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Fig.1 Variation of specific yield strength (a) and specific elastic modulus (b) with temperature of selected structural materials®®

1.1 MEBEBTFRE

JHL A5 B The4E (spark plasma sintering, SPS) , X
PR A 3 4 B e 45 (field assisted sintering technique,
FAST) . ki Hifike4s (pulsed electric current sintering,
PECS) BB Fififhle4s (plasma-activated sintering,
PSA) , =M Xdr et EH R . SPS HIRZEH
EARIIRT A AR i 0 Sl g R B bk o FRR
TER, B S5 8 Fim L AR AR, SR A s
SEECERIEHEAR. B2 4H T SPS RERER. 5
FAh R H AL, SPS AT TR AKHR B S HME R 45 AR
(i s g s Ak 11O

1906 4, 1 Bloxam M 4 [E 4 A1) h i Ycdie H i
I LR L T AR ROME T, 1988 4, H AHI H 5 —
A TV R SPS 3, I H T #rb kL i & 12, 1996 4,
HAT %K% K. Matsugi MR ] SPS AR 7E 1200 &
1400 CHill % T TIAl &<, X2 [H br L85 SPS a4 TiAl
EE MR, AA17E 1300 CHESE Ti-53A1 &4, B4l
GURNASHL, S ir P R R 14 pm™, 5L g%
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K2 SPS#EREE
Fig.2 Schematic of SPS device

CEHIARALL, SPS I 7R R RN [R] Py 3R A5 % B P S
TIAl &4, X PP il R 5 B 18] A B 1k ok 2 e
K, SRABEM B AL, 2002 4F, 75 EFE K Tk
H. A. Calderon MR R BE+SPS T 217 1100 “Chesh
Hil&d i TIAL &4, Hd o P &R S 28
300 nm, y AHPRERLR 292 100 nm, %0t FT R
SPS Best il % 4N i TIAl & &R EERE. 2009 4, W
JRIE ALK Y. Y. Chen 251 f wn G R BE+SPS T2
fE 800 Cledhi kMM TiAl &4, HR AT
50~100 nm G, SRTMAPRIHFLBR AR K . Mbedhii &
RmE 900 CH, &&MEERERS, HARRE
500 nm LAY, BRI A G BAT R0 00 FR 45 e IR SR . Y
SR R P AR B, 309 17221963610 MPa
H1 4%, TR bS5 5 % M 900 “CHR %) 1100 C 552 TiAl
AR KA, 5 SO IR B R B R, SRR
AN HAEARFREERE T &8 A Rad A K
3UOETIR . IR [ P SPS BeLb RN TIAl &4 K&
HELHIE T

2016 4, Vk[E CEMES #F 7t H.0» Trzaska 255} TiAl
44> SPS BegE HUBEHLEI T 5 30 f U I TR A,
SR BN e 245 A AT B S 2R R P G0, A R L
PR . DIAEEERE KA, J5 ke At kAR
RHIENAS 45, B SPS BB ALK & S 1) il a4
WL 7R A b 5 3 Ak A A ) 28] DR J 30 Jod iy 5| A2 1)
JEHEEAR , HAN R AAEAE B KA S S 87k, 1 SPS
5 HP 2 1S HURMNE B AW R ZES, MR
KoBaEaeARE . X T TIAl &4 SPS B4 sl
FAEAE — & P, Begh i B b my s FE HL T TiAl & 4
FUE AN LIRS S22 A F v A B

SPS 4t TIAl &4 1 1 1 Bt — B R BHF LAEH X
VEMIE . 2020 4F, M/REE Tk k225 e 250 200 4
T SPS kst T.E N} Ti-43A1-9V-0.3Y &4 Bidl M
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B3 SPS hedhitBal it Ti-47Al & & R
Fig.3 SEM and TEM microstructures of Ti-47Al alloys prepared by SPS at different temperatures™®: (a) 800 °C, (b) 900 C, (c) 1000 ‘C, and
(d-e) 1100 C

FIEEVERERIEENA . £F 1100~1150 °C iR e 4 $R 7540 5 3
AL, T 1200 CLL BB G JE v 4H 21 . Horh 1100 °C
Bedh & & IR P IR RE, PUbL R BN R Sy
HiAF]: 833.3 MPa, 981.5 MPa f12.3%, 800 C i

e JE AR SR JE , UL om B AN IE M 2693514 - 404.04 MPa,
453.05 MPa £ 69.93%. 1% & H #if A1 & = IR A SR e
{HPERERT SPS kegh TIAl &4, HAWHF &K K 1A EH

% TiAl & &R e LR 1.

x1 MRAEAETIAI GBS FIEHESHRMEEE

Table 1 Nominal composition, preparation method and mechanical properties of powder metallurgy TiAl alloy

[19-31]

Room temperature 800 C
Composition Method Institution
co2/MPa o/MPa 51% 602/MPa ay/MPa 51%
Ti-43Al1-9v-0.3Y[*%] SPS 8333 9815 2.35 40404  453.05 69.9 HIT
Ti-47A1-2Cr-2Nb! SPS 568 700 2.73 - - - CEMES
Ti-32.4Al-4.75Nb-2.7Cr?2 HIP 371 455 1.7 - - - BIAM
Ti-47A1-2Cr-2Nb! HIP 430 501 0.45 - - - HUST
Ti-45Al-7Nb-0.3WP24 HIP - 587 - - 559 28 CSsu
Ti-45A1-7Nb-0.3W24 HIP-+hot rolling - 870 - - 559 - CSsuU
Ti-45Al-7Nb-0.3W=! HIP+hot rolling 582 621 2.0 460 650 7.2 csu
Ti-43A1-9V-0.3Y! HIP 669 793 1.1 440 448 395 HIT
Ti-43A1-9V-0.3Y% HIP+hot rolling 541 650 3.0 371 366 58 HIT
»-TiAIE? HIP - - - 361 504 54.4 IMR
TLA -TiAIZ HIP+hot rolling 608 668 2.56 - - - IMR
Ti-47Al-2Mn-2Nb! GSD 251 305 - - - - FZU
Ti-47Al-4(Nb, Mn, Cr, Si)E” GSD 493 555 0.6 - - - GKSS
Ti-47Al-4(Mn, Nb, Cr, Si, B)EY MIM - 260 - - - - GKSS
Ti-47A1-5(Mn, Nb, Cr, Si, B)®Y MIM+HIP 410 430 0.6 - - - GKSS

Note: go,—Yield strength; o,—tensile strength; o—elongation to fracture; HIP-hot isostatic pressing; GSD—gas-assisted deposition; MIM—metal

injection molding; CEMES—France Centre d’Elaboration de Matériaux et d’Etudes Structurales; HIT—Harbin Institute of Technology;

BIAM—Beijing Institute of Aeronautical Materials; HUST—Huazhong University of Science and Technology; CSU—Central South University;

IMR—Institute of Metal Research, Chinese Academy of Sciences; FZU—Fuzhou University; GKSS—Germany Helmholtz-Zentrum Geesthacht,

HZG, formerly known as Gesellschaft fUr Kernenergieverwertung in Schiffbau und Schiffahrt mbH
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%. 2008 4F, ¥:E CEMES .t Couret 2557 H SPS
FORTE 1190 CRe4S il R~ A E AR $36 mm>6 mm ()
Ti-49AI1-2Cr-2Nb & & 180FF, 5UFE M O BIAME I B3
SUFE R ESR, R OREERAY, ik 12 F
BAFSEE R A, SNERSHL, WK 4P,
Uk, BV FEAN S S) R RS 5] ) i A2 SPS e TiAl
A& LI T AR B FH 0 2 R R

Centre

T SEILXT SPS Jpedh ik B bl I 1 Ak ) LA
il KRS R 250 TIAl 4350, 2012 FikE %
Thomas 5 Couret 252 530E47 SPS 4 BR TCHE L% S 16
E, WFITEE R R U DAAER TN SPS B it fE i
R E AT, W 5a, MR & SRR KRS
P AEAE R ZL IR BE IR RS, AR IR FE R B impik 125 °C
I B LA A LU SRV, BT A P A
JEREARZE 30 °C, Wil Sb. 7ELEEEAS B, 2019 4F, Thomas

50 pm

K4 SPS Fe45 Ti-49A1-2Cr-2Nb & £l 0 B 4ME B 1
Fig.4 Variation of microstructures from the centre to the outer part for the Ti-49AI-2Cr-2Nb alloy sample sintered by SPS?!

100 mm

100 mm

Temperature/'C

K5 KRHEZIBIR SPS bedh TiAl /4 14-iRLE H ahil

Fig.5 Control of temperature field of large size complex shape TiAl component sintered by SPSE%%: (a) classic component design, (b) improved

component design, and (c) temperature and microstructure control of complex components



+ 4006 * B MRS TR

52 3%

55 Couret 253 — 54 JL N ) F OB 2 2451 TIAl &
SR, BT MRy 1340 C KR RSN
50 CHIBT HAx, @B SOk A S v, SEI T
XTEZRTEAR TiAl 1"]#@(“%5@% & MR AR, ik
R TR ZHL . SESHLA KT y 14, Wl 5c.
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X Sk e B 4535 T A8 1) TIAlL & & R ALt
o (E6b) , A IRCHEE R EECT 80 C, X
iR TLE IRIS M5 TiAl A& 3EHamiE A EH

213334 9019 4F, Thomas 5 Couret 5K FHFHALIK 77 75 ]
%7 TiAl &4 B8 R AR e i B339, sz L 1

6d 55 6e, XiECATFAKN SPS HUEEARILIR TIAl &
SAIPFIE B ROR .

5HAR TIAl & EHl & SR, SPS HoAR BAT Pk
Braeiu sy, IERE I (8] A SRAHE A& TIAl &4, R

a

u

40 mm

Sail Fir- tree root d

Platform

ifi SPS Ke4h TiAl & &5 A NLER S 1 WL A Fy
IRNIRTE . F14b, SPS Bedhi KIS TiAl & & F4F, 17
LB BE R IR GIRE T, Bl TR ST I3 DKk P
K, X E RS SPS kedh TIAl A4ER TREMA. 5
BN, SPS a4t 5 A GE ey TIAl G4 T BB A% I AN 5] Az f 25
HEAEES, Biroa 2k, WitkiRNE KA
LIRS DA PR AR U B 22 57, ROR RSB vk st
BUE 2450 TIAL & &Rk S S8t 2 072 1)
Bz H,
1.2 REHBE

PAEF I (hot isostatic pressing, HIP) 2 i % i 1t g
TIAl 58— AEBETE., ERMH R TN
PRSE, e E I, B R R BT %R, bE)E
FE i B R R e R N, SEELE A
JRTY s TE i R B AR R SR AR A T Reds sk,
B 7ERR . SRS T KR E M, B
PR R R WS RE N R, BUEE R

20 t2d 70 44X, EECIFGR HIP beds TiIAl &40
WEFE TAERSL, 78 20 40 80 4E4X, EEIKE 2 FAAF
HE As-HIP (CEHEEEF UL ) 47 F14 5L
KRG &SCHER RBIHUE A B AL SO, Ix
As-HIP T2 IR oh R 1 B % B39, 2014 4,
R 4@ BT L. Xu PR As-HIP K% y-TiAl 4405
ZEIREAT AR 23 R ShHLH IR MR LR, ] 8al?" A
80, I [E P As-HIP il % TiAl & & Z 3 IE I I
. H 650 Crnim b RORAE, s A K

’\ l 1360

1325

- I 1290

- TIC

20 mm

_10mm ! . 10 s ‘

K 6 SPS kedhi KINHE AR TiAl #F

Fig.6 SPS sintered large size complex shape TiAl structural parts®=: (a) schematic of independent multi-punch device, (b) compressor blade,

(c) finite element simulation of temperature field, (d) blade, and (e) low pressure turbine blade
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Fig.7 Schematics of hot isostatic pressing (HIP)[Z]

B8 #AEHIE TIAl & &Mtk

Fig.8 Hot isostatic pressing of TiAl alloy structure: (a) automobile engine connecting rod®”, (b) engine ring structure demonstrator®,

(c) dumbbell-shaped complex structure??, and (d) y-TiAl alloy sheets??®

FHN: 434 MPa, 585 MPa il 7.6%; 800 C i
iR AR SE, BUbr s A AR K2 53 ) 361 MPa,
504 MPa Fll 54.4%, SRTZAEN= IR )5 R AR B 2h
o 2016 4E, dbmO s A RHE 5 BT % B P 2 P2 i it
As-HIP il 4% 5 Z4 B TIAl &4 (K 8c) , FFm
ik 125 mm, H/NEEE 2 mm, WEH/DEZN 3 mm.
XARE PN As-HIP BRIE KR SF . RRHEE TiAl & &1
I E R . KA 4R N Ti-32.4A1-4.75Nb-2.7Cr, &
WHHLURES AL, PRI RSE 2029 20 um, =i Hr
o RGP o A VAR KR 3 i 371 MPa,
455 MPa 1 1.7%; 760 “C spils fr it Jif IR, Hihn v
FEPEM K55 4: 355 MPa, 456 MPa fll 5.9%. %
Ah, A5 SCHR[L]E H B R Plansee A 7SR As-HIP FoR
il 2% VR ZEHE AR T SR, AR AR OG5 B R AT

As-HIP J% TiAl & &2 S T N R AR TE |
AR FEECE I R . 2019 4E, Herh R KRR gk
JR2345} As-HIP i JF Ti-47Al-2Cr-2Nb & 4 15 % 4k it
FERIFREIT, S5 R RBEE RIERE TR A &8 E
P, 16 1150 C RUER B R K AE KR T, Hopm
LA A, FREASTIE A TEN . ZE ST
BRI SE A 11.89 um, = HH5RE Z18 540 MPa,
FLARZEA 0.45% . AT AR SR T FR AT R 5T
AoHT, (H2E 2 HEBEMALEIARE . HAl As-HIP
JE TIAL & &80 FE R A 20 A . BMEAR TR | I AR
I HCZ T8] (RAE ERE F AL A FRAR N R 5T

PEEF IR TIAL £ 4 PRt m] SR 5 46 4 A ] 1)
JEEEIM L. 29K, RIRMGRRSE. mitkRe TiAl
BEMA, R TIAl AN HERE, HIP+EL TiAl
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B b R IZ T R T . 1994 4F,  Semiatin
SEPUST LT Ti-49A1-2Cr-2Nb T4 4ok A B 25 R
MG EE M IR 4G TEAT A, 1T BT b R4/,
WA AR B A7 S B I T, BRI T R i T 38 r
EE IR EA @S HIP A 7= B AN 5] 55
VEBE REFIIGIR, e g sl &, Eitg, %=
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AR HIP+IEL T 22l & TIAIARAM . i E GKSS
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RS B R BT . 2008 4, RGBTSR E
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PERERRA, HERPIPIEEL N 870 MPa, 800 C il
PURiSREEZN 700 MPa, 1% TiAl & 4&8 AR 58 FE 5
e, (HHE SR R IS . 2016 4E, Li PR S
SCHR[241AH R B TR R, 46 H M BE BT 1 TiAI
BObF, A ERE L 36 1. 2020 4F, BA/RVE LAV K2EK
KRR G T HIP+ELH % Ti-43A1-9V-0.3Y &4
Wb, BRI Y JOER SRR, ) s R
ik 3.0%I1 TiAl &ert, HEMALINRENL, F
YRR RS R 12,5 pm, 55 AR B RN 4 5 B ) )
541 MPa 1 650 MPa; 800 “C i, i AR 38 Al
FL IR S A 366 Al 371 MPa. JLHil 41 TiAl & &bt
AR R, RHEERBIERGEELE.

SRR AVERI &I TIAl B4, i HIP+#
LI TIAL & 800 R S 25 N4l /5 1
51, TAmbT, BRI R, 2R 5
AR TEA, AR R R, AR, (12
142, HIP 2 TiAl &8 B T2, 1E45iE .
SPS. WiSHE . #UELEAE SR )G, ST HIP 4
H, WUNLBER, SCEMIEERE, $Em T R
1.3 MERRLE

RS JRTE A B SR, A Tis AR
At 76 R AR iR BT SR R T [ N e 4 | £ TiAL
Hdre EOHE Tiv ALRIHAD T Fok AR VR I s il B A e
SEPR. B R RLE i AR et A A e gt . WA
ZERWG RIS Al 155 (660 CH LLE, Al K#Efk
M5 Ti ML, FRBOR KR B MR, 75

Em T TIAL A SUE, SR DL A S )77 AR R
Ao [EABELE R R NAAE] 660 ‘CLAR, @it Ay
BSOS 77 AR K TIAL B 4, 2t FEAR G 2218 . 5 3HAh
MR B EHARMI, RERRLE M EME E, &R
B, AR,

Femibfs BRAJERE: TIAl G4 XEREAZ —.
1997 4, HP[E G T k2 Yang 2531 i [F # e st 1 4%
HECNECE I (p+ap) B TIAL 4. HAT K DI 630 °C.
45 MPa R4 22 h, JEWATRESY BB, BT
Kirkendall (5, Bl R EIFER, SR FLIE %8
b, #5RE R R, BEJGTE 1250 ‘C. 45 MPa F{#i# 2 h, Af
AR A S BUE . 2007 4, bt RHE K2 1. P. Lin
2l s IR B ) 4 Nb-TIAL A4, B R BLE
1400 ‘C. 25 MPa R4 1 h, IRFEEUCE B ik F 98.7%,
HIP REEfE— e R ERRRFLEREE, (HAREE AR IL
e, DL EWRIIRGS A IR AR (S B .

IR RRLE B Ti AL ALY BUONAE p-TIALF, 5%
iR AR TiAls TiAlL AT TisAl ZEdafa 4, [FlRf
BT Ti f Al Y BER AP E#E Z R, T3 Kirkendall
LI G, T AR T AP B B, Bufd )5k
REANE:, dnf 2 dl R R4S TIAl S4E B E —HE —
ANER ), (ETERIE, 2004 4E, R RS ERE
ST Ti, AL TG ER AN R, 38 5 A 5L R B B
N gest (600 5 1200 CORIEFRL) , il HALIRE A
38.3%~48.2%[1] Ti-46.5A1 & &L i€ kL, 1E A& Rk
B IEEAL IR T TIAl & 4R G .

1.4 WESETRH

WSS T A —Fh Ak 2 S T SE RIS AR
I 5 L W SHITRR (low-pressure centrifugal deposition,
LPCSD) FS 44 Bt 4 YT (the gas-assisted spray
deposition, GSD) 2 Fiyik, Wil 9 Front. i B 0o mst
SUTRRTE RS EE AR T, KA OFRH R
B — DI o SRS B S ORI 2l i
FAAER N R PR & — A TR R |

20 42 90 FEAXA], JE[E Birmingham k%% IRC 4%
BEAT B ROE TIAL & & w72, 1996 48, [ pyE i
R W S 12948481 o)y 4 i R B HWE A T I R
TIAl & &AL R . SRS, & ErEae. BT
R BRAT R SRR KBRS R
G LR EEF R, B EEEY 200 mm B
FLBRZ g 0.84%, Fifi 5 W 5 HH B 3G N FLER R K 0, 1M HIP
AL LA S T & & R LR, ESUE E IR R
99.7%LL . FLR FH W BB % ) Ti-47A1-2Mn-2Nb
A 4 % IR JE R FE AR R 4 i 2561 MPa A
305 MPa.ixX /2 [H P B e TiAl &4 Pt 7
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Fig.9 Schematics of spray deposition device!™: (a) low-pressure centrifugal deposition and (b) gas-assisted spray deposition

1999 4, f#[E GKSS #f 7t # L Schimansky 2P0 Fj s
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Research Progress on TiAl Alloy Prepared by Powder Metallurgy

Chen Yuyong™?, Ye Yuan', Zhang Yu', Hu Lianxi*, Sun Jianfei*
(1. School of Materials Science and Engineering, Harbin Institute of Technology, Harbin 150001, China)
(2. National Key Laboratory for Precision Hot Forming of Metals, Harbin Institute of Technology, Harbin 150001, China)

Abstract: TiAl alloy are high-profile advanced structural material because of its high strength-to-mass ratio and high service temperature, which
has great potential in aerospace, automotive and other fields. However, TiAl alloy has poor thermal workability and is difficult to be formed by
traditional methods. Powder metallurgy has a significant advantage in preparing complex TiAl alloy parts due to the characteristics of near-net
forming. In recent years, researchers have done a lot of work on sintering technology of TiAl alloy powder and made some progress. The process,
microstructure, mechanical properties and parts of TiAl alloy prepared by spark plasma sintering, hot isostatic pressing, hot pressing sintering,
spray deposition, injection molding and powder forging in recent years were reviewed. The features and existing problems of above preparation
methods were discussed. Meanwhile, some suggestions on powder metallurgy forming TiAl alloy parts and its future development were proposed.
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