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Abstract: TiAl alloys have attracted much attention due to its excellent specific strength, specific stiffness, and high-temperature
performance, which has great potential for application in the acrospace industry. With the development of aerospace technology, the
performance requirements for its equipment and service materials have further increased. Thermomechanical treatment plays a very
important role in the field of manufacturing technology of aerospace equipment. The mature preparation processes for TiAl alloys are
mainly ingot metallurgy and powder metallurgy. TiAl alloys are obtained by both processes require subsequent thermomechanical
treatment. Combining the processes of deformation with heat treatment, the microstructure of TiAl alloys can be effectively
controlled, thereby improving the room-temperature brittleness and fracture toughness of alloys. On the basis of fully understanding
the thermoplastic deformation behavior of TiAl alloys, further research on different hot working methods and processes, process
parameter design and control of TiAl alloys are of great significance for reducing the processing cost of TiAl alloy products as well
as promoting their production and application. This article mainly reviews the development status of thermomechanical treatment of
TiAl alloys.The research progress in the thermoplastic deformation behavior as well as microstructure control of hotworking (hot
forging, hot rolling, hot extrusion) and subsequent heat treatment of TiAl alloys is summarized. On the basis, this article proposes
the development directions in thermomechanical treatment of TiAl alloys. The first is the research on thermomechanical treatment
process of TiAl composite materials. On the basis of high-throughput material design, exploring the hot working and post-treatment
process routes suitable for TiAl composites, is expected to develop a new type of TiAl material with excellent high-temperature
comprehensive performance. The second is the optimization design of hot working process for large-sized TiAl alloy components.

Combining machine learning methods to optimize the hot working parameters of large-sized TiAl alloy components, as well as
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predict the microstructure evolution during hot working, and developing new mold materials to effectively control the processing

temperature, are expected to significantly improve the controllability and stability in the forming process of large-sized TiAl

components. The third is the development of low-cost thermomechanical treatment technology of TiAl alloys, such as no package

hot working technology and single-step heat treatment process. The fourth is the thermomechanical treatment control of new

microstructures for TiAl alloys. On the basis of introducing nanostructures to refine the microstructure of TiAl alloys, a new type of

TiAl alloy microstructure design is expected to carry out by thermomechanical treatment to further enhance the performance of TiAl

alloys. The fifth is the efficient screening of thermomechanical treatment process parameters for TiAl alloys. Integrating

multidisciplinary knowledge, constructing a large database of components, hot working/heat treatment parameters, microstructure,

and properties, can reduce the costs and cycles of researches.

Key words: TiAl alloy; thermomechanical treatment; hot working; heat treatment; process design; microstructure regulation
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Table 1 Comparision of deformation activation energy and stable processing regions for TiAl alloys and composites
Composition 0/(kJ »mol™") Hot processing window Reference
Ti-43Al-4Nb-1.4W-0.6B 419.2 1096-1120 °C, 0.001-0.005 s '; 1180-1200 C, 0.001-0.005s ' [39]
Ti-43Al-6Nb-1Mo-1Cr 541 1100-1200 °C, 0.01-0.001s ' [37]
Ti-44Al-6Nb 485.7 1200 °C, 0.1-0.01 s ' [40]
Ti-45A1-8Nb-2Cr-0.2B 429.4 1100 °C, 0.005s ' [38]
Ti-48 Al-2Cr-2Nb 371 1100-1140 °C, 0.01-0.005s '; 1180-1210 °C, 0.01-0.001 s ' [27]
Ti-45A1-7Nb-0.3W 414 1150 <C, 0.1s ' [41]
Ti-45A1-5Nb-0.4W/2 vol.%Nb 447.4 1090-1110 °C, 0.05-0.001s '; 1190-1200 °C, 0.001 s ' [42]

Ti-45A1-7Nb-0.4W-0.1B/5 %Al,0; 336.5

1150-1200 °C, 0.1-0.001 s '
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(a)as-extruded state; (b)InZ=31.3; (¢)InZ=25.7; (d)InZ=23.4; (1 )0, phase; (2 )y phase
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Fig. 3 Powder metallurgy TiAl alloy forging (a)cladding; (b)forging billet
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4 WEHIE ALO; ¢TIAl ZEIEHIE S L HA

=

() J5hERE (b) TR ERHRL (o) e,

(d) EFREEREIR; (o) IR LB () BEIRZH U T BIUH i AT 14
Fig. 4 Appearances and microstructures of Al,O5 ¢TiAl composite manufactured by can-forging (a)initial billet; (b)billet with
the can; (c)can-forged pancake with the can; (d)can-forged pancake without the can; (e )scanning electron microscopy image of
forging billet microstructure; (f)backscattered electron diffraction image of forging billet microstructure
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(b)

5 BRI TIAL A EEELRIM (a) | (b) 5B HADE SR IS (o)™
Fig. 5 Appearance of sheet produced by cladding rolling(a), (b) and rectangular billet produced by

cladding hot extrusion(c) ™" for powder metallurgy TiAl alloy
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Fig. 6 Transmission electron microscope images of Ti-48 Al-2Nb-2Cr alloys after cycle heat treatment

17 (a)complex stacking

faults and nano twins in equiaxed grain; (b)high-resolution transmission electron microscope image of stacking faults and its Fourier

transform image; (¢ )high-resolution transmission electron microscope image of a nano twin and its Fourier transform image

AN, AN UL BAH 2R s B iR B T
SO P SR . Niu 25" T Ti-45A1-6Nb-
IMo 54T T “aBETZ” , BB ASHNUE
B E A ERRLZE 1265 C PRI 4 h 5 B PR iR
BEIE I, SRE UL 701 BB R EL AT 0 E BT
Ji, B R A (o +y + B) —FHIX #E4T 1200 °C .
4hiEk, BAKHAE EHLUSE) T B &40k, A
W T A S AR RE 1 A 2L,
Zheng 25" X S TNM & 40647 1 -1k
P IRAL PR, fil & R R S N, 7E TNM &4 HHiE
BT S =AM EANESEN, BERESEEHE
5 800 C TRy H5¥VE, EiRIAHLMALFE T
LSRN TiAL A 4 B SRR 0E T 30 L

4 PHMARARE N FiERE

TiAl & 4 FAUAAL B TP #0m T £ 2 H
M2 A 20 3 3 I A 0, 45 6 e 22y kb
L, DISEILA SO 2 it — L . TiAl &4
Y LAV HO 20 2 40§54 B 2 (full lamellar, FL) | T

F )2 (near lamellar, NL) ., ¥ (duplex, DP) it
y(near gamma, NG)Z{4! O MR, NG 48U
ZEA 1R RE R 22 5 DP 2 4L BT s AR 1 AN W 24 4]
Mg 22, (HIAVE B s NL 2255 12 me s
A 5 A K 1Y FL 2H 21 ELA B0 A 40 it A28 1 F
S4B, H R R B AR 2

R R, TIAL & 4058 S ok RS 1 C R
T4 Hall-Petch 2338, B BARH 35 32 B 25
RGBT & o X T FL 4141, )2 R 5%
JE 2 [a] W7 /& Hall-Petch 2 28, 1M HL7E ik )R ST 458
/N, R FE RS2 B B X F BN
TiAl &4 A 5R BE =202 B AR 2 S, ni
)2 5 TR A A LA, PR A A
DO 5 NP TY YNGR D o= 1 U XSS R WA N AT DR 3
MEE TIAL B ry 8. ik, 3R 25 & . 4k
LN} TIAL & A PR PEREA Al . WHTETIA, 24
AR T2 FHURAL B S, TiAl & 44 2 4k
&, BRI OB A ] B AR

5 TiAl & & MBI 21, FL 20 4VEA e fERY
WAL, X FELHNT R ZHLH AT v i



55 1

TiAL 154G P UBAL BE T 20 37

R, I ELR 554 P 125 1 5 SR B B T (48592 3
(9L AR, F A B A SRR T
(RN TiAL & A hibiAs R e Bk g
JUHJEAE FL 8 NL 4020, | )2 8] 1 A% R/ X
TiAl &4 WSS h 2 e |3, W/ H 2 i A
AR B RS B 1032 B A B i A i 1 5, TR
e 2 61 2 /N X B AR BT A A R R
SFRTF 100 pm B, FZHIRSERLR oy y FHARFR
Sy RO AR BT 1 (9 e N M R R R S
F 100 um B, AT AEL R AL B FILE 5, S 30525 v
™™, Trofimov 45 WFFT T BUB A BAALL
P B ¥E [ TIAL A 4 5725 MR 10 520, % LR %
2 B T B IR 2 1) B Bk, S g 14
T, i — LA BE T2, AT L STBR B AT RO
(SRR A PERE AT . Zhang 27 ] FH 48 s 1[5
VAL TR O HBUAL TR T 251 46 T TIAL-Nb &4, i
ARPERE I R A 4 7E 800 °C . 220 MPa 51 F 11
75 5 A 11 S 339 h, FAAL FHE I IR A 4 14 bR
T3 2 LA A A ) R S 2 —

g b BHLBRAD BE N TIAL & 4 102 219 45 4
6T T R B % s T, T AL AR b ST THAL
B 4 SR AR AL BRI £ R R 2EL ARG A, A RS
B TiAL 4 4 AR 3 2 M B 1 P, 3 5 TRk
o7 FH R

5 SERig

TiAL 5 A B B A TR 2 L KA R ok 16
#, R LA PERE LA L TR I I e . Z2id 1]
WAMIFFE N UL H4ER9%5 7, TIAL 5 & E AT
R U A S B TR A RN o BB
Aib PR HE— 2L B TIAL G & OV ZH 2, S8 e 1
AE TiAL & 4 & B H 23R, 20 I IR PR
AT R EERRIIE | AR T ki T2 A
JR SR RAL B ZUPR PR ST ST . BAR LR AH 4T
BREHUR T H RN, (H 0 R A, U — R )
A R ok, XS B A5 ALY TiAL & @380 T 07
2 5 5 S Ak T A A DRXJE ML 5
U AL Y % R PR IV & B A SUR 9 B I 4%
fi) P 5 iy SE BRI BEAS TiAL 45 < SALARAL B T
SRR A A BB B Y R AR BT
VAT A HAH S PR O AR, 2555

AR TiAl A 4 PAUAL BE U 2R A D
NILIT I BT -

(1) TiAl & 4 Ho— b RHERE S THAY 23 [0 A FR,

A MRHIAE N —F a0 E AR, AT LUK 42
10 TIAL A 4 10 5 B AN, X el s L6 T g
WA R 2 . B RTEN X TiAl & A B RHEAL
BOIN T AR B IE I8 T3 B o 7 /= 3 B b A 5
TFRIEERE b, BERIE A T TIALZ S AR T
G AL T M6 2k, 456 8 6 (RPN AL B4
R, BHEIF KRS A e IL 5 19 3 &L TiAl
Mk

(2)TiAl H 4 KRR 24 #m T.41413
SIS R ME S, B T TSR b =z A, %
T PR B 1) Ak 47 LA SR VRS ELA R 1 IF & 35 02 I IS
1 2E TR, 25 A LA 27 2 7 I R RS TiAl
B AN T T 2238 set, DU T
T P R L 2 AR T, ] B R AR LR LA
AR TN TR, A 88 E R TR TiAl#
PERE i R A R P P AR e

(3)TIAL & 4 I A= 77 BUAS B8 57, 3 2 PR L
RIBRN R R Z — . fEftm AR R,
WL JE AN UARAL B A AR P il . PRI, RO 1E
WA T2 KRR AMIN T MG A, Tt
WERIM THA | P T 25, DIRRLAE ™
BAS, B A BRI, S TiAl & SRR Tt S
AR il P

(4) 45 4 I TR0 5 2 () /A B, 39F 478 7
TiAl & & ORI T, 7251 A 99K 45 H 4n 1k
TiAl B4 H R FERE |, W =M =B =S
gy, ik — BT TIAL & & tERe . [RAf, JF R
DRX JEAZ AL 5 LU Ak 56 R i SEmbF 9%, &
S T R Y 0 1) BB A Bk DA e e I g
2E PR REAS ) SR (R

(5) A 5 PR TR AR 28 K o 1) i M T I
BB B, SN T2 T K TiAL A 4 R B4 T
FEALUERR A SCHE . AT XEAR A B2 TiAL A 4 AL
BALBE T2, AR N il B 24 BHAI, F HE R o) -#4
T A AL B 2 8 -2 2 BB 2, SEEH TiAL
B A LB 35 T2 1) v R 228 R v Jo i S B,
IR & AR FE 3

H AT, 76028 0, HOLAR AL BE T 20 3% 2 il 7%
R TIAL A 4 O 7R AN [ 2828 1 5 <l 3 & sh L
REBEE M R B8 A, Kok TiAl & &85 R
ot R TR AW K, [FR, TiAL &4 7F
fiit 2 K shbl s Fe PR AL B S5 350 44 1) g FH A 7 HE
dErp . TEMLR SR, HhASIE TiAl & 4 il 1 ALK
TRATHR BB R G L KT TR A I D R K B
PUEE RN RO AR N . EVR AR, i



38

it = M

B W

545 3

TiAL 5 4 Hil3E 1704 Sl K shpilip de 8 e i 5
4 D) e i AT RS TiAL A 4 il TR G & 3hil
HEU A T R W I AT AT, PEREE AT
AU R AR A Tl 5 R L Il HE | A M Y & e 4,
FAATUAH AL BH ) 25 7 TiAL G 4 e HAB A 4 B 0 T i
SRR R

S Lk

(1]

(2]

(3]

GENC O, UNAL R. Development of gamma titanium
aluminide (y-TiAl) alloys: a review[J]. Journal of
Alloys and Compounds, 2022, 929(12): 167262.
TAR, BT, . MUK SR A A RIS B
R B T]. BEWIH TR 22 i (A SRR i)
2021, 46(6): 24-36

GAN M D, CHONG X Y, FENG J. Research status and
prospects of acrospace high-temperature structural mate-
rials[J]. Journal of Kunming University of Science and
Technology (Natural Sciences ), 2021, 46(6): 24-36.
LIU Y, TANG B, HUANG X Y, et al. Microstructural
stability and creep properties of middle Nb y-TiAl alloy
with a modulated microstructure [J]. Intermetallics, 2022,
151(12): 107733.

ZHENG G M, TANG B, ZHAO S K, et al. Breaking the
high-temperature strength ductility trade-off in TiAl
alloys through microstructural optimization[J]. Interna-
tional Journal of Plasticity, 2023, 170(11): 103756.
LIANG Z Q, XIAO S L, YUE H Y, et al. Tailoring
microstructure and improving oxidation resistance of an
additively manufactured high Nb containing TiAl alloy
via heat treatment[J]. Corrosion Science, 2023, 220(8):
111287.

XURR, LIM Q, ZHAO Y H. A review of microstruc-
ture control and mechanical performance optimization of
y-TiAl alloys[J]. Journal of Alloys and Compounds,
2023, 932(1): 167611.

KR, B BET, R TIAL A & 30 Tk sk
JEEL]. K% T TR, 2022, 14(11): 1-9.

ZHANG L Q, GE G W, LIN J P. Research progress in
hot working of TiAl alloys[J]. Journal of Netshape
Forming Engineering, 2022, 14(11): 1-9.

WANG Q, WU X L, GU L, et al. Microstructure evolu-
tion and nano-precipitate of multi-stage heat-treated
Ti-45A1-2Nb-2Cr-0.3C alloy[J]. Intermetallics, 2024,
171(8): 108365.

PANOV D O, SOLOLOVSKY V S, STEPANOV N D,
et al. Effect of interlamellar spacing on strength-ductil-
ity combination of B-solidified y-TiAl based alloy with

fully lamellar structure[J]. Materials Science and Engi-

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

neering: A, 2023, 862(1): 144458.

LUO Y F, WANG Y, WANG L, et al. Effect of crystal-
lographic texture on the anisotropy of fracture tough-
ness in as-forged Ti-45A1-7Nb-0.4W-0.1B intermetal-
lics[J]. Journal of Alloys and Compounds, 2025,
1014(2): 178672.

WANG L, LIANG X P, LIU B, et al. Stacking fault for-
mation in perovskite Ti;AlC carbides in a TiAl based
alloy during creep at 800 °C[J]. Scripta Materialia,
2023,222(1): 115034.

F B By mi e TIAL 5 B r N TR BB R’
A 2 (D] dbat: U RHER A, 2022.
GE G W. Hot working characteristics, forging without
canning and microstructure control via heat treatment for
a B-solidifying high Nb containing TiAl alloy[D]. Bei-
jing: University of Science and Technology Beijing,
2022.

QIANG F M, KOU H C, LI Y Q, et al. Enhanced
strength-ductility synergy of B-solidifying TiAl alloy
with preferred lamellar orientation by texturing high-
temperature o phase through hot extrusion[J]. Materials
Science and Engineering: A, 2023, 885(10): 145626.
PARK J S, YANG G, KIM S W. Effect of forging
routes on the microstructure and mechanical properties
of newly-developed Ti-44Al-5.5Nb-0.5W-0.5Cr-0.3Si-
0.1C alloys[J]. Journal of Alloys and Compounds,
2024, 992(7): 174442.

ZHENG G M, TANG B, ZHAO S K, et al. Novel defor-
mation mechanism of nanolamellar microstructure and
its effect on mechanical properties of TiAl inter-
metallics[J]. Materials Science and Engineering: A,
2023, 879(7): 145138.

E M, Je 2, JEPEk, 55 AL IR Ti-45.5A1-4Cr-
2.5Nb & 4@ 22V PERE R 52 e [T]. A4 ORHS: 4, 2024,
3(HETF 1): 1-11.

WANG G T, LONG Z K, ZHOU X L, et al. Effect of
the heat treatment on the microstructure and properties
of Ti-45.5A1-4Cr-2.5Nb alloy[J]. Materials Reports,
2024, 38(Suppl 1): 1-11.

XA, AR, I, 4. RS IR 3R TiAl 2E
EAEMEI BT S D], T EA 64 R i,
2025, 1550(16): 1-20

LIUZT, LIM A, XIAO S L, et al. Design and investi-
gation of the quasi-continuous network reinforced TiAl
matrix composites[J]. The Chinese Journal of Nonfer-
rous Metals, 2025, 1550(16): 1-20.

mCaR, X, FEEAR, 55 o BERE TiAl &4 B4
Ak (0], F AR, 2022, 43(12): 1063-1067.

GAO W Q, LIU C, CHU Y D, et al. Microstructural
refinement of a solidified TiAl alloy[J]. Foundry Tech-



55 1

TiAl &4 A UAL PR T 230 39

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

nology, 2022, 43(12): 1063-1067.

XU R R, LI H, LI M Q. Flow softening mechanism in
isothermal compression of B-solidifying y-TiAl alloy [J].
Materials & Design, 2020, 186(1): 108328.

YANG W G, LI M A, ZHOU T, et al. Deformation
behavior and dynamic recrystallization mechanism of a
novel high Nb containing TiAl alloy in (o+y) dual-
phase field[J]. Journal of Alloys and Compounds, 2023,
945(6): 169250

WANG Q B, ZHANG S Z, ZHANG C J, et al. The
influence of the dynamic softening mechanism of a
phase and y phase on remnant lamellae during hot defor-
mation[J]. Journal of Alloys and Compounds, 2021,
872(8):159514.

TR, ¥y A6 4 Ti-47AI-2Nb-2Cr & 4
e A AR RIS (D] MR IR
“#,2014.

REN J S. Hot deformation behavior and microstructure
evolution law of PM Ti-47A1-2Nb-2Cr alloy[D].
Harbin: Harbin Institute of Technology, 2014.

CHEN X F, TANG B, LIU Y, et al. Dynamic recrystal-
lization behavior of the Ti-48Al-2Cr-2Nb alloy during
isothermal hot deformation[J]. Progress in Natural Sci-
ence, 2019, 29(5): 587-594.

GE G W, WANG Z M, ZHANG L Q, et al. Hot defor-
mation behavior and artificial neural network modeling
of B-y TiAl alloy containing high content of Nb[J]. Ma-
terials Today Communications, 2021, 27(6): 102405.
HEJJ, WANG Y, LUO Y F, et al. Effect of Zener-Hol-

lomon parameter on dynamic recrystallization mecha-

SR ATAT

1G]
R TR

nism and texture evolution of extruded Ti-47Al-2Cr-
0.2Mo alloy[J]. Materials Science and Engineering: A,
2025, 927(4): 147994.

DU Z H, JIANG S S, ZHANG K F. The hot deforma-
tion behavior and processing map of Ti-47.5A1-Cr-V
alloy[J]. Materials & Design, 2015, 86(12): 464-473.
HU Q, WANG Y, LV L X, et al. Hot deformation
behavior and dynamic recrystallization mechanism of
Ti-48Al-2Nb-2Cr alloy with near-y microstructure[J].
Journal of Alloys and Compounds, 2023, 945(6) :
169378.

WANG G, XU L, WANG Y, et al. Processing maps for
hot working behavior of a PM TiAl alloy[J]. Journal of
Materials Science & Technology, 2011, 27(10) : 893-
898.

YUAN C H, LIU B, LIU Y, et al. Processing map and
hot deformation behavior of Ta-particle reinforced TiAl
composite [J]. Transactions of Nonferrous Metals Soci-
ety of China, 2020, 30(3): 657-667.

PRASAD Y V R K, SESHACHARYULU T. Process-

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

ing maps for hot working of titanium alloys[J]. Materi-
als Science and Engineering: A, 1998, 243(1): 82-88.
PRASAD Y V R K. Recent advances in the science of
mechanical processing[J]. Indian Journal of Technol-
ogy, 1990, 28(1): 435-451.

SUN Y, HU L X, REN J S. Investigation on the hot
deformation behavior of powder metallurgy TiAl-based
alloy using 3D processing map[J]. Materials Characteri-
zation, 2015, 100(2): 163-169.

XIN J J, ZHANG L Q, GE G W, et al. Characterization
of microstructure evolution in -y TiAl alloy containing
high content of niobium using constitutive equation and
power dissipation map[J]. Materials & Design, 2016,
107(10): 406-415.

KONG F T, CHEN Y Y, ZHANG D L, et al. High tem-
perature deformation behavior of Ti-46Al-2Cr-4Nb-0.2Y
alloy[J]. Materials Science and Engineering: A, 2012,
539(3):107-114.

TIAN S W, HE A R, LIU J H, et al. Investigation on the
microstructure evolution and dynamic recrystallization
mechanisms of TiAl alloy at elevated temperature[J].
Journal of Materials Research and Technology, 2021,
14(9/10): 968-984.

JIANG HT, TIAN S W, GUO W Q, et al. Hot deforma-
tion behavior and deformation mechanism of two TiAl -
Mo alloys during hot compression[J]. Materials Sci-
ence and Engineering: A, 2018, 719(3): 104-111.

LI M A, LI J, ZHOU T, et al. The investigation of
microstructure evolution, deformation behavior and pro-
cessing performance of the high niobium containing
TiAl alloys [J]. Intermetallics, 2021, 138(11): 107336.
SINGH V, MONDAL C, KUMAR A, et al. High tem-
perature compressive flow behavior and associated
microstructural development in a (-stabilized high Nb
containing y-TiAl based alloy[J]. Journal of Alloys and
Compounds, 2019, 788(6): 573-585.

LIJ B, LIU Y, WANG Y, et al. Constitutive equation
and processing map for hot compressed as-cast Ti-43Al-
4Nb-1.4W-0.6B alloy[J]. Transactions of Nonferrous
Metals Society of China, 2013, 23(11):3383-3391.
CHEN R R, MA T F, GUO J J, et al. Deformation
behavior and microstructural evolution of hydrogenated
Ti44Al6Nb alloy during thermo-compression at 1373-
1523K [J]. Materials & Design, 2016, 108(10) : 259-
268.

LIJB, LIUY, LIU B, et al. High temperature deforma-
tion behavior of near y- phase high Nb-containing TiAl
alloy[J]. Intermetallics, 2014, 52(9): 49-56.

LIJB, LIU Y, LIU B, et al. Effect of Nb particles on the
flow behavior of TiAl alloy[J]. Intermetallics, 2014,


https://doi.org/10.1016/j.pnsc.2019.08.004
https://doi.org/10.1016/j.pnsc.2019.08.004
https://doi.org/10.1016/j.pnsc.2019.08.004
https://doi.org/10.1016/S1003-6326(20)65240-2
https://doi.org/10.1016/S1003-6326(20)65240-2
https://doi.org/10.1016/S1003-6326(20)65240-2
https://doi.org/10.1016/S1003-6326(13)62878-2
https://doi.org/10.1016/S1003-6326(13)62878-2

40 it = M OB e R 5545 %
46(3):22-28. metallic TiAl alloys[J]. Advanced Engineering Materi-

[43] HHEFR. B-y TIAL A 4 milk BV TR R AR B BR AT M B 5T als, 2013, 15(4): 191-215.

[D]. dtat: JeatkH R, 2020. [55] FEille, s, mwlhg, 55, SRS Ti-47A1-2Cr-
TIAN S W. Hot deformation and high temperature expo- INb & 4 0 W0 41 2 4n fb AL B (T]. i 25 #4 kL 24 3T,
sure behavior of B-y TiAl alloy[D]. Beijing: University 2002, 22(1):51-53.

of Science and Technology Beijing, 2020. WANG SY, LI H Q, HUANG C H, et al. Mechanism of

[44] WANGY, LIU Y, YANG G Y, et al. Hot deformation refining microstructure of isothermally forged Ti-47Al-
behaviors of B phase containing Ti-43Al-4Nb-1.4W- 2Cr-INb alloy[J]. Journal of Aeronautical Materials,
based alloy[J]. Materials Science and Engineering: A, 2002, 22(1):51-53.

2013, 577(8): 210-217. [56] ZHANG S Z, SONG Z W, ZHANG C J, et al. Fine

[45] JIANGHT, ZENG S W, ZHAO A M, et al. Hot defor- grained fully lamellar structure acquisition and micro-
mation behavior of B phase containing y-TiAl alloy[J]. structure characteristics of Ti-44Al1-4Nb-4V-0.3Mo-Y
Materials Science and Engineering: A, 2016, 661(4) : alloy[J]. Materials Characterization, 2018, 144(10) :
160-167. 141-147.

[46] XU X X, KOUH C, YU Y H, et al. Characteristics of [57] HEW W, TANG HP, LIU HY, et al. Microstructure
lamellar evolution and softening behavior of powder- and tensile properties of containerless near-isothermally
HIPed TNM alloy during hot compression [J]. Journal of forged TiAl alloys[J]. Transactions of Nonferrous Met-
Alloys and Compounds, 2024, 983(5): 173794, als Society of China, 2011, 21(12): 2605-2609.

[47] LIJ, LIM A, HU L, et al. Dynamic recrystallization, [58] SALISHCHEV G A, IMAYEV R M, SENKOV O N,
phase transformation and deformation mechanisms of a et al. Formation of a submicrocrystalline structure in
novel Ti-43Al-6Nb-1Mo-1Cr alloy during the isother- TiAl and Ti;Al intermetallics by hot working[J]. Mate-
mal deformation[J]. Materials Characterization, 2023, rials Science and Engineering: A, 2000, 286(2) : 236-
199(5): 112789. 243.

[48] SINGH V, MONDAL C, SARKAR R, et al. Dynamic [59] APPEL F, BROSSMANN U, CHRISTOPH U, et al.
recrystallization of a (B2 ) -stabilized y-TiAl based Ti- Recent progress in the development of gamma titanium
45A1-8Nb-2Cr-0.2B alloy: the contributions of con- aluminide alloys[J]. Advanced Engineering Materials,
stituent phases and Zener-Hollomon parameter modu- 2000, 2(11): 699-720.
lated recrystallization mechanisms[J]. Journal of Alloys [60] JANSCHEK P. Wrought TiAl blades[J]. Materials
and Compounds, 2020, 828(7): 154386. Today, 2015, 2(Suppll ): S92-S97.

[49] CHEN X F, TANG B, LIU D, et al. Dynamic recrystal- [61] GEGW, WANG Z M, LIANG S Y, et al. Achievement
lization and hot processing map of Ti-48Al-2Cr-2Nb of forging without canning for B-solidifying y-TiAl alloy
alloy during the hot deformation[J]. Materials Charac- containing high content of niobium[J]. Materials and
terization, 2021, 179(9): 111332. Manufacturing Processes, 2021, 36(14): 1667-1676.

[50] XU R R, LIU H, LT M Q. Dynamic recrystallization [62] ZHANG L Q, GE G W, LIN J P, et al. Effect of transi-
mechanism of y and o phases during the isothermal com- tion metal alloying elements on the deformation of Ti-
pression of y-TiAl alloy with duplex structure[J]. Jour- 44A1-8Nb-0.2B-0.2Y alloys [J]. Scientific Reports, 2018,
nal of Alloys and Compounds, 2020, 844(12): 156089. 8(9):14242.

[51] LUO Y F, WANG Y, WANG L, et al. Effect of ALO;  [63] FEWE, BT, T, 45 WEHEGEH AR S TIAl K
fiber on twin intersections-induced dynamic recrystal- BEWEIRIAERE 1), KB S ER A S TR,
lization in fine-grained TiAl matrix composite[J]. Jour- 2013, 18(6):920-925.
nal of Materials Science & Technology, 2024, 172(2): WANG H, JIA W P, HE W W, et al. High temperature
1-14. mechanical properties of canned-forged PM TiAl-based

[52] GOURDET S, MONTHEILLET F. A model of continu- alloy[J]. Materials Science and Engineering of Powder
ous dynamic recrystallization[J]. Acta Materialia, 2003, Metallurgy, 2013, 18(6): 920-925.
51(9):2685-2699. [64] NIUHZ, CHEN Y Y, KONG F T, et al. Microstructure

[ 53] HUANG K, LOGE R E. A review of dynamic recrystal- evolution, hot deformation behavior and mechanical
lization phenomena in metallic materials [J]. Materials & properties of Ti-43A1-6Nb-1B alloy[J]. Intermetallics,
Design, 2016, 111(12): 548-574. 2012, 31(12): 249-256.

[54] CLEMENS H, MAYER S. Design, processing, micro- [65] CHENG L, CHANG H, TANG B, et al. Deformation

structure, properties, and applications of advanced inter-

and dynamic recrystallization behavior of a high Nb con-


https://doi.org/10.1016/S1359-6454(03)00078-8
https://doi.org/10.1002/adem.201200231
https://doi.org/10.1002/adem.201200231
https://doi.org/10.1002/adem.201200231
https://doi.org/10.3969/j.issn.1005-5053.2002.01.011
https://doi.org/10.3969/j.issn.1005-5053.2002.01.011
https://doi.org/10.1016/S1003-6326(11)61098-4
https://doi.org/10.1016/S1003-6326(11)61098-4
https://doi.org/10.1016/S1003-6326(11)61098-4
https://doi.org/10.1016/S0921-5093(00)00806-6
https://doi.org/10.1016/S0921-5093(00)00806-6
https://doi.org/10.1016/S0921-5093(00)00806-6
https://doi.org/10.1016/S0921-5093(00)00806-6
https://doi.org/10.1002/1527-2648(200011)2:11<699::AID-ADEM699>3.0.CO;2-J
https://doi.org/10.1080/10426914.2021.1942902
https://doi.org/10.1080/10426914.2021.1942902
https://doi.org/10.3969/j.issn.1673-0224.2013.06.024
https://doi.org/10.3969/j.issn.1673-0224.2013.06.024
https://doi.org/10.3969/j.issn.1673-0224.2013.06.024

55 1

TiAl &4 A UAL PR T 230 41

[ 66 ]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

taining TiAl alloy[J]. Journal of Alloys and Com-
pounds, 2013, 552(3): 363-369.

SU Y J, KONG F T, CHEN Y Y, et al. Microstructure
and mechanical properties of large size Ti-43Al-9V-
0.2Y alloy pancake produced by pack-forging[J]. Inter-
metallics, 2013, 34(3): 29-34.

WANG L, LIU Y, ZHANG W, et al. Optimization of
pack parameters for hot deformation of TiAl alloys[J].
Intermetallics, 2011, 19(1): 68-74.

XK, B By RGBS EREEEE AR M. KD
R, 2012: 353.

LIU Y, TANG H P. Powder metallurgical titanium base
structural materials[M]. Changsha: Central South Uni-
versity Press, 2012: 353.

XL KT Ti-43A1-9V-Y A Akt il 2L R g
¢ [D]. MR /R Tl K, 2020.

LIU M. Research on microstructure and properties of
large-sized Ti-43Al-9V-Y alloy sheet[D]. Harbin: Harbin
Institute of Technology, 2020.

SEMIATIN S L, SEETHARAMAN V, WEISS 1. Hot
workability of titanium and titanium aluminide alloys-an
overview[J]. Materials Science and Engineering: A,
1998, 243(1/2): 1-24.

ZHANG S Z, ZHANG C J, HOU Z P, et al. Effects of
rolling deformation on microstructure and hardness of
Ti-45A1-9Nb-0.3Y alloy[J]. Journal of Rare Earths,
2016, 34(2): 197-202.

R E, XVEW, T, . HEaELLH %S Ti-
46A1-8Nb & 4x 1 2 ZURFAE B AR TE AL (1], 42 Jm 2
#f%, 2020, 56(8): 1091-1102.

LITR, LIU G H, YU S X, et al. Microstructure evolu-
tion and deformation mechanisms by direct hot-pack
rolling for as-cast Ti-46Al1-8Nb alloys[J]. Acta Metal-
lurgica Sinica, 2020, 56(8):1091-1102.

JEVHE W, R, TEEZ T, 45, 5 Nb-TiAl 5 4 B9 i i
AIAT O Be FoAAF B P RE L], BFRHIT ST 2741, 2022,
36(6):471-480.

ZHOU H T, HOU X W, WANG Y B, et al. High-tem-
perature deformation behavior and properties of high Nb
containing TiAl alloy[J]. Chinese Journal of Materials
Research, 2022, 36(6): 471-480.

CLEMENS H, KESTLER H. Processing and applica-
tions of intermetallic y-TiAl-based alloys[J]. Advanced
Engineering Materials, 2000, 2(9): 551-570.

MR B, nEpE, PhEI K. TiAL A @Ak 5L I AF 58 B0k
[J]. & J&@~F4R, 2022, 58(8): 965-978.

CHEN Y Y, YE Y, SUN J F. Present status for rolling
TiAl alloy sheet[J]. Acta Metallurgica Sinica, 2022,
58(8):965-978.

TR, KT, ABAERE, G5, TIAL 544540 . 4140, Mg

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

5 A ). Bl iz, 2023, 68(25): 3259-3274.
WANG Z T, ZHENG G, QI Z X, et al. Structures,
microstructures, properties, and applications of TiAl
alloys[J]. Chinese Science Bulletin, 2023, 68(25) :
3259-3274.

DAS G, KESTLER H, CLEMENTS H, et al. Sheet
gamma TiAl: Status and opportunities[J]. JOM, 2004,
56(11):42-45.

ZHANG Y, WANG X P, KONG F T, et al. A high-per-
formance B-solidifying TiAl alloy sheet: multi-type
lamellar microstructure and phase transformation[J].
Materials Characterization, 2018, 138(4): 136-144.
LIE . & Nb-TiAl & 4 bt i & b 2H Uk RE A 5T
[D]. JEat: LR, 2016.

SHEN Z Z. The investigation of manufacturing, micro-
structure, properties of high Nb-TiAl alloy sheet[D].
Beijing: University of Science and Technology Beijing,
2016.

GAO S B, LIANG Y F, YE T, et al. In-situ control of
microstructure and mechanical properties during hot
rolling of high-Nb TiAl alloy[J]. Materialia, 2018,
1(9):229-235.

X, (y + ay + B2) =40 TIAL & & #0m TR e 2l
ZUWERENITE (D], & 2 5. eIl ok, 2017,

LIU H W. Hot working, structure and properties of (y +
a, + B2) multiphase TiAl alloy [D]. Qinhuangdao: Yan-
shan University, 2017.

MY, BRE R . TiAl L4 8 A9 &R .
bRk, 2009, 28(1): 31-37.

LIN J P, CHEN G L. Development of TiAl intermetallic
based compound[J]. Materials China, 2009, 28(1) :
31-37.

s, fE, W, 45 L E ST &R AR 4 TiAl
BB KA T AT A5 1], kTl ke, 2011,
28(5):17-22.

XU L, BAI C G, WANG G, et al. Manufacturing of y-
TiAl sheet by hot packed rolling of powder metallurgy
preform[J]. Titanium Industry Progress, 2011, 28(5) :
17-22.

LIU Y, LIANG X P, LIU B, et al. Investigations on pro-
cessing powder metallurgical high-Nb TiAl
sheets[J]. Intermetallics, 2014, 55(12): 80-89.
L, ZREREE. FEE X TiAl & &85 BT Rad F A5
mi (3] N T T2, 2014, 43(15): 146-150.

GAO F, LI Z X. Influence of extrusion ratio on extru-

alloy

sion process of TiAl alloy cast ingot[J]. Hot Working
Technology, 2014, 43(15): 146-150.

APPEL F, OEHRING M, WAGNER R. Novel design
concepts for gamma-base titanium aluminide alloys[J].
Intermetallics, 2000, 8(9): 1283-1312.


https://doi.org/10.1016/j.intermet.2010.09.011
https://doi.org/10.1016/S0921-5093(97)00776-4
https://doi.org/10.1016/S0921-5093(97)00776-4
https://doi.org/10.1016/S0921-5093(97)00776-4
https://doi.org/10.1016/S1002-0721(16)60014-5
https://doi.org/10.1002/1527-2648(200009)2:9<551::AID-ADEM551>3.0.CO;2-U
https://doi.org/10.1002/1527-2648(200009)2:9<551::AID-ADEM551>3.0.CO;2-U
https://doi.org/10.1360/TB-2023-0037
https://doi.org/10.1360/TB-2023-0037
https://doi.org/10.1007/s11837-004-0251-y
https://doi.org/10.1016/j.mtla.2018.05.007

42

it = M

B iR 545 %

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

WU X H. Review of alloy and process development of
TiAl alloys[J]. Intermetallics, 2006, 14(10): 1114-1122.
LIUH W, LI Z X, GAO F, et al. High tensile ductility
and strength in the Ti-42A1-6V-1Cr alloy[J]. Journal of
Alloys and Compounds, 2017, 698(3): 898-905.
JIAMY, QIANG F M, YU Y H, et al. Tailoring lamel-
lar orientation and tensile properties of TNM alloy via
extrusion[J]. Journal of Materials Research and Tech-
nology, 2024, 28(1/2): 363-370.

XU W C, SHAN D B, ZHANG H, et al. Effects of
extrusion deformation on microstructure, mechanical
properties and hot workability of B containing TiAl
alloy[J]. Materials Science and Engineering: A, 2013,
571(6): 199-206.

XU W C, JUN X Z, HUANG K, et al. Improvement of
microstructure, mechanical properties and hot workabil-
ity of a TiAl-Nb-Mo alloy through hot extrusion[J].
Materials Science and Engineering: A, 2017, 705(9) :
200-209.

XISEHE. B BER TIAl 5-& 3R AL Jia kg
FE[D]. P T EREEEAR A, 2020.

LIU X F. Microstructure evolution and mechanical prop-
erties of B solidifying TiAl alloy processed by hot extru-
sion[D]. Shenyang: University of Science and Technol-
ogy of China, 2020.

LG, EA, XS5, A BYRIEEEXT y-TiAl 255
G LG PERE SRS [T]. ReFh i S Ay (5
4z, 2020, 40(3) : 336-340.

CAOR X, YE X C, LIU L L, etal. Influence of extru-
sion temperature on the microstructure and tensile prop-
erties homogeneity of y-TiAl based alloys[J]. Special
Casting & Nonferrous Alloys, 2020, 40(3): 336-340.
LUO Y F, LIU B, WANG Y, et al. Effect of texture on
mechanical anisotropy of Ti-47A1-2Cr-0.2Mo inter-
metallics [J]. Intermetallics, 2022, 151(12): 107742.
IS, ki TIAL B LA 0l 4 5 210
SEBFIE (D). Jbst: JLsURH A, 2023,

YAN M J. Preparation, microstructure and properties of
powder metallurgy TiAl intermetallics compounds[D].
Beijing: University of Science and Technology Beijing,
2023.

MK . KHFHE L Ti-45A1-8Nb-(W, B, Y) & 441411
FERAEREWFSE [D]. Jbat: JERTRHER Y, 2024,

SUNT L. Study on microstructure control and proper-
ties of Ti-45A1-8Nb-(W, B, Y) alloy with large extru-
sion ratio[D]. Beijing: University of Science and Tech-
nology Beijing, 2024.

Xz, L, EARAE, 45 TIAL-V-Cr 54530 o AHIX
ASIEAT A 0], R ARAR B, 2025, 50(1): 53-58.

LIU H W, GAO F, FENG X Z, et al. Hot deformation

behavior of TiAl-V-Cr alloy near-a phase region[J].
Heat Treatment of Metals, 2025, 50(1): 53-58.

Xge5e, X4, X2, 45 AL FIXT TIAL & &5 7
B ZUG RL A PERE R T]. Wy & B A eH S T AR,
2017, 4631 1): 95-98.

LIU L L, LIU D, LIU R C, et al. Effect of heat treat-
ments on microstructure and tensile properties of TiAl
alloy extruded below T,[J]. Rare Metal Materials and
Engineering, 2017, 46(Suppl1): 95-98.

QIANG F M, KOU H C, ZHANG Y D, et al. Ther-

mally-induced a—f phase transformation interweaving

[98]

[99]

with abnormal a grain growth in hot extruded TNM
alloy[J]. Journal of Materials Research and Technol-
ogy, 2021, 15(11/12): 2036-2044.

[100 ] YANG G, XU X J, SUN T L, et al. A refined fully
lamellar TiAl
Microstructure and mechanical properties[J]. Materials
Science and Engineering: A, 2023, 888(11): 145804.

(101 ] tRute, fRiml R, REg s, &5, 402 i %) 5 Nb-TiAl
HESHAREN [I]. MR TR, 2004(8): 21-24.
XULH, XU X J, LIN J P, et al. Effect of canned forg-

ing on microstructure of high Nb-containing TiAl

alloy extruded at a-phase region:

alloy[J]. Journal of Materials Engineering, 2004(8) :
21-24.

[102] ZHANG X Y, LI C W, WU M H, et al. A typical path-
ways for lamellar and twinning transformations in
rapidly solidified TiAl alloy[J]. Acta Materialia, 2022,
227(4): 117718.

[103] YIM S, BIAN H K, AOYAGI K, et al. Effect of multi-
stage heat treatment on mechanical properties and

transformation of Ti-48Al-2Cr-2Nb
alloy [J]. Materials Science and Engineering: A, 2021,
816(6):141321.

[ 104 ] SCHWAIGHOFER E, CLEMENS H, MAYER S, et al.

Microstructural design and mechanical properties of a

microstructure

cast and heat-treated intermetallic multi-phase y-TiAl
based alloy [J]. Intermetallics, 2014, 44(1): 128-140.

[105] CAO S Z, HAN J C, WANG H F, et al. Effects of cycle
heat treatment on the microstructure and mechanical
property of as-cast y-TiAl alloy[J]. Materials Science
and Engineering: A, 2022, 857(11): 144053.

[106 ] YAN M J, ZHANG H T, YANG F, et al. The effect of
heat treatment on the microstructure and mechanical
properties of powder metallurgy Ti-48Al alloy[J]. Met-
als, 2024, 14(6): 661.

[107 ] B MR 4 TIAl B8 EEELHI T 2 K H b 5
WEFE[D]. Kb R, 2012
ZENG M. Study on canned forging and heat treatment
process of powder metallurgy TiAl alloy[D]. Chang-
sha: Central South University, 2012.


https://doi.org/10.3390/met14060661
https://doi.org/10.3390/met14060661

55 1

TiAl &4 A UAL PR T 230 43

[108] SU L, WANG Y, HU Q, et al. Metastable phase trans-
formations and mechanical properties of an as-extruded
TiAl-based alloy during two-step heat treatment[J].
Journal of Alloys and Compounds, 2024, 1005(11) :
176135.

[109 ] HU Q, WANG Y, LIU Y, et al. Introducing mechanism
of nano planar defect structure in Ti-48 Al-2Nb-2Cr alloy
through muti-step heat treatment and its effect on
mechanical properties[J]. Materials Characterization,
2025,222(4): 114820.

[110 ] NIU H Z, TONG R L, CHEN X J, et al. Rapid decom-
position of lamellar microstructure and enhanced hot
workability of an as-cast triphase Ti-45Al-6Nb-1Mo
alloy via one-step alpha-extrusion & annealing[J].
Materials Science and Engineering: A, 2021, 801(1) :
140438.

[ 111 ] ZHENG G M, TANG B, ZHAO S K, et al. Evading the
strength-ductility trade-off at room temperature and
achieving ultrahigh plasticity at 800 °C in a TiAl
alloy [J]. Acta Materialia, 2022, 225(2): 117585.

[112 ] KIMY W, DIMIDUK D M. Progress in the understand-
ing of gamma titanium aluminides[J]. JOM, 1991,
43(8):40-47.

[113] MARUYAMA K, YAMAMOTO R, NAKAKUKI H,
et al. Effects of lamellar spacing, volume fraction and

grain size on creep strength of fully lamellar TiAl

alloys[J]. Materials Science and Engineering: A, 1997,
239/240(12): 419-428.

[114] TENGY, LIN S, LIANG Y F, et al. Precipitation behav-
ior of ®, phase and texture evolution of a forged Ti-
45A1-8.5Nb-(W, B, Y) alloy during creep[J]. Materi-
als Characterization, 2018, 136(2): 41-51.

[115] PARTHASARATHY T A, KELLER M, MENDI-
RATTA M G. The effect of lamellar lath spacing on the
creep behavior of Ti-47 at% Al[J]. Scripta Materialia,
1998, 38(3): 1025-1031.

[116 ] TROFIMOV D M, ROFIMOV V M, IMAYEV R M.
Influence of upset forging and heat treatment on the
microstructure and mechanical properties of a new B-soli-
difying y-TiAl alloy[J]. Intermetallics, 2023, 163(12):
108078.

[117] ZHANG S K, TIAN S G, LIG Y, et al. Creep behavior
and effect factors of a TiAl-Nb alloy at high tempera-
ture[J]. Progress in Natural Science, 2021, 31(6): 477-
485.

Wk B #: 2025-05-20; 5% H #H: 2025-07-10

WIRMER: X0k (1973—), B, Fi4, ##2, B8 bk
RAe SRR, BR . MR KT E X AR
% 932 5 i Rg K22 L AL Xk AR 0B 4 B 5T Be (410083),

E-mail: yonliu@csu.edu.cn

(AL7%h: & &)


https://doi.org/10.1007/BF03221103
mailto:yonliu@csu.edu.cn

	1 热塑性变形行为
	1.1 流变应力本构关系与热加工图
	1.2 热变形机制

	2 热加工组织调控
	2.1 热锻造
	2.2 热轧制
	2.3 热挤压

	3 变形组织的热处理调控
	4 热机械处理组织与力学性能
	5 结束语
	参考文献

