, (f) 
sub-particles [47].
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the ductility at room temperature of TNM alloys decreases with the 
increase of α2/γ lamellar colonies or decrease of γ grains.

To achieve a better combination between strength and tough
ness, the microstructure of γ-TiAl alloys was controlled via alter
nating microstructure morphologies, phase constituents and 
precipitates. Fully lamellar γ-TiAl alloy including minor TiB2, ζ-Ti5Si3 

and P-Ti3AlC was fabricated via chemical composition design and 
heat treatment process optimization, and this γ-TiAl alloy possesses 
low yield strength, better creep resistance and high service tem
perature up to 850 ℃ [56]. When γ-TiAl alloy annealed at 
800–900 ℃, α2/γ lamellar colonies would be transformed into 
(α2+β0+γ) pearlitic-like structure (termed as “cellular reaction”) [55]. 
Prolonging the annealing time, α2/γ lamellar colonies are gradually 
changed into (β0+γ) pearlitic-like structure, resulting in two γ-TiAl 
alloys with new structures, as shown in Fig. 6a-b. Compared with 
fully lamellar structure, such new γ-TiAl alloys present a good 
combination of ultimate strength and elongation to failure at room 
temperature [57]. The ultimate strength is about 977.61 MPa, close to 
that (978 MPa) of PST-TiAl [8]. And the elongation to failure is two 
times of that for γ-TiAl alloys with fully lamellar structure.

2.4. Microstructure control methods

2.4.1. Chemical composition design
Up to now, intensive efforts have been paid for microstructure 

control of γ-TiAl alloys. The microstructure is sensitive to many 
factors, like chemical compositions and processing parameters. 
Hence identifying the effect of elements is the first task for chemical 

composition design, microstructure control and mechanical prop
erties improvement of γ-TiAl alloys.

As the primary element of γ-TiAl alloys, Al element not only in
fluences the solidification path and phase content, but also alter
nates the lamellar spacing of α2/γ lamellar colonies. With regards to 
binary γ-TiAl alloys, minimum lamellar spacing is achieved (max
imum number of lamellar interfaces is introduced) in γ-TiAl alloys 
with the Al content of 41.5 at.% [58]. Four lamellar interfaces can be 
found in α2/γ lamellar colonies: α2/γ lamellar interface, γ/γ pseudo 
twin interface, γ/γ rotational variants interface and γ/γ true twin 
interface. Xiang et al. [59] claimed that α2/γ and γ/γ lamellar inter
faces have a synergetic effect to improve the strength and plasticity 
of PST-TiAl single crystal, and the synergetic effect enhances by in
creasing the volume fraction of γ/γ lamellar interface. More specifi
cally, the fracture toughness of PST-TiAl single crystal is promoted by 
increasing the volume fraction of γ/γ pseudo twin interface and γ/γ 
rotational variants interface [60].

The volume fraction of β0 phase increases by adding Nb element 
into γ-TiAl alloys, and so does the service temperature of γ-TiAl al
loys. Except for Nb element, adding Co [61], Cr [62], Gd [18,63], Mn 
[64,65], Mo [66], Ta [13,67], W [68], V [69], Y [70], Zr [71] and other 
metallic elements, or B, C and Si non-metallic elements, also can 
alternate the solidification path, microstructure parameters, and 
thus improve the strength and/or ductility of γ-TiAl alloys. If the 
content of non-metallic elements, like C element, is lower than their 
corresponding solid solidification limit, the non-metallic elements 
would distribute as interstitial atoms in phases of γ-TiAl alloys [72]. 
Otherwise, the non-metallic elements would distribute as pre
cipitates in γ-TiAl alloys. Fang et al. [73] claimed that adding C 

Fig. 4. Typical microstructures of γ-TiAl alloys: (a) fully lamellar, (b) nearly lamellar, (c) duplex, (d) near gamma structure. Tensile stress-strain curves of various γ-TiAl alloys 
tested at: (e) ambient temperature, (f) 700 ℃ [51].
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element decreases the grain size and lamellar spacing of α2/γ la
mellar colonies, but simultaneously increases the volume fraction of 
β0 phase whether C element is distributed as interstitial atoms or 
precipitates in γ-TiAl alloys.

2.4.2. Processing routes optimization
Processing routes, like post-heat treatments and plastic de

formation, would affect the microstructure of γ-TiAl alloys [74]. Post- 
heat treatments eliminate the element segregation and solidification 

Fig. 5. The orientation dependence of (a) yield strength [53] and (b) elongation to failure of PST-TiAl single crystal [52]. (c) Flow stress-strain curves of PST-TiAl single crystal hot 
compressed at a deformation temperature of 1000 ℃ and strain rate of 0.001 s−1 [54].

Fig. 6. New γ-TiAl alloys containing: (a) α2/γ lamellar colonies and (β+γ) pearlite-like structure, (b) (β+γ) pearlite-like structure [57]. 
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texture of γ-TiAl alloys [75]. Also, the cracking tendency is decreased. 
Besides, heat treatments may influence the phase content and grain 
size of γ-TiAl alloys [55]. Liu et al. [76] found that post-heat treat
ments of γ-TiAl alloys decreases the volume fraction of (β0+γ) pear
litic-like structure and refine γ lamellae in α2/γ lamellar colonies.

Hot deformation could remove the solidification textures and 
destroy coarse columnar grains in γ-TiAl ingot, achieving micro
structure control and service performance improvement of γ-TiAl 
alloys. Xu et al. [77,78] previously found that both the phase content 
and microstructure parameters of isothermally compressed γ-TiAl 
alloys change with the change of deformation temperature, strain 
rate and strain due to the enhancement of dynamic recrystallization 
(DRX). As seen from Fig. 7a-b, DRX effect of α2 grains heightens with 
the increasing of strain. Besides, with the increase of deformation 
temperature, the volume fraction of high angle grain boundary 
(HAGB) for γ grains increases (Fig. 7c-d), indicating the enhancement 
of DRX. So does the DRX of β0 grains (Fig. 7e).

2.4.3. Other energy fields auxiliary
The microstructure control of γ-TiAl alloys is mainly achieved 

under thermal and/or force fields. In some cases, the microstructure 
control is carried out with the help of electrical, ultrasonic or plasma 
fields. Chen et al. [80] introduced pulse direct current into γ-TiAl 
alloy solidification process. Results showed that pulse direct current 
not only suppresses the formation of columnar grains and element 
segregation, but also decreases the grain size and lamellar spacing of 
α2/γ lamellar colonies. Similar to electrical field, introducing ultra
sonic field also eliminates solidification defects and refines the mi
crostructure of γ-TiAl alloy ingot, yielding high compressive strength 
and relative compressibility [81]. Moreover, the microstructure of γ- 
TiAl alloys can be changed via Kr-ion irradiation [82]. Increasing the 
Kr-ion dose increases the size and content of stacking faults, but 
decreases the content of interstitial clusters in γ-TiAl alloy irradiated 
at room temperature [83].

2.4.4. Additive manufacturing
Unlike traditional manufacturing methods, additive manu

facturing is a manufacturing route integrating material, structure 
and performance [2]. The route has attracted much attention due to 
high manufacturing efficiency, high material utilization rate and 
less-strict requirements for component shape [84,85]. For example, 
electron beam melting (EBM) has been utilized to fabricate 4822 
alloy LPT blades, and reduces components amount from 300 to 7 in 
GE9x aero engines [86]. The compressive properties of γ-TiAl alloys 
components fabricated by laser-based additive manufacturing are 
close to or even higher than that of components fabricated by tra
ditional manufacturing [87]. Hence additive manufacturing has been 
proved as an advanced approach to fabricating γ-TiAl alloys com
ponents.

Despite the above advantages, solidification cracking is a usual 
defect during additive manufacturing of γ-TiAl alloys, because the 
solidification is far from the equilibrium state [88]. Liquation 
cracking is also a common defect caused by grain boundaries seg
regation [89]. Wang et al. [90] found that cracking occurs in Nb- 
depletion regions and at α2/β0 phase interface during selective laser 
melting of 4822 alloy. To avoid the above-mentioned cracking, in
tensive efforts have been paid, like process optimization, chemical 
composition design and shape optimization of alloys powders 
[12,84,91,92]. Varying energy density can effectively control micro
structure and increase tensile properties of γ-TiAl alloys fabricated 
by electron beam melting [93]. Besides, the LaB6 inoculation can 
effectively inhibit cracking during laser-based additive manu
facturing of γ-TiAl alloys [87]. The microstructure of γ-TiAl alloys 
additive manufacturing components is also linked to chemical 
compositions [12,94], additive manufacturing routes and parameters 

[95], and post-heat treatments [96]. This part is briefly summarized 
below.

Chemical compositions, phase contents and mechanical proper
ties of γ-TiAl alloys fabricated by EBM, are tightly linked to electron 
beam current and scanning speed, and the underlying cause is Al 
evaporation [97]. With the increasing of aging temperature from 
700 ℃ to 900 ℃, the microstructure of γ-TiAl alloys fabricated via 
direct laser deposition changes from lamellar to near gamma 
structure. The formation of γ phase is connected to 6 H-type long 
periodic stacking ordered (LPSO) phase, and the formation of γ grains 
is relevant to 9R-type and 18R-type LPSO phases [98].

In essence, additive manufacturing is a processing technology 
combining rapid solidification and local remelting. Large differences 
of thermal field exist in surface and center areas of additive manu
facturing components, which might help to fabricate γ-TiAl alloys 
with gradient structure. Fig. 8 shows the γ-TiAl alloys with gradient 
structure fabricated via laser remelting and post-heat treatment. As 
seen from Fig. 8, the surface and center regions exhibit duplex and 
near gamma structures, respectively. Except for common γ/γ inter
faces, a special γ/γ interface with the orientation relationship of 
< > < >101̄ 4111 2 is also formed in α2/γ lamellar colonies for γ- 
TiAl alloys prepared via gas tungsten arc welding [99]. Such the 
special γ/γ interface can absorb irradiation defects like sessile va
cancy at room temperature, and suppress the formation of irradia
tion defects like stacking faults at high temperature. Therefore, the 
new γ/γ interface further enhances the damage tolerance of γ-TiAl 
alloys components during Kr-ion irradiation.

2.5. Texture

L10-type γ phase has an intrinsic anisotropy, making the micro
structure and performance of γ phase differ with the orientation. 
Compared with γ grains, γ lamellae are more sensitive to anisotropy. 
For PST-TiAl single crystal, the compressive deformation and dy
namic recrystallization behaviors vary with the orientation [54]. 
Also, the yield strength and elongation to failure are sensitive to the 
orientation whether PST-TiAl single crystal is tested at room tem
perature or high temperature [8]. So identifying texture evolutions 
during manufacturing, and then tailoring texture targeted to service 
performance are rather essential for precise manufacturing of γ-TiAl 
alloys.

According to the stress state, the texture in metallic materials can 
be divided into two types. The one is < uvw >  -denoted fiber texture 
after uniaxial deformations like compression, and the other is 
{hkl} < uvw >  -denoted sheet texture after multidirectional de
formations like rolling. Both textures are reported in deformed γ-TiAl 
alloys. When γ-TiAl alloy is hot-forged in (α+β) phase field, <  110  >  , 
< >112̄0 and <  001  >  fiber textures are formed in γ, α2 and β0 phases, 
respectively [101]. And the fiber texture intensity in γ phase is un
affected after long-time annealing below the Tα→α2, ordering transfor
mation temperature. Hydrogenation treatment would weaken 
the <  111  >  fiber texture, but enhance <  110  >  and <  320  >  fiber 
textures in γ phase during isothermal compression [102]. The reason 
is that hydrogen promotes initial α2/γ lamellar colonies decomposi
tion and dynamic recrystallization. In most cases, the intensity of 
fiber texture in β0 phase is quite weaker than that in γ and α2 phases 
during uniaxial deformation, due to the excellent deformability and 
fast DRX rate of β0 phase with cubic structure [79].

Sheet textures in hot-rolled γ-TiAl alloys are relatively complex, 
and may consist of two textures: deformation and recrystallization 
textures. Both textures are sensitive to rolling parameters. With the 
increase of rolling temperature, the DRX behavior improves. This 
might weaken the intensity of deformation texture and enhance that 
of recrystallization texture. When rolling temperature further in
creases from 1100 ℃ to 1200 ℃, the recrystallization texture in γ-TiAl 
alloy would be transformed into random textures [103]. As the 
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rolling temperature increases from 1200 ℃ (in (α+β+γ) phase field) to 
1250 ℃ (in β phase field), the texture components of γ phase change 
from < >{031} 5̄1̄3 and < >{112} 11̄0 to < >{2̄15} 55̄3 and 

<{110} 001] [104].
The sheet texture evolution during hot rolling of γ-TiAl alloys is 

influenced by many behaviors, such as deformation, recrystallization 

and phase transformation. Fig. 9 exhibits the influence of rolling 
temperature on texture components in γ, α2 and β0 phases during hot 
rolling of TNM alloy. As shown in Fig. 9, components and intensities 
of sheet textures in γ phase are dependent on rolling temperature, 
while sheet textures in α2 and β0 phases are less sensitive to rolling 
temperature. The sheet texture components for α2 phase are {0001} 

Fig. 7. (a)-(b) Inverse pole figures for α2 phase of γ-TiAl alloy isothermally compressed at a temperature of 1200 ℃ and a strain rate of 0.01 s−1: (a) 20%, (b) 50%. (γ and β0 phases are 
presented by band contrast.). (c)-(d) Distribution histograms of grain boundary misorientation for γ phase of γ-TiAl alloy isothermally compressed at a strain rate of 0.001 s−1 up to 
a strain of 50%: (c) 1200 ℃, (d) 1250 ℃ [77]. (e) Effect of deformation temperature on the volume fraction for β0 grains when γ-TiAl alloy isothermally compressed at 0.01 s−1, 
50% [79].
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basal and < >{112̄0} 0001 transverse textures. And that for β0 phase 
are < >{111} 1̄1̄2 , < >{112} 11̄0 brass and < >{001} 110 re
crystallization textures. Apparently, texture components in α2 and β0 

phases are more stable than in γ phase during hot rolling of TNM 
alloy. Similar rules can be found during hot rolling and post-heat 
treatment of TNM alloy. This is because rolling temperature and 
post-heat treatment have less impact on the phase content, dis
locations density and recrystallization behavior of α2 and β0 phases 
rather than of γ phase [105,106].

Furthermore, much attention is focused on the fiber texture 
evolution during additive manufacturing of γ-TiAl alloys. During 
EBM of γ-TiAl alloy, intensities for fiber texture in γ and β0 phases 
concurrently increase with the increase of electron beam energy 
[107]. During laser additive manufacturing of γ-TiAl alloy, the in
tensity for <  111  >  fiber texture in γ phase increases from 16.2 mud 
to 32.0 mud as the laser energy increases from 1.0 kW to 2.2 kW 
[108]. In the meantime, the intensity for <  0001  >  fiber texture in α2 

phase significantly increases from 52.1 mud to 153.4 mud.

3. Mechanical properties

Strength is one of the mechanical properties indicators for me
tallic materials in service. The four strengthening effects for metallic 
materials are solution strengthening, precipitation strengthening, 
grain refining strengthening and strain strengthening effects. In fact, 
microstructure control methods in Part 2.4 are also useful for 
strengthening γ-TiAl alloys. The addition of Nb atom in γ-TiAl alloys 
is the reflection of solution strengthening, since Nb atom substitutes 
Ti atom occupation in γ and α2 phases, and Al atom occupation in β0 

phase [109,110]. Howbeit the addition of Si element is the reflection 
of precipitation strengthening owing to the introduced silicide. 
Processing route optimization can refine grain size and lamellar 
spacing, or can introduce twin interfaces, reflecting the grain re
fining strengthening. The introduction of multiple energy fields 
auxiliary and additive manufacturing also refine the microstructure 
of γ-TiAl alloys. Yet plastic pre-deformation would introduce dis
locations in γ-TiAl alloys, which is a method standing for strain 
strengthening. In practice, γ-TiAl alloys are synergistically strength
ened via various strengthening effects. This section summarized the 
compressive, tensile, creep and fatigue properties of γ-TiAl alloys 
strengthened by the above effects.

3.1. Compressive property

Compressive property is not just an indicator to evaluate the 
bearing capacity of γ-TiAl alloys in service, but also an indicator to 
predict the workability of γ-TiAl alloys during compression manu
facturing. Beyond question, processing parameters are external fac
tors influencing the compressive property of γ-TiAl alloys. Fig. 10
shows true stress-strain curves when γ-TiAl alloy with duplex 
structure isothermally compressed at various parameters. As seen 
from Fig. 10, the compressive stress of γ-TiAl alloy sharply increases 
to peaks and then decreases with the increase of strain. At a given 
strain, the compressive stress decreases with the increase of de
formation temperature or decrease of strain rate. The maximum 

Fig. 8. SEM-BSE images of laser-remelted and heat-treated TNM alloy: (a) edge, (b) 
middle, (c) core (From left to right, the distance to the edge gradually increases) [100].

Fig. 9. Pole figures for γ, α2 and β0 phases of TNM alloy hot rolled at various temperatures [106]. 
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compressive stress is 479.9 MPa. Admittedly, the change of com
pressive stress is tightly linked to the change of dislocation density 
caused by recrystallization and phase transformation in γ-TiAl alloy 
[111,112].

As mentioned earlier, adequate alloying elements like Nb ele
ment would induce solution strengthening, and thus influence the 
compressive property of γ-TiAl alloys. Wang et al. [64] reported that 
adding Mn element significantly improves the yield stress, com
pressive stress and relative compressibility of γ-TiAl alloy at ambient 
temperature. Especially, the compressive stress of γ-TiAl alloy im
proves by about 42.14% with the Mn element content of 1 at.%. 
Adding 1 at.% Sn element also increases the compressive stress of γ- 
TiAl alloy up to 3029 MPa with the extent of 6.88% [113]. Except for 
elements inherence and experimental measurement difference, the 
difference in solution strengthening effect of Mn and Sn elements 
can be ascribed to the difference in distributions. Mn element is 
concentrated in soft-elastic β0 phase [68]. Yet Sn is enriched in hard 
α2 phase of γ-TiAl alloy [113]. Undoubtedly, alloying elements have a 
more significant solution strengthening effect on soft-elastic phase 
than on hard one.

C element is mainly distributed in γ and α2 phases, showing a 
complicated strengthening effect in γ-TiAl alloy. Fang et al. [73]
studied the influence of C content on the strengthening effect of γ- 
TiAl alloy compressed at room temperature. When the adding con
tent is lower than 1.0 at.%, C atoms are mainly distributed in α2 phase 
as interstitial atoms, and the strengthening effect is solution 
strengthening. When further increasing the C content, C atoms are 
enriched in α2 phase as H-Ti2AlC, and the strengthening effect 
switches to precipitation strengthening effect. Additionally, under 
the precipitation strengthening effect, the compressive stress of γ- 
TiAl alloys reaches the peak (2324.3 MPa) with the C content of 
1.5 at.%, and the relative compressibility subsequently achieves the 
peak (28.1%) when C content increases to 2.5 at.%.

The introduction of minor phases or precipitation particles also 
influences the compressive property of γ-TiAl alloys. Introducing τ2 

phase can significantly increase the room-temperature compressive 
stress and relative compressibility of γ-TiAl alloy [34]. Introducing 
TiB2 particles increases the delamination tendency of α2/γ lamellar 
colonies, resulting in the deterioration of compressive property 
when γ-TiAl alloys are compressed at high-temperature [43].

Furthermore, fabrication parameters would influence the com
pressive property of γ-TiAl alloys fabricated via additive manu
facturing. With the decrease of electron beam intensity from 8.5 mA 

to 4.5 mA, the compressive stress of γ-TiAl alloys increases from 
2456.8 MPa to 2931.0 MPa, and the relative compressibility increases 
from 27.50% to 34.81% during room-temperature compression [114]. 
There is no doubt that the compressive property improvement of 
EBM-fabricated γ-TiAl alloys is related to the increase in the size and 
volume fraction of α2/γ lamellar colonies.

3.2. Tensile property

The strengthening effect of elements on tensile property of γ-TiAl 
alloys is attributed to solution and/or precipitation strengthening 
effect. Adding Nb element increases the elongation to failure at room 
temperature, because Nb element decreases the intrinsic stacking 
fault energy and alternates deformation modes of γ phase [115,116]. 
The addition of Ni element increases ultimate strength and elonga
tion to failure of γ-TiAl alloy under tensile deformation at room and 
high temperature, resulting from the volume fraction increase in γ 
phase and τ3 phase (Al3NiTi2) nanoparticles [117]. As C content in
creases, both the ultimate strength and elongation to failure of γ-TiAl 
alloys firstly increase and then decrease, which are relevant to the 
carbides evolutions during room and high temperature tensile tests 
[73,118].

Usually, particles only play the precipitation strengthening effect 
on γ-TiAl alloys. Adding 2 wt% WC nanoparticles can noticeably in
crease the ultimate strength of γ-TiAl alloy by the extent of 51.07%, 
and the elongation to failure by 80.95% at room temperature [119]. 
And the maximum ultimate strength and elongation to failure are 
826.77 MPa and 3.87%, respectively. Moreover, adding Y2O3 or TiB 
particles can effectively promote the tensile property of γ-TiAl alloys 
tested at 800 ℃ [120,121]. Specially, the improvement of B4C parti
cles on high temperature tensile property of γ-TiAl alloys is not only 
connected to the precipitation strengthening of TiB particles, but 
also linked to the solution strengthening of C element [122].

Optimizing preparation routes also enhances the tensile property 
of γ-TiAl alloys [123]. Fig. 11 displays the tensile property of 4822 
alloy fabricated via suction casting (SC) and traditional casting (TC). 
As seen from Fig. 11, the ultimate strength of SC 4822 alloy is much 
higher than that of TC 4822 alloy, and so does the elongation to 
failure. Additionally, the ultimate strength decreases and the elon
gation to failure increases with the increasing of testing tempera
ture. The room-temperature tensile property of γ-TiAl alloy 
fabricated via electromagnetic cold crucible directional solidification 
(ECCDS) is higher than that of TC γ-TiAl alloy [124]. For 4822 alloys 
fabricated via ECCDS, the ultimate strength at room temperature 
dramatically increases from 161.8 MPa to 590.6 MPa, and the 

Fig. 10. True stress-strain curves during isothermal compression of duplex γ-TiAl 
alloy [111].

Fig. 11. Tensile property of 4822 alloy tested at various temperatures [126]. 
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elongation to failure concurrently increases from 1.01% to 2.05%, as 
the pulling rate increases from 5 µm·s−1 to 15 µm·s−1 [125].

Heat treatments are widely used to promote the tensile property 
of γ-TiAl alloys, too. After proper heat treatment, the tensile de
formation mode of γ-TiAl alloys at room temperature switches from 
dislocation slip to twinning, and thus improving the tensile property 
of γ-TiAl alloys [76]. Cyclic heat treatments also enhance the tensile 
property of γ-TiAl alloy [127,128]. Through cyclic heat treatment and 
series aging treatments, Yim et al. [74] fabricated γ-TiAl alloy with 
the ultimate strength at room temperature up to 697 MPa and γ-TiAl 
alloy with the maximum elongation to failure at room temperature 
of 2.3%. However, applied short aging treatments in the α single- 
phase field decreases the tensile property of γ-TiAl alloys, and the 
minimum elongation to failure is only 0.67%. Interestingly, long-time 
annealing at 800 ℃ does not deteriorate the room-temperature and 
high-temperature tensile properties of γ-TiAl alloy [129].

Like hot extrusion [130] and forging [131], pre-deformation also 
changes the tensile property of γ-TiAl alloys. Compared with γ-TiAl 
alloy without hot extrusion, γ-TiAl alloy extruded at 1300 ℃ to the 
extrusion ratio of 9 shows a higher tensile property at room and high 
temperature [132]. Among them, the ultimate strength at room 
temperature increases from 437.9 MPa to 865.6 MPa after hot ex
trusion.

Some efforts also have been paid to improve the tensile property 
of γ-TiAl alloys fabricated by additive manufacturing. Al content has 
a large impact on room-temperature tensile property of binary γ-TiAl 
alloys prepared by twin-wire plasma arc additive manufacturing, 
and the maximum ultimate strength and elongation to failure 
achieved with the Al content of 48 at.% [12]. With the increasing of 
electron beam intensity, the ultimate strength firstly increases and 
then decreases, while the elongation to failure gradually increases to 
0.98% during room-temperature tensile deformation of EBM-fabri
cated γ-TiAl alloy [107]. With regard to γ-TiAl alloys fabricated by 
selected laser melting, ultimate strength at room temperature in
creases to 543.4 MPa and the elongation to failure increases to 3.7% 
after γ-TiAl alloys annealed at 1260 ℃ for 30 min [133].

3.3. Creep property

Creep property is the mechanical property indicator for γ-TiAl 
alloys to maintain component dimensional stability in service [134]. 
As seen from Fig. 12a, the creep rate of γ-TiAl alloys sharply de
creases and then increases with the proceeding of creep (the in
creasing of creep strain). With the increasing of creep stress from 

120 MPa to 300 MPa, the creep rate of γ-TiAl alloys increases but the 
rupture life decreases from 161.5 h to 1.6 h (Fig. 12a-b).

Adding elements remarkably improves the creep property of γ- 
TiAl alloys. Adding Hf and Zr elements decreases the creep rate of γ- 
TiAl alloys [71]. In addition, γ-TiAl alloy containing both Hf and Zr 
elements presents the minimum creep rate when crept at the tem
perature of 700 ℃ and the stresses of 250 and 350 MPa. Adding W 
element also promotes creep resistance of γ-TiAl alloys, because W 
atoms can effectively pin dislocations movement in γ phase [135].

Introducing particles also increases the creep property of γ-TiAl 
alloys [120]. After adding 0.05 at.% Y2O3 particles, the rupture life of 
4822 alloy increases from 45.1 h to 150.0 h, and the minimum creep 
strain decreases from 26.7 to 18.1 when 4822 alloy crept at 800 ℃/ 
300 MPa [137]. Carbide particles, like H-Ti2AlC and P-Ti3AlC, are also 
widely added in γ-TiAl alloys to promote the creep resistance of γ- 
TiAl alloys. Unlike Y2O3 particles, the strengthening effect of carbide 
particles on the creep property of γ-TiAl alloys varies with the con
tent and morphology of carbide particles [46].

Heat treatment also can enhance the creep property of γ-TiAl 
alloys. Compared with γ-TiAl alloy without heat treatment, the 
rupture life for γ-TiAl alloy after heat treated at 1380 ℃ for 1–2 h is 
much higher when creep tests are conducted at 800 ℃/220 MPa, 
resulting from the increase in volume fraction of α2/γ lamellar co
lonies [138]. After aging treatment, the creep property of γ-TiAl alloy 
is significantly promoted by β0 phase particles formed on α2/γ la
mellar interfaces [139].

3.4. Fatigue property

In the service process, metallic components often bear cyclic 
loads. In some cases, metallic components might suddenly fracture 
without warning, and the stress level at the time is lower than the 
permissible stress, indicating the fracture is induced by fatigue. 
Generally, the fatigue life decreases with the increasing of cyclic 
stress level. The cycles for low-cycle fatigue (LCF) are lower than 105 

cycles, and cycles for high-cycle fatigue (HCF) are 105-107 cycles.
During aero engines running, LPT blades are inevitably subjected 

to centrifugal loads. The further away from the LPT disc, the greater 
centrifugal loads that LPT blades bear. In other words, HCF happens 
at the head of LPT blades, and LCF might occur at the root of LPT 
blades. Thereby, elucidating the fatigue property of γ-TiAl alloys is an 
important premise for ensuring safety in service of γ-TiAl alloys 
components. Heretofore, intensive efforts have been paid to study 
the HCF and LCF fatigue properties of γ-TiAl alloys, as described in 
the following.

Fig. 12. (a) Creep rate-strain and (b) creep strain-time curves of Ti-44.6Al-7.9Nb-3.6C-0.7Mo-0.1B at 850 ℃ [136]. 
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3.4.1. Low cycle fatigue property
Ding et al. [140] studied the LCF behavior of γ-TiAl alloys with 

fully lamellar structure. With the increasing of LCF cycles, the cyclic 
stress amplitude gradually decreases, while the cyclic strain ampli
tude gradually increases, showing a cyclic softening phenomenon. 
This phenomenon is mainly caused by static recrystallization in γ- 
TiAl alloys with fully lamellar structure. As for γ-TiAl alloys with 
duplex structure, the cyclic softening phenomenon is induced by 
phase transformation and static recrystallization of γ phase [141]. In 
the LCF process, the change of internal stress state induces the for
mation of hard ω0 phase and the initiation of cracks, thereupon re
sults in premature failure of γ-TiAl alloys [142]. As for γ-TiAl alloys 
fabricated by additive manufacturing, the LCF property is related to 
the angle (θ) between fabrication direction and fatigue loading di
rection. In comparison with EBM-fabricated γ-TiAl alloy with the θ of 
0°, the alloy with the θ of 40° presents longer fatigue life at room 
temperature [143]. However, the fatigue life at 750 ℃ seems in
dependent of the angle between electron beam scanning direction 
and fatigue loading direction.

Fatigue property of γ-TiAl alloys is not only affected by micro
structure characteristics, but also influenced by cyclic strain ampli
tude and experimental atmosphere. Fig. 13 shows the influence of 

cyclic strain amplitude, microstructure and experimental atmo
sphere on fatigue life of γ-TiAl alloys at 850 ℃. As seen from Fig. 13, 
the fatigue life decreases with the increase of cyclic strain amplitude. 
The fatigue life of γ-TiAl alloy with nearly lamellar structure is lower 
than that with (lamellar+β0) structure, which is resulted from the β0 

phase in a necklace distribution. But the fatigue life of γ-TiAl alloy 
tested in (N2+O2) atmosphere is much higher than that tested in 
(N2+O2 +H2O+CO2) atmosphere, due to the absence of dense TiN 
layer. In the above cases, the fatigue property of γ-TiAl alloys is 
complicated and tightly linked to their oxidation behaviors.

Practically, creep and fatigue might concurrently occur when 
metallic components are in service. Some researchers [144,145] fo
cused on the mechanical property of γ-TiAl alloys under the inter
action between LCF and creep, which are not reiterated here. 
Considering the high strength and poor plasticity, the LCF property is 
the crucial indicator for γ-TiAl alloys to be utilized as large-size LPT 
blades. Hence relevant studies on the LCF property of γ-TiAl alloys 
should be highlighted in later research.

3.4.2. High cycle fatigue property
Throughout the HCF testing, the loading stress level is lower than 

the yield stress of metallic components, meaning that only elastic 
deformation occurs during HCF testing. The HCF cycle decreases 
with the increasing of loading stress level. Ideally, some metallic 
components can infinitely serve without fracture under a certain 
stress level, and the critical stress level is termed as “endurance 
limit”. Loading type and specimen integrity are external factors in
fluencing the HCF property of γ-TiAl alloys. According to Ref. [147], 
the HCF fatigue life of γ-TiAl alloys tested under cyclic tensile loads is 
higher than that under cyclic torsional loads. The sound γ-TiAl alloy 
specimens can bear much higher loading stress amplitude than the 
notched ones, as presented in Fig. 14a, for that stress is concentrated 
at the notch. Besides, for γ-TiAl alloys, the sensitivity of HCF property 
to notch increases with the increase of grain size [148].

γ-TiAl alloys fabricated via ECCDS technology possess higher fa
tigue property than γ-TiAl alloys fabricated via traditional casting 
(Fig. 14b). According to digital image correlation (DIC) technology, it 
is revealed that the fatigue strain distribution is quite heterogonous 
during room-temperature HCF testing of γ-TiAl alloy with fully la
mellar structure [149]. Xu et al. [150] even claimed that the HCF 
damage is accumulated in γ lamellae of γ-TiAl alloys. However, Chen 
et al. [151] found that the fatigue strain distribution in PST-TiAl 
single crystal is relatively uniform. This is because < c+a > 
dislocations in α2 lamellae can effectively accommodate the fatigue 
strain during HCF testing at high temperature.

Fig. 13. Cyclic strain response curves of γ-TiAl alloys tested in various atmo
spheres [146].

Fig. 14. S-N curves of (a) smooth and notched γ-TiAl alloys fabricated via ECCDS [150], (b) γ-TiAl alloys fabricated via TC and ECCDS [152]. 
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The HCF property of γ-TiAl alloys is also related to the surface 
quality of specimens. Surface finish technologies, like electro pol
ishing, shot peening and turning polishing, can decrease the surface 
roundness of γ-TiAl alloys specimens. After surface finish, both 
loading stress level and sensitivity of HCF property to notch increase 
when γ-TiAl alloys were HCF tested at room temperature [148,153]. 
Apart from surface roundness, thermal exposure in air might dete
riorates the fatigue life of γ-TiAl alloys HCF tested at high tempera
tures, for the reason that large amounts of β0 phase are formed in the 
surface layer [154]. However, Huang et al. [148] claimed that thermal 
exposure in air plays a complex influence on the HCF property of γ- 
TiAl alloys at room temperature. If thermal exposure in air only in
duces microstructure evolution, then it would prolong the HCF life of 
γ-TiAl alloys. If thermal exposure in air facilitates the surface oxi
dation, then it would prolong the HCF life for unpolished γ-TiAl al
loys, and shorten the HCF life for γ-TiAl alloys after surface polishing.

4. Tribological property

During the machine running period, relative movement is in
evitable between components and supporting mediums or other 
contacting components, which gives rise to friction. So indicating the 
tribological property of metallic components is also one of the 
prerequisites to ensure safety in service of components. Unlike 
mechanical properties in Part 3, tribological property is the me
chanical property of metallic materials under contact stress.

Wear loss and friction coefficient are often used to evaluate the 
tribological property of metallic materials. As the wear cycle in
creases, the wear rate firstly increases and then gradually decreases 
during the fretting wear of γ-TiAl alloy, which is ascribed to the 
formation of tribo-layers with high oxygen content [155]. With the 
increasing of sliding speed or decreasing of contacting stress, the 
friction coefficient of γ-TiAl alloy gradually increases [156]. Besides, 
with increasing sliding speed, the wear loss of γ-TiAl alloy decreases, 
because the wear mechanism switches from abrasive to oxidation 
wear [157]. Moreover, with increasing testing temperature, the wear 
loss firstly increases and then decreases, while the friction coeffi
cient gradually decreases during high-temperature wear of γ-TiAl 
alloy [158].

Fig. 15 shows the effect of Nb content on wear loss and friction 
coefficient of γ-TiAl alloys. As seen from Fig. 15, the wear loss and 
friction coefficient of γ-TiAl alloys firstly decrease and then increase 
with the increasing of Nb content from 3 at.% to 6 at.%. Interestingly, 
further adding Nb content to 7 at.% would significantly decreases the 

wear loss and friction coefficient of γ-TiAl alloys. This might be at
tributed to the solution strengthening effect induced by Nb element, 
and the transformation of microstructure to nearly lamellar struc
ture [159]. Hua et al. [160] found that the wear loss of γ-TiAl alloy 
with lamellar structure is quite lower than that with duplex struc
ture, while the friction coefficient is close to that with duplex 
structure. As for PST-TiAl single crystal, the tribology property is 
tightly linked to the orientation. As the included angle between 
sliding direction and lamellar interface increases, the wear loss of 
PST-TiAl single crystal decreases while the friction coefficient gra
dually increases [157].

Adding particles also affect the tribological property of γ-TiAl 
alloys. Cheng et al. [156] claimed that adding TiB2 particles has no 
impact on the friction coefficient, but increases the wear resistance 
of γ-TiAl alloy. This is because adding TiB2 particles increases the 
Vickers hardness of γ-TiAl alloy. Likewise, adding H-Ti2AlC particles 
slightly increases the friction coefficient and wear resistance of γ- 
TiAl alloy, due to the precipitation strengthening effect of H-Ti2AlC 
particles with network distributions [161]. Moreover, coating treat
ment would enhance the tribological property of γ-TiAl alloys. After 
coating TiAl3 films with the thickness of 30 µm, both the wear loss 
and friction coefficient of γ-TiAl alloys are effectively reduced during 
friction tests at room and high temperature [158].

Furthermore, testing atmosphere and contacting materials would 
influence the tribology property of γ-TiAl alloys. As seen from Fig. 16, 
the wear loss of γ-TiAl alloys tested in O2 atmosphere is much higher 
than that tested in oxygen-free atmospheres, like (H2+N2) and Ar 
atmosphere [162]. Additionally, the wear loss of γ-TiAl alloy with 
high Nb content ((Ti-45Al-5 Nb-0.4 W)+ 2 Nb) is much higher than 
that with low Nb content (Ti-47Al-2 Nb-2Cr-0.2 W). Similarly, Qiu 
et al. [163] found that adding Nb element decreases the wear loss of 
γ-TiAl alloys tested in oxygen-containing atmosphere. Moreover, 
increasing the hardness of contacting materials would increase the 
wear loss and friction coefficient of γ-TiAl alloys [164].

5. Fracture mechanism

Fatigue, wear and fracture are the main failure mechanisms 
during workpiece running, among which fracture is most harmful. 
Fracture is a phenomenon that the material no longer maintains its 
integrity due to stress acting on it, which is tightly linked to 

Fig. 15. Effect of Nb content on wear loss and friction coefficient of γ-TiAl alloys [159]. Fig. 16. Influence of experimental atmosphere on wear loss of γ-TiAl alloys when dry 
sliding wear tests were performed at room temperature [162].
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mechanical properties (fracture toughness) of the material. The 
fracture mechanisms are divided into ductile and brittle fractures, 
depending on whether the plastic deformation occurs before the 
material fracture. On the basis of crack growth routes, the fracture 
mechanisms are divided into trans-granular fracture and inter- 
granular fracture, both of which belong to the brittle fracture. This 
section is only a brief overview of recent research.

Raina [165] studied fracture behaviors of γ-TiAl alloys during 
compact tension and 3-points bending tests at room temperature. 
During compact tension tests of γ-TiAl alloys, the force at pin sup
ports firstly increases to peak value and then decreases with the 
increasing of crack mouth opening displacement. And during 3- 
points bending of γ-TiAl alloys, the fracture energy density sig
nificantly decreases as the height of specimens increases. The frac
ture toughness of PST-TiAl single crystal keeps the classical Hall- 
Petch relationship to lamellar spacing, while it shows an inverse 
Hall-Petch relationship to lamellar spacing when the lamellar spa
cing is lower than 1.64 nm [166]. With the increasing of intersection 
angle between lamellar interface and initial crack plane, the fracture 
toughness of PST-TiAl single crystal gradually increases, and the 
fracture mechanism switches from inter-lamellar to trans-lamellar 
fracture [167]. The fracture behaviors of polycrystalline γ-TiAl alloys 
are tightly related to microstructure characteristics. As the volume 
fraction of α2/γ lamellar colonies increases, the fracture toughness of 
γ-TiAl alloys increases [168]. As seen from Fig. 17, the fracture modes 
for γ-TiAl alloy with nearly γ structure are inter-granular and trans- 
granular fracture, while that for γ-TiAl alloy with nearly and fully 

lamellar structure are inter-lamellar and trans-lamellar fracture. The 
increasing of fracture toughness is ascribed to shear band bridging, 
cracks deflection and branching [169]. Additionally, β0 phase dis
tributed along α2/γ lamellar colonies boundaries would induce 
cracks branching and increase the fracture toughness [168]. How
ever, if hard ω0 phase precipitated from β0 phase, the fracture 
toughness would worsen and inter-lamellar fracture would occur in 
γ-TiAl alloys [170]. Appel. et al. [171] found that the residual mac
rostrain and reversion of strain path can inhibit cleavage fracture of 
γ-TiAl alloys. Compared to γ-TiAl alloys fabricated by selective elec
tron beam melting, γ-TiAl alloys fabricated by electron beam 
smelting shows higher fracture toughness, which is resulting from 
cracks deflection and branching [95]. Briefly, the room-temperature 
fracture mechanism of γ-TiAl alloys is brittle fracture.

As the deformation temperature increases, the tensile ductility of 
γ-TiAl alloys is gradually improved, and the tensile fracture me
chanism switches from brittle to ductile fracture. The brittle-ductile 
transition temperature (BDTT) of γ-TiAl alloys is 600–920 ℃ 
[126,172]. When the tensile temperature is lower than the BDTT, the 
fracture mechanism of γ-TiAl alloys is inter-lamellar fracture, as 
presented in Fig. 18a. As the temperature increases to 800 ℃, in
tensive tearing ridges can be found on the fracture surface (Fig. 18b), 
indicating that the fracture mode of γ-TiAl alloys is still brittle 
fracture. When the tensile temperature is higher than the BDTT, a 
large number of dimples can be found on the fracture surface 
(Fig. 18c), suggesting that the fracture mode of γ-TiAl alloys switches 
into ductile fracture.

Fig. 17. Fracture surfaces of γ-TiAl alloys after 3-points bending at room temperature: (a) nearly γ structure, (b) nearly lamellar structure and (c) fully lamellar structure [168]. 
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6. Conclusions and prospects

Based on the relationship between microstructure and perfor
mance, the authors reviewed phase constituents and precipitates of 
γ-TiAl alloys, and summarized various microstructure control routes, 
like chemical composition design, processing route optimization and 
other energy fields auxiliary. Also, the microstructure of γ-TiAl alloys 
fabricated via additive manufacturing was reviewed, and so did the 
texture of γ-TiAl alloys. Moreover, the authors summarized me
chanical properties, like compressive, tensile, creep and fatigue 
properties of γ-TiAl alloys. Finally, the tribological property and 
fracture mechanisms of γ-TiAl alloys are also reviewed. Albeit in
tensive efforts have been paid on γ-TiAl alloys, following research are 
still needed to solve in the future. 

(1) Introducing new technologies like machine learning, to assist in 
screening chemical compositions of γ-TiAl alloys.

(2) Identifying formation conditions of minor phases via computa
tional simulation technologies, elucidating the effect of minor 
phases and microstructure characteristics on mechanical prop
erties and tribology property of γ-TiAl alloys, and establishing 
the mapping relationship between process, microstructure and 
performance.

(3) Establishing microstructure evaluation methods of γ-TiAl alloys, 
and developing the corresponding software with high efficiency 
and accuracy.

(4) Designing special microstructure characteristics, like gradient 
structure, to meet the service scene and performance require
ments of γ-TiAl alloys.

(5) Systemically clarifying microstructure evolutions and mechan
ical properties changes during additive manufacturing of γ-TiAl 
alloys, and also that in the fabrication process assisted by multi- 
energy fields.
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