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Abstract: This review systematically summarizes the engineering application status and strengthening-ductilization
strategies of TiAl alloys. It first outlines the three-generation evolution of TiAl alloys; notably, second-generation alloys
(e.g., Ti-48A1-2Cr-2Nb) have been applied on a large scale in low-pressure turbine blades of aeroengines, whereas
third-generation alloys aim to achieve a better balance between high-temperature performance and hot workability but still
face challenges such as microstructural instability. This article details the specific applications and value of TiAl alloys in
the aviation, aerospace, and automotive fields and analyses the constraints imposed by their inherent “strength-ductility
trade-oft” on manufacturing and service. Furthermore, from the perspective of microstructure design, five major
strengthening-ductilization strategies applicable to TiAl alloys, namely, the TWIP effect, nanolamellar structures,

core-shell/honeycomb structures, composites, and PST single-crystal technology, are reviewed, and their underlying
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micromechanisms for enhancing strength and ductility are delved into. Finally, the future prospects of TiAl alloys are
discussed, highlighting pathways such as multiscale microstructure design, advanced processing techniques, composite
development, and integrated design to promote their broader application in more advanced equipment.

Key words: TiAl alloy; strength-ductility synergy; microstructure design; engineering application
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Tab.1 TiAl alloy-related projects initiated by developed countries in Europe, America and Japan™
Country Project name Core research institution Key application companies & engine model
New century plan high-temperature ) o ) o ) ) .
. ) ) National institute for materials Mitsubishi heavy industries IHI corporation
Japan intermetallics basic research advanced . . . )
) ) ) science (NIMS) (developing TiAl blades for XF5-1, XF9-1 engines)
intermetallics project
Ultra-efficient engine technology integrated NASA US air force research GE aviation: GEnx engine (first batch application)
Ameri high performance turbine engine technology  laboratory national laboratories LEAP engine GE9X engine pratt & whitney
merica
program versatile, affordable advanced (e.g., oak ridge national laboratory) (for geared turbofan engines) F136 engine
turbine engine GE aviation, pratt & whitney (alternative for F-35)
BRITE-EURAM Program (including TiAl . .
) MTU aero engines (providing blades for pratt &
E special research) 6th framework program: GKSS research center ACCESS
urope

) whitney PW1100G-JM, safran silvercrest engines)
IMPESS 7th framework program & “Clean alliance

. s rolls-royce safran aircraft engines
Sky” joint technology initiative
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Fig.1 Conlflict between the strength and plasticity of TiAl alloys and their restrictive links in engineering
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Fig.2 Iterative process and main applications of TiAl alloys!”
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Tab.2 Developmental stages and main alloys of TiAl alloys*!
Stage Composition/at. % Processing route Developer
First gen Ti-48Al-1V-0.3C Lab-scale PW
Ti-(46~48)Al-2(Cr, Mn)-2Nb (4822) Casting/deformation GE
Ti-45A1-2(Cr, Mn)-2Nb-0.8%TiB2 (45XD) Casting Howmet/RR
Second gen Ti-47Al-3:5(Nb, Cr, Mn)—9.8(Si, B) Casting GKSS
Ti-47A1-2W-0.5Si1 ABB
Ti-46.2A1-2Cr-3Nb-0.2W (K5) Deformation Y-W. Kim
Ti-(45, 47)Al-(1~2)Cr-(1~5)Nb-(0~2)(W, Ta, Mo, Zr)-(0~0.2)B- Deformation N
Third gen (0.0.3~0.3)C-(0.03N0.2)Si-(0.15~0.25)O
Ti-(43~47)Al-(4~8)Nb-(1~3)Mo-B Casting deformation GKSS
Ti-(45~48)Al-(5~8)Nb-Ta-B MTU
1.2 TiAl w
1974—1982 (pratt & whitney, PW) ( ) , TiAl
TiAl , 1979 ,
: Ti-48Al- o Nb . W Si
1V-0.1CH, ) ) ) ’
tor) , 14 TiAl
o TiAl 80 ,
1.3 TiAl Ti-(42~45)Al-(4~10)Nb-(0~4)(Cr, Mn)-
TiAl (0~2)(Mo, W)-(0~0.2)B-(0~0.6)(C, Si)'J,

, v-TiAl , Ti-(48~45) TNB(Ti-45A1-8Nb-0.2W-0.1B-
Al-(0~4)Nb-(0~4)(Cr, Mn)-(0~1)(Mo, W)-(0~1)B-(0~0.8) 0.10) Clemens TNM(Ti-43.5A1-
(C, Sy, GE Ti-48Al-2Nb- 4Nb-1Mo-0.1B) uer
2Cr(4822) Ti-45A1- . “
2(Cr/Mn)-2Nb-0.8%TiB2(45XD) 2 Cr  Mn 7 7
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GEnx , Bo o
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4822 , B , B - B
( 700~750 C) g
. Al , B
Nb , ) o
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4 Cr Mn Nb Al o
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) Nb - TNB
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Tab.3 The application of TiAl alloys in the aviation field™***2"
Application area Typical component Alloy Value and advantage Status

Low-pressure turbine
blades;

) 1. Significant weight reduction
Ti-48Al-2Cr-2Nb (4822)

Ti-43.5A1-4Nb-1Mo-0.1B

(up to 50% vs. Ni-based alloys);

1. International large-scale
application (GEnx, LEAP

engines);

Aeroengines . 2. Improved fuel efficiency
high-pressure compressor (TNM) )
) . (~15%); 2. Domestic follow-up
blades; bling Ti-45A1-2Nb-2Mn-0.8B(45XD) o .
3. Reduced emissions & noise (CJ-1000/2000)
1. Integrated lightweight thermal
protection & load-bearing; 1. Under key technology
Hypersonic Control surfaces; 2. Excellent high-temperature development;
vehicles hot-section components strength & oxidation resistance; 2. Considered as primary
3. Major weight savings vs. candidate material
superalloys
4 TiAl
Tab.4 The application of TiAl alloy in Aero engine blades
Main Year of Annual quantity
L Alloy Engine/aircraft model . .
application production (10,000 pieces/year)
4822 USB/GEnx/B737 2006 30
Low-pressure 4822 EU/LeapA/B/A320/737 2018 50
turbine blades China/CJ1000/C919
45XD 2030 20~30
China/CJ2000/C929
Compressor TNB US/8-12 high thrust-to-weight ratio engines 2006 <1
blades/blings TNM China/5th-gen high-thrust engine Under R&D <1
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Fig.3 Schematic diagram of a typical engine structure®
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TNM TiAl , Tab.5 Other major application components of TiAl alloys
in the aviation field
’ ’ Component Alloy Advantages Risk level
’ ° Transition duct High-temperature
TiAl 4822 Low
’ support strength
° CJ1000A/CJ2000 Seal casing 4822 Burn resistance Low
4522XD , Seal support 4822 Rigidity Low
Combust High-t t
2030 20~30 om' ustor 45XD igh-temperature Low
TiAl swirler strength
’ : Bearing support 4822 Stiffness Medium
2.1.2 / .
Nozzle High-temperature .
TiAl 4822 ) Medium
’ components strength, stiffness
“ no ” s / o Combustor casing High-temperature )
. TNB High
TNB TNM TiAl & structural parts strength, stiffness
o ) 2.2
TiAl (<2%), (
, 2016 ,
(polysynthetically .
twinned, PST)TiAl , 6% lg 100
2l PST lg I5m
TiAl , 50g B
; o TiAl Lo
2.1.3 , TiAl (
R TlAl 4)[I-2,9—10,12] , (
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4 TiAl () ;(b) X-40 ;(c) ;(d) ;
(e) [1-29-10,12]
Fig.4 Potential applications and typical components of TiAl alloys in the spaceflight industry: (a) thermal protection skin of the launch
vehicle X33; (b) X-40 spacecraft; (c) disk; (d) skeleton; (e) bent tubel'21012
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Tab.6 The application of foreign TiAl alloys in the aerospace field

Component type Specific application/part Country/company/program Status

) Sheets produced by Plansee (Austria), applied
Thermal protection ) o " . . . .
Thermal protection skin (Fig.4a) ~ USA (“VentureStar”/X-33 spaceplane)?” in collaboration with US labs, reaching

system . .
industrial scale®*"
Wing/control surface structures, USA (global rapid strike vehicle/ Listed as key candidate material, with great
vertical tail hot structures® “Tomahawk” cruise missile)® potential®)
Hot structures o o ) Ti-42Al-5Mn component fabricated by hot
Rocket fairing™ Japan (Mitsubishi Heavy Industries)®! o
forging in 20052
Spacecraft structures (Fig.4b)®! USA (X-38, X-40) Listed as key candidate material™
. ) o Ti-46.5A1-4(Cr, Nb, Ta, B) alloy made by
) Nozzle expansion flaps USA (certain hypersonic aircraft model)™!
Propulsion system powder metallurgy®
Compressor, nozzle® USA (“Tomahawk™ cruise missile®! Offers great potential®
First Ti-48 Al-2Cr sheet (800 mmx400 mmx
Sheets Austria (Plansee company)?*) 1.0 mm) produced in 1955 under German

program support®!
Other/basic materials . )
Research on TiAl alloys & composites

Aerospace plane thermal protection
Japan®’) (~1 100 C) started as early as the 20th

structures'””

century
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Tab.7 Applications of domestic TiAl alloys in the aerospace field
Component type Specific research/part Research institution Process & application status

Beijing Central iron & Steel Research

Blisk (Fig.4¢c)™

Institute™

Process & application ~ Asymmetric complex rudder core

Beijing Aerospace Materials &

status skeleton casting™
Bent tube casting (Fig.4¢e)®
Hollow v-TiAl alloy shell (Fig.4d)®
Thermal
protection/skin
systems Sheets!
Other components Grid™

Beijing Aerospace Materials &
Technology Research Institute

Technology Research Institute

Harbin Institute of Technology

Hot pack forging, performed well in platform
rotation tests™

Hot isostatic pressing, some components have

29)

undergone hot firing tests

Investment casting (minimum wall thickness

Harbin Institute of Technology

2 mm), batch production research ongoing™”

Hot isostatic pressing (¢600 mmx400 mm,
wall thickness 3 mm)®”!
Fabricated by special canned rolling (500 mmx
200 mmx(1.5~3.0) mm), highly evaluated by
aerospace sector®!

Investment casting (¢580 mmx10 mm), quality

Harbin Institute of Technology

meets Class I casting standard

8 TiAl
Tab.8 The application of TiAl alloys in the automotive field
Component . ) o
Material grade Key processes & technologies Application examples/status Country
type
Ti-46A1-6.5Nb-0.6Cr- Precision casting, centrifugal Mitsubishi Lancer Evolution 6 sports car ]
apan
0.2Ni (Fig.52) investment casting®*} (commercialized 1999, >20,000 units)®*) P
. o . Automotive turbocharger turbine, >50% weight
Ti-47Al-Fe-B Precision casting®! o ) Japan
reduction, significantly improved response!
) ) . Tested by Asea Brown Boveri; used in )
v-TiAl (Fig. 5b) Casting™ ) America
high-speed ferry (>4 000 )&
TNM(Ti-Al-Mo) (Fig. 5¢) Hot machine processing™® Developed in european joint project, certified™ Europe
Turbocharger . ) ) Developed by Sungkyunkwan University
] TiAl (Fig. 5d) Near-net-shape forming®”) : ) Korea
turbine (Korea), for automotive turbocharger turbine®”
Prepared by Shenyang Research Institute of
Ti-46A1-6.5Nb-0.6Cr-0.2Ni  Centrifugal investment casting®™ Foundry, supporting single-piece turbine China
casting®®
Centrifugal precision casting+rapid  Prepared by University of Jinan, average grain
Ti-47A1-2Cr-2Nb £ preers grep pared by HVEIRTY of e e China
cooling®” size ~200 nm*”
. ) Electron beam additive Prepared by Beihang University, suppresses )
Ti-45A1-8Nb (Fig. 5e¢) . . . China
manufacturing*”’ residual stress cracking™*!
Developed by Edison Materials Research Center
TiAl Permanent mold casting!* (USA), passed 24,000 km road test, ~2% lower America
fuel consumption!)
. Cold crucible induction melting+ Produced by ALD (Germany), ~600,000
TiAl ) . . Germany
permanent mold centrifugal casting!*” pieces/year”
. ) ) . ) Developed by Mirkisches Werk (Germany), used
v-TiAl (Fig. 6b) Multi-step extrusion/forging!*! o ] Germany
in high-end race cars in 2002
Exhaust ) . ) Prepared by Institute of Metal Research (CAS, )
v-TiAl(Fig. 6b) Hot extrusion!**! ) ) China
valve China), supplied to Ilmore (UK)®®
Developed jointly by Institute of Metal Research
Ti-48Al1-2Cr-2Nb Casting™? & Harbin Institute of Technology, passed 483Q China
diesel engine bench test*
. Centrifugal investment precision Developed by Shandong Jianzhu University, )
Ti-47Al-6Nb ) ) . . ) ) China
casting™ promoting high-Nb TiAl alloy engineering*’
) ) Low-cost melting & hot Achieved batch engineering application by Jihua )
TiAl (Fig. 6¢) China

workingt

Laboratory (Guangdong)™!

H ] kY
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6 TiAl :(a) ;(b) ;(c) [32132]
Fig.6 TiAl alloy valves and valve stems: (a) cast valves; (b) extruded valves; (c) valve stemst**
’ ) o A ]
o ,Liu P « , A,
A ( l h C 7.
:(a) (SISP) ;(b)
I hi(c) . BO.5A.A3.3B

[50]

Fig.7 Dislocation mechanism and related structural characterization for simultaneous improvement of strength and plasticity in

face-centered cubic metals: (a) exploration of synchronous improvement of strength and plasticity (SISP) principle; (b) dislocation

properties and characteristic parameters / and h related to strength and plasticity; (c) structure of the simulation box of screw dislocation

o 5 1ol

dipole in an FCC metal. B3, 8A, AJ, 8B represent the Burgers vectors of partial dislocations™”
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Fig.8 Role of work hardening in ensuring the simultaneous improvement of strength and plasticity
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Tab.9 Construction methods for heterogeneous structures

Construction method

Core concept & typical process

Mechanisms for synergistically improving strength & ductility

1. Layered/lamellar

structures!®®¥

2. Dual/multi-phase

structures®>*”

3. Gradient structures!®”

4. Nanocrystalline/
coarse-grained composite

structures™

Alternating stacking of soft/hard components,

forming a “layer-cake” structure!®
Processes: additive manufacturing®”,
accumulative roll bonding!®”, physical vapor
deposition
Introducing second phases with controlled
size, shape, distribution into matrix'**¢”
Processes: alloy design+specific heat
treatments (aging, annealing), deformation
processing®¢
Continuous gradient variation in grain size,
phase composition, or dislocation density
across space (e.g., surface to core)™
Processes: surface mechanical attrition
treatment 7", additive manufacturing™
Embedding nanocrystalline zones into
coarse-grained matrix, or forming
interconnected networks
Processes: severe plastic deformation

followed by partial recrystallization!™

Strength: hard layers bear load, providing high-strength matrix;
soft/hard interfaces strongly impede dislocation motion
Ductility: soft layers yield first, generating geometrically necessary
dislocations (GNDs) and strong back stress, leading to sustained work
hardening, delaying necking
Strength: hard second phases (e.g., intermetallics, carbides) act as
non-deformable obstacles, strengthening via precipitation hardening
Ductility: softer matrix ensures initial ductility; strain incompatibility
between phases generates GNDs & back stress, enhancing work
hardening rate
Strength: fine-grained regions (typically surface) provide high yield
strength via grain refinement
Ductility: coarse-grained regions (typically core) act as “ductility
reservoir”; gradient enables smoother strain transfer, avoiding early
failure from stress concentration
Strength: nanocrystalline zones contribute extremely high strength via
grain boundary & dislocation strengthening
Ductility: coarse-grained zones allow long-range dislocation motion,
storing & coordinating plastic deformation; nanocrystalline zones delay

softening, maintaining high work hardening rate

s

’

N o

[51]

Fig.9 Schematic of the pile up of geometrically necessary dislocations, which produces back stress in the soft zone and forward stress
in the hard zone, The back stress and forward stress are in the same magnitude at the zone boundary but in opposite directions. The
back stress is in the opposite direction of the applied stress. The back stress and forward stress collectively produce the
hetero-deformation induced (HDI) stress®"!
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Fig.10 Schematic diagram of the TWIP effect!®
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Tab.10 Interface engineering design for enhancing strength and plasticity
Mechanism direction Specific design strategy & goal Contribution to strength Contribution to ductility
Designing coherent/semi-coherent . ) )
. . . Provides strong short-range Strong coherent bonding prevents interfaces
o . interfaces or introducing ordered . ] ) . S
1. Inhibit dislocation . . oo resistance, effectively blocking from becoming crack initiation sites; ordered
) interfacial phases, optimizing . . o o ) )
motion®* ) ] dislocation transmission, contributing interfaces can reversibly absorb energy,
crystallographic & electronic ) ) )
direct interface strengthening
structure

improving toughness

2. Interface as

Acts as dislocation source: emits dislocations

Tuning interface energy, stacking under stress, initiating and coordinating plastic
“dislocation fault energy near interfaces, - deformation. Acts as dislocation sink: absorbs
manager ¥4 and stress state arriving dislocations, relieving stress

concentration, preventing premature fracture
Utilizing modulus mismatch, thermal .
. ) ) Internal stress fields impose
3. Interface as “internal  expansion mismatch, or coherency

This internal stress field is the source of back
) . ) additional resistance to subsequent stress. It drives sustained work hardening,
stress field strain between interface and matrix . . . o . . .
. dislocation motion, providing homogenizes strain, greatly delays necking,
generator ¥} to introduce controlled long-range )
. strengthening
internal stress fields

fundamentally improving uniform ductility
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Fig.11 Interactions between atomic clusters and dislocations!™

12 Ti-45A1-8Nb - :(a) - , 5(b)

[95]

Fig.12 Stress-strain curves of tensile samples of Ti-45A1-8Nb alloy at different temperatures: (a) engineering stress-strain curve; the
magnified image is the yellow dotted rectangle region; (b) variation in stress and elongation with temperature®
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Fig.13 Design of the T-T structure and the synergistic improvement in strength and plasticity caused by back stress strengthening!®
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14 750 'C [7]
Fig.14 Deformation mechanism of the nanosheets and the tensile curve at 750 ‘C1"
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Fig.15 Formation process of the WC/TiAl core-shell structure!™!
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