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Abstract: Key components used in the high-pressure compressor of advanced aero engines operating in the 550-600 °C range have
an urgent demand for 600 °C high-temperature titanium alloy. However, the use of casting, forging, and other traditional processing
techniques is not sufficient to meet the requirements for gradient or composite structures, functional integration components and
complex components that are difficult to form. Additive manufacturing is an advanced manufacturing technology that offers unique
advantages such as material design-manufacturing integration and complex design-customization integration. It provides a new
approach to the development of new materials and technologies of 600 °C high-temperature titanium alloy. Currently, attention is
being paid to the processing of 600 °C high-temperature titanium alloy by using additive manufacturing techniques at home and
abroad, focusing on the relationship among materials, processing, structures, and properties. Firstly, this paper reviews the research on
600 °C high-temperature titanium alloy in brief, introduces the microstructure characteristics of deposited and post-treated states of
600 °C high-temperature titanium alloy under different additive manufacturing processes, and analyzes key properties such as tensile
properties, creep properties, thermal fatigue properties, and antioxidant properties. Then, the research progress of composite
materials based on 600 °C high-temperature titanium alloy and gradient structure built by additive manufacturing is discussed.

Finally, the prospects are provided for research directions including the development of 600 °C high-temperature titanium alloy
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materials for additive manufacturing, exploration of hybrid manufacturing processes, defect control, and establishment of

performance evaluation standards.
Key words:

development directions

25 P R ZE S HLRLETE — 1 B AR L o
FE RS2 R AL S Ll L B A AR
FIVIGIRE 257 1 R P, SR 2s & LA bt
HA G AR MR R A & RS
PN RD R, TRk B 4 LA IR 5 B L 5 L SR AN
JEE IR R, TESEHEATZS R B R R A ML
b B B R R3S E G, SRS
25 RENHLTH B IR AR 4 1 i ) o5 R ShHL LSS #
1Y 25%~ 40%, i 4n 35 [E 7F F22 ML & 3Pl
F119 Hh ik & 4 o il R B 3k 419%™, i3k
55 AR & AL P B A 4 i A 20k 139~
15%", 45 = AR R ik B 25%. JedEfZs & Sl
{1 2 JE R A2 51 2 v LK 4 T W 1) 2 e
ey R R Bk A SRR T S R
JE A5 2R, S 4 MRS B 2 . FLRT, FiiZs &
L2 ST T ) 2 0 R Bk A 4 A 1 3 AR A
R B LI T gk v e R
LB 7 4% B 2 Rk A S PHE e T8
5 2% FORVR I SRAR A = R . U s AL
TRRAR A, R T 3h s IR ek & S AE R 28 &
BHLI 2 A T B R A R &

BB R ETRLIN T 4 T 2, LUB AR R
S8 22 Jg JEUR R, I8 v RE R (IO | s ok
A ) g MR TSI 100 s A2 (8 SRR P A, 32 2 4
BRI SR SAL5 T AR L, Bk i v v L
ST Y RTCRAL AR 72, RERS 78 48 0 T 1)
{1 [ B T RLR RIS, b, BB sd Bt &2
AN HEATHE A N T, B 2 e R A
I (016 5 AR R T S R e, st
EHEE TR g B, SR
o ) Bl AR 45 TR Bk A 4 el T B A,
eI PE REAT 25 R BIML Ik — 25 R T LA o 5 1
S TAMIME.

R, E 8 A 06 Tk A 4 bt i i 58 1
1, oAy FI 28 TCA Bk 4 TR TT, 4045 (oM 25
H . 2 PR R AR5 g ' i e
T B (1 b T Y TR A A 4 bR AL R R B
Bt B 600 C Bk A A e R RS R B
DU h B LA o 17 P 5, — SR 9E T AR

600 °C high-temperature titanium alloy; additive manufacturing; microstructure and properties; complex structure;

B I T AT TIRE . ASCHE ML 600 C 15
Bk A 4 Kk B 3L AL I, Bl 48 Ti60. Ti60A Fl
Ti600 —F #1HY 600 °C =il Bk A 4, X HIE M il i
T 2H 29 7 i R O B 1 B R AT 25 5R, T RLES L
600 °C =ik & 4 R HEAR I 2 G AR RIS B /2 &
SEFREAL R DA ST T AR, a3 TEUA IS
B AN JE X B R i) 3 600 °C B AR S 4 R ke Kk R T
I TR,

1 600 C 5ESAEEAXREEIM

L2 R BIHLR A 2 ST A0 5 4, B TRAR &
SN R EE 4R bR, 5T
3 25 R BOALFE LI | £ AL R 5 S/
FEEMA, ERR A SR R S s
R IR TR, H iRk S 4
Fy e L A AR A 2 % Sh L AR K T 1
TRz "

ERAL A A B IE T 20 42 50 4EACH, B
G 5 B R E | S | R R E S, %
it [ SN AR ST, IRk A 4 1 R R L
15 L 28 B - 8 UL B0 B3 BN 300 MPa 4 75 %
1500 MPa, fIj 7% 3 B M 300 °C 4255 % 600 ¢,
P o HRE TR R B ARK T TN
ERA A ST R o FIRLE o BIEk A4, B
B TR K A 4 RS 9T T L 3R B 5 0 M 1 B BT
AL, A 4 P AEAE R 22 10 B, B AR 7E K e i) 344
BB IR T S, SRS ARARE,
ortB Bk A 4 M) 55k e i FETIRLEE 9 500 °C 264 .
B HERS 7 25, B OB RE L IALC S 7 (9 B A
B R TR B BRI/, 75 RS o A4
A WA 2 VR E L PSR P AP AR v, P
HEAE o ZR0EKA 43 11 5 e 5 FETRLFEE 1T 3 600 C.,

W25 %5 % SIHLIE RE AR ISHE T, s R 3hil
B TFEAL R F AR TR R
B PR I 7 6 o 2 R 20 R PR R IR AR, Bk
ERAR S 4 S IR R | R
PR S R RAFDT R P RS A B g R
A A R TS MO U R, R



1

B 600 C BBk S BRI "

BT 2% 600 C B E 4.

1984 AEL [ 4 HH [E by _| 15 Fl 600 °C AR A
4 IMIS34"%, O 7E Z Fh s PERE & Sh AL 45 3 560 3F
RN H o WE 777 CHLIE B R R & 3L
Trent700 H = FE RS ML BT A 50 4% . 518 SRl
A IMI834 & 4 il %, IR F AR T 28R
—IK, 15 Trent700 M A 2 —A~ K H 25 B ES
MU T8 B R & sl BE4h, EF2000 %31 #LH
EJ200 % Zh ML Y s R SHLES 5 [R1RE i IMI834 &
e, 1988 4, SEEIHEL 600 C B RER S 4
Ti-1100, & 0 FH T3 2w T552-712 B8 & 5l
Bl RS ALAS S AMIC R IR Ae nt i SR 0F, Y
Wril i e 2O & RIER E TN WoOonE RS &
SR PR FPUER AR P BE, 7E 20 tiE22 90 AR )
Fah IR AR A 600 °C 1) BT36 k&4 .

HEA 21 42, 3 FEFE 600 °C 7 iRk & 4 hhl

05 T B S R, WFHHR HE Ti60 ., Ti600 1 TA29 55
A4 P EBRE B4 B I S A R
NFEIRAE DR T HA L R 25 A PERER Ti60(TA33)
ke, TERR T B B e R A e
TE Ti-1100 & 4 W FEml &, Vb4 €4 8 i 58 Be iof
KT Ti600 4 4, HORTE % #) p ok B Y
2000 4EJL BT A AR ST Be il il T TA29(TG6) &
4, RE Mo JUE, BN 1.5% (4340, R IA) Ta
DA S A AR B, s N Tk R, 35 TN &
SHLAR I A

H i, LRI 600 °C = Bk A 4 36 36 1 1Y
Ti-1100, JZ[E [ IMI834, M2 W) BT36 L S H [H
i) TA29. TA33. Ti60A 1 Ti600 %5 LA K f5c 8 [E 4k ik
S MR TA37(Til50), FiR A 4348 Ti-Al-Sn-
Zr-Mo-Si Rl o RS REK A 42, AHRN AR K 44 S
WAy FE 17,

#1600 C FHRikE &

Table | Typical 600 °C high-temperature titanium alloys

[25]

Alloy Country Nominal composition

Ti-1100 USA Ti-6A1-2.75Sn-4.0Zr-0.4Mo-0.45Si1

BT36 Russia Ti-6.2A1-2Sn-3.6Zr-0.7Mo-0.15Si-5W

IMIg&34 UK Ti-5.8A1-4.08n-3.5Zr-0.5Mo-0.7Nb-0.35Si-0.06C
TA29 China Ti-5.8A1-4.0Sn-4.0Zr-0.7Nb-1.5Ta-0.4Si-0.06C

TA33 China Ti-5.8A1-4.08n-3.5Zr-0.7Mo-0.5Nb-1.1Ta-0.4Si-0.06C
Ti60A China Ti-5.8A1-4.08n-3.5Zr-0.4Mo-0.4Si-0.4Nb-0.4Ta-0.05C
Ti600 China Ti-6Al-2.8Sn-4.0Zr-0.5M0-0.4Si-0.1Y
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Table 2 Comparisons of additive manufacturing processes of 600 “C high-temperature titanium alloys[

26-27]

Additive manufacturing

SLM SEBM LMD EBMD
process
Heat source type Laser Electron beam Laser Electron beam
Raw material Powder Powder Powder/wire Powder/wire
Working environment Inert gas Vacuum Inert gas Vacuum

Medium and
large-sized

Component size Small and medium-sized Small and medium-sized

Large-sized

Complexity level Extremely complex Extremely complex Complex Complex
Surface quality Excellent Good Medium Poor
Post-processing Virtually no machining Virtually no machining Minimal Minimal
required required machining machining
Manufacturing efficiency Low Medium High Very high
Forming accuracy High High Good Medium
Specialized mold None None None None

@verlap (€enterlof:

1 MOGRALT Tic0A &4 iomigig ™
Fig. 1 Microstructures of laser melting deposited Ti60A
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Fig. 2 Microstructures of laser melting deposited Ti60 alloy

[31]

(a) prior- B grain characteristics; (b) o phases in layer

band structure; (c) intergranular o phases; (d) intragranular o phases
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Fig. 3 Microstructures of electron beam melting deposited Ti60 alloy

(a) BT 2 225 (b) B ORZEZ; (o) )2 o s (d) BRI

[34] .
(a) cross-sectional macrostructure;

(b) cross-sectional microstructure; (¢ ) lamellar o phase; (d) silicides
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Fig. 4 Microstructures of electron beam melting deposited Ti60 alloy before and after ultrasonic impact toughning (UIT) Lol
(a) before UIT; (b) after UIT
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Table 3 Room-temperature tensile properties of additive manufacturing 600 °C high-temperature titanium alloys

. Tensile Yield . Sectional
. . Processing . . . Elongation / .
Material technol Post-processing Orientation  strength /  strength / o contraction Reference
ceamology MPa MPa ’ ratio /%
Ti60 LMD As-built Transverse 1260 1150 7.0 12.0 [29]
Solution and aging Transverse 1170 1100 8.5 15
treatment ( 980 °C/
2 h/AC+650 °C/3 h/AC )
Wrought / / 1100 1030 11 18
LMD As-built Longitudinal 1177 1094 10 / [31]
Transverse 1204 1122 13 /
LMD Hot isostatic pressing Transverse 1041 947 12 22 [44]
(920 °C/2 h/130 MPa ) +
solution and aging
treatment ( 980 °C/
2 W/AC+700 °C/2 h/AC )
As-built Transverse 1114 1041 6.5 8
EBMD As-built Transverse 932 863 7.1 10.3 [34]
Longitudinal 924 850 8.2 16.8
1030 °C/2 h/AC+750 °C/ Transverse 911 832 11 20.0
2WAC Longitudinal ~ 897 823 114 22.1
Wrought / / 992 870 9.4 17.2
975 862 11.6 19.7
Ti60A LMD As-built Longitudinal 1070 / 6 / [41]
1015 °C/0.5 h/AC+690 °C/ Longitudinal 1025 / 14 /
2 h/AC
1020 °C/0.5 h/AC+690 °C/ Longitudinal 1060 / 11.5 /
2 h/AC
1025 °C/0.5 h/AC+690 °C/ Longitudinal 1040 / 8.5 /
2 h/AC
LMD 650 °C/4 h/AC Transverse 1077 1007 4.7 8.7 [45]
650 °C/4 h/AC+600 °C/  Transverse 865 855 0.5 3.0
100 h/AC ( isothermal heat
exposure )
Wrought / / 983 885 8.2 11.8
600 °C/100 / 848 / 0.5 1.5
h/AC (isothermal heat
exposure )
LMD 750 °C/1 h/AC Transverse 1041 946 10 11 [46]
750 °C/1 h/AC+600 C/ Transverse 972 897 2 3
100 h/AC ( Isothermal heat
exposure )
750 °C/1 h/AC+150~ Transverse 885 840 1 2
600 °C/100 h ( thermal
cycling exposure )
LMD 650 °C/4 h/AC Transverse 1048 965 7.5 10 [42-43]
650 °C/4 h/AC+1020 °C/ Transverse 1033 936 7.5 9
1 h/AC+700 °C/2 h/AC
650 °C/4 h/AC+1040 °C/ Transverse 1039 944 11 14
1 h/AC+700 °C/2 h/AC
Wrought  / / 983 890 8.2 12
Ti600 SLM As-built Transverse 1192 1156 6.8 / [33]
1193 1158 6.2 /
1190 1152 8.4 /

Note: Symbol “/” indicates absence of relevant information in reference. “Longitudinal” indicates that sampling direction is
parallel to build direction, while “Transverse” indicates that sampling direction is perpendicular to build direction.
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Table 4 600 C tensile properties of additive manufacturing 600 °C high-temperature titanium alloys
P . Tensile Yield . tion/ Sectional
Material ro; esTlng Post-processing Orientation ~ strength/  strength / ONEAHON contraction  Reference
technology MPa MPa ¢ ratio /%
Ti60 LMD As-built Transverse 900 735 13.5 44.0 [29]
980 C/2 h/AC+650 C/ 765 635 20.5 50.5
3 h/AC
Wrought  / / 700 580 14 27
EBMD As-built Transverse 569 452 11.4 25.9 [34]
Longitudinal 558 441 12.7 322
1030 °C/2 h/AC+750 °C/ Transverse 554 433 15.1 30.9
2WAC Longitudinal 543 422 16 36.1
Wrought  Lamellar microstructure ~ / 617 516 11.6 26.9
Duplex microstructure / 602 502 13.5 39.6
Ti60A LMD 650 C/4 h/AC Transverse 655 513 14 28 [42]
650 °C/4 h/AC+1020 °C/ 605 468 17 38
1 h/AC+700 C/2 h/AC
650 °C/4 h/AC+1040 °C/ 630 495 19.5 30

1 h/AC+700 °C/2 h/AC
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Table 5 Creep properties of electron beam melting deposited and forged Ti60 alloy

[34]

Creep rate /

Post-processing Orientation Initial strain/% Total strain/% Creep strain/% 107"
As-built Transverse 0.159 0.298 0.139 1.63
Longitudinal 0.169 0.252 0.086 1.32
Solution and aging treatment Transverse 0.242 0.391 0.149 2.05
Longitudinal 0.138 0.235 0.097 1.68
Wrought ( duplex microstructure ) / 0.131 0.356 0.225 2.41
Wrought ( lamellar microstructure ) / 0.166 0.24 0.074 1.09
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