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1 E: DS T R EAERTE Tid7TAI2Cr2NDO.2W TH& &k K N JFURE, SR SPS BARTEARFFELEIE T (1100,
1200, 1250, 1300 ‘C) 4 TiAl 544, 454 XRD. SEM K TEM 5K T- B, Xl Aok A B0 4b o 75 b (5 Ak 41 2R3
LA AN e A IR D) 2 P B RS I HEAT T RGEWE . 45 RRWT: SRl g 1200 CH, 4N 7E D 5wl
BB B2 AH, HBEEREARER TS, g (B2 A0 S A AT FegsliBETE 1100 °C i & 4 B A 5 e I B0 45 Wi 24
R E L BT Dy 2L RN T BN AR, 43 2367 MPa. 600 MPa F1 2.25%; o H . AT y HIAELED R Ak 2% 92 & £ (0001)as
A/ {110Y8, <1120 > aa// <110>y/ <111>p; 1300 CREEEFEFH T H L FES a—y FAL LU B2 5=,

XEE: SRbEY: REE4E
REEHSES: TG146.23

JBCHL A TR A
XEFRIRTE: A

WAL BT AN
XEHS: 1002-185X(2019)09-2994-07

TiAl HEEa A% M. R a . HBiE s e
N R mil U A PE, D0 BP0 55 PERE SR AL, 2
PR A I il S5 R AR, A e A ) AU
WAL R G, IR HUR L A A AR
TS AE AT AT T N R R SRf . TiAl
BB SRR, PN TR O EHIZ T ek R
HIRNH .

KEWFFRY, @R INE W p e BT R B
KAGEHERTEEAGIN D& B MHBHATFEHT B2
L I ARG S RUE A7, 1E AP MSGE TiAl
BEE AL, DAAE b B == S | W 2B 1 4k
In T kgD,

y -TIAl B SR ETE ReE 2, B = ARG .
RO T VEAR B 25 R AT« A%« A FLAI AT i
BOE 71 B AT B B, Ml p-TiAl BG40
FEELZ—. RO ETTERS p-TIAl 58 m L
ZIRZ, WEA R s /GE T . BENETR . Hs/
AR . ARV B AR, HE AT R AR 3
Folr, EL R 4 G A AR IS AR B A R A BB B I
ET

TSR B F e st (spark plasma sintering, SPS) /&
AR 25 TIAl GBS E AR 2 —. BRIl

fs HEA: 2018-09-10

G TR AR AR BRI — A4, HA T R
FEBR . BeLIR EAR . BeLh N Al A . BE A R ORI

W53k AT i B AL S BUB e 4 RS A A
I 45 & v] 3R AT i ik B b p AL R4 ) B2
M, HATRGEAAAET A 4arhl 2, {0, 4 T4 SPS k%
SERCR T B A SUE AL R A . BRI, ABEST LA
BRETG Sk AR sk, RHAT SPS SRR, RS
H p MEE TR Ti4TAIZCr2NDO2W (at%) & 4#
KRAEATA SPS BE4hilh )€ T &4 B2 K i ik ¥ B
AHEILAT 7P 25 H 10 B2 A AR AL A, A TF R
HAT R i S AN T BE A0 AL TiAl 3E4 &4
BHEHES %,

1 £ W

ARSI P R R A 45 I8 2 LA R 5K s

S5 B F e B W A% % 1k (plasma rotating  electrode
processing, PREP) $ Al 2% (1) BR T A8 L 1 & & 8
K, BAERAZESAAEEN 50~125 pm, FHREZEN
D5o=85 um, K7~ Tid5.9A11.98Cr2.20Nb0.36W
(at%) ; KJHH SPS #£4% 4 Dr Sinter Sumitomo 8250
TR s TG G AT S oy Bl 1 v o 8 TiAl
S ARBEN A B A, IO R AR B pe gl

EEWE: HRBAREEILE(51504191, 51671152); BT HARRBZED 7 RI(2014IM6229);  BRVGA B 1T BB E LI (14JK1512);
VU2 TR R BRI H (CXY 1438(5));  H S i L AR ML 45 9% & 10 75 42(310832161002) s Ky AIA 4 1 5K B i S 30 = 151 H
TEEEN: M &, 95, 1981 44, W, RIEUR, P8l LR ARIRE S TS, PG 7§57 710048, E-mail: yangxin0301@126.com
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Ji e M O B D7, P i R A A 5 MPa I, R
G U IR R AR, SRE S WG RE e El . A
B ik ke, kAR g 600 °C 2 )5 LL 100 °C/min THi
2 T-100 C (T Ry B E & ), FLL 50 “C/min FHiid
& T-50 °C, ARJGLL25 C/min THEE T, )5 (5
PR ORI 5 min, K5I RE T 4ERE 70 MPa AN,
PRl 45 5 B YA B IE T 2l e o AR S0 1 1) B 4
UJE Y54 11000 1200, 1250 F1 1300 C 4 A4t
JE R, KR 2 A S A A R R A A AT RGO

AR SURE K e 854 AR B A3 K 3 A1 R A XRD- 15 1
SRR R L LA B2 S FBUBE AT A B A D A AT s AT
HRAH RS S AR S5 R R R S BB R AR AR, USR5y
N 65% L. 30%1E T EERT 5% R (vol%).

2 HREWE

2.1 KREBREN 1100 CEMERRTERET
GRS 1100 'C. FRJ12h 70 MPa B}, FF
4% N Ti45.6A11.96Cr2.22Nb0.38W (at%) , K 2 Jy¥k
KLk SEM K% . P 2a 1] LUE H b R /b &
AR BURL FAH B Ak, B R AR BRI o B K
K A 2301 2b B, B 26 a2 K 2a (A ]5] P X
UK EME, AU 0 BB R EOIR S ZR, SR T Ik
AR BURLZH 2, W JC 3 AR B (dendritic arm, DA)X
WA A, I W JGEIIMIA y 40 (supersaturated,

B
E
X 7
2 4]
g8 31
=21

1

] 501 60 | 70 9P
T T 2‘6/(0) T T

1 PREP % TiAl 3 KRB 3 K AR B4
Fig.1 SEM image (a) and XRD pattern (b) of TiAl powers by
PREP

K2 REGEEN 1100 °C e 4544 2 i 41 218 SARTRL Py 51
JE3

Fig.2 SEM image of the microstructures after sintering at
1100 ‘C (a) and higher magnification of the zone
delimited in Fig.2a (b)

Yss)» A i H] (interdendritic channel, 1C) A - 4 o 1 A1
7 #H(equilibrium concentration, y.), BHlit, HHAEAH %
)50 . XRD Zr AT R BN A 4 =2 th Ky AHEL
S/ B ap AHAT B2 AHAL R, BEWT G JE N & i oK
Ca KA ay—y FHEAHAL, LI B2 AR I A WAMIER,
nlel 2b Hh PZ1 AT PZ2 s, PZ1 MUSGEY AR —HE,
B2 AH A P A LR TE A, PZ2 A A3 52 1) 15 0 R o0 A
PZ M HTHMIX K (precipitation zone, PZ). fE 1100 C
I TFU6 B AN IE 22 fOIR 20 A1 16 B2 AH, I H B2 AHRIORL
) B A A LA A K . E BSE B30 N PZ X3 Py 4
AR IR, XEH T W T E AT, BRI IEAE PZ
DX 5k A0 3 75 it LG 25 /5, EMPA G PZ DX 3885 20 BT 3 T peq
I W RS EINT 6 X, B 20 R T W G
F A DA RIIC ¥ ZEA K
22 BREEIREN 1200 CERALREREL
PG5 1200 C IR R KR 4544 LT A U 1L,
BOREEN 99.2%, A KIS BURL 5 /N RS B0RL AR TEAR
AN B ROR AR TR AR S AT THEIE, WKl 3 P, b
AN TRV UKL RS0 56K O SEM A W an 1] 3a,
K HI TEM AT w5 000 (I 3b, 3¢) o 75K BORLAR B
A7, 1Y S P B R DX TG AT R R DXt A A AN [R]
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Fig.3 SEM BSE image (a) and TEM images (b, ¢) of the microstructure after sintering at 1200 “C: (a) containing large particle, (b, ¢) two

different kinds of dislocations in large crystal grains

HLRTEH, TN BORL AR T A AL A I i A . R
JUSF A TERRL N TEM B 26 W DL IS A R & (10 7 4
e, BATAS G AL RIS, BN RS kL Y
WA NEAELE, B 3b 40 AR RS dhkc B3 TEM
SRR EUR, A ks, B 3c hArEE R . A
[i) i i Py 8 5 R AN [i] 5 DR RS it P 38 A 0 K A
/N RUSE SORE N A 48 2, AL T R W AE SPS
TR /N RS JORE AR T 8 88 Jze 3t e i K RS ks, 1%
Al g5 /N RSP URL ] 2 T R AE S A& RIS A G
23 IREEBEN 1250 CEMBLERIERET

Kl 4 SRR AERE R 1250 TR K BE4E 1A TEM I
JvRIAR N ()36 XL AT e A . B WA SN FL
WL, y 2N 180~450 nm, o, J2 )5 A1 #E N 20~
60 nm, Jy)=IERAN /N, 1f BAE y F 2SR AR AT
HAEAE, W 4a From: J2 5 b & 5L AT 50 A7 4G 45
y T4k a ORI VE AR TE o ShRIAEAE, Wi 4b FioR,
11 HLAE T8 0 ORE A 3507 7 6 18 H O, 33 0 B K
FoF y SRLROW A TERR L P, Haiscas 38,
b i UREAR &1 SR ARy diokn, 2 ANURLZ (8] S
U S SORAS, BRI AT A AR, S b
2 1853 5 b oRL N AR B B, AN AEALE A3 D AT
XULHILE SPS begliid f8 rh e 45 3% A R AR LAY T
e R K R B 4c 2 4a TSR AR I E X
HL P RTAERE, RWIAE aofy J2 7 A TN R B AR A A
BEIN ap #H B ARy AHA AR AR G R (0001)as
AN/ {11038, <1120> ax// <110>p// <111>B. B
AHBT AT REE 2 Fhoy

(1) PREP ¥y i #2 o il TR iy 074 2 A0 oy

AHAR A, DRI 25 2 JE o A I R WG 21y A,
TEBE S 1) SPS el it R MU o AH (yse) A T 17 AH A
Vss —Veq + B VRMLIKE) 1, LB R A BT T AT AH B S3 1)
Y M) BT B AR, 5y AHELEL, yeq M W IC R S AT
5% o Jabbar %5 AN ILL Ti-47A1-1W-1Re-0.2Si T & 4>
AR N EORER L SPS SR 45 T B AHIE L. & i
Ik AR RORL T LA B2 (B)AH 0 B LA A 45 0, 7Bl
JE RS I RE T RLE yse —yeqtB VFHIAHAL, BLI AT
(1 B A R AN FESEHT LA, Manna 28 AUHIESE 73Xl
(] A S T A AH S B o R A X A AR I 5 e T
TG E T I 3T S 1A A Sk R T AN T S 30K, i HL
BB (RIS S TR 3R A0 T R R R AR T
BRI BE, IS AN IE AT B AL Y. Williams-
Butler’s £ ML B iR 28— FlopT th 77 Ko X FPANIELLAHAR T
WRATE W LR AN B2 BT, Sk B2
BRI UR TR TE A0 /N B AR RIORE o

(2) SPS kegh ik FE iR & o 1250 C,  HhE Ry
A S5 Y S B il B T IA 1400 °C, H Ry, Jhil
FEAL T Ti— Al ZJCHHE o AR E T, HIEH o + B
FHDC, BRI AT KR S B A7 AE . 76 B S [ PO A A
2 o A X R T R A TO R B AH BT T AT B —
B+a— a8y a i, RIMAERIE B — o B EELFE T
TR W G E B R SR B A AN BE 58 A B AR Dl A
o M, B E R TR T pAHAL 555y b, W 4d,
MR AR 1100 CHEu it ml sk ™ g A E A Pk
NEEAZ R B2 AH. y AHFA B AHI SAED {6 AF Wi 4d A
de FivR. BIMH2Z, 14— a HIALRET g MFET
% Nb Fl W £ o AHA g AHEE T 10 L, 50 8 M
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Fig.4 TEM bright field images of SPSed TiAl alloy at 1250°C: (a) a./y lamellar and (b) two different kinds of y grains with deformed and

recrystallized condition; (¢) SAED pattern of a»/y lamellar shown in Fig.4a; (d) y and S particles along lamellar colony boundaries

and corresponding SAED pattern of y phase (e) and 8 phase (f)

JCEMNT, ERIREAN p AL M, HNIEH S B
FRE LR M TIAL &R B p A LN J7 K
Mot oty > ot+y+p—y+p, WEZU B
MAEARF# B —o W FEP ARG KR AR E
JCE ML MR o A2, BEIG S RA 0 — pAHAZ, P
TE an BUA S RL N 3B 2 22 IO S B A, IX 5 ARSI 45
FATF, W 4a. Seol"™ 2 AN W ILEN TiAl I
RS0 A5 R R I T AL I G, DR T D B A
5 W, Mo, Nb ZJ0HE 1 TiAl & 4P AS il 8 S i) 2
A EHCE SRR pARAELE, Hoao py B3 FIAHZ
)5 B 1) R A 22 AT ARG R, Wt de 1 4F TR )
AR MB ML UL ay—an + y + B RINAE yly A play
FUHATH, I g SRR R AR T AT, AR SEE
A RIIEFIGE o
24 IREEBREHN 1300 CEMBLERIERET

0 R e 4 % FE A R% AR AHAR /N TR 498 445 W S B B
1300 CH}, MREegi Ak BMAAZIESmE Sa g,
15y WA AR A AT AR SR AR FIERIR B AR HY S y
B 4% dioRn 3T KR 4, & Sb 1) TEM &£ W,
PRI & &P AR AR P A, DRI e R I VE R 98
TIRHAL W, &8 RERVIFEEER, 46K S
(¥ HRTEM [ R ILA B BB B S 0o— y HHEIE,

W sc fiw, G 24 y AR B ay ST a,
FATE R, P Sd A g B I A e A S B A, TR AR S
TE Ky FER M S HON: a=0.396 nm, ¢=0.402 nm, Sz
ey SRLA SR AL B, RS TEIN T B A2 bR
Wy M. KA EDS WKl 5S¢ (8] ap AR y AH RS> 23 BT
R, WA A ZA KR, IR 1R, g5 1R,
SE IS (AR AN AEAE Y FOT R, DR o] Ak e AR A2 Sy
JEAR 5 FAHAR, A $2 R B T SPS il TiAl & 4K
WA A S AT . e R AR AR R T
a/3[11001,, M 723K (Shockley) #7745 7E(0001) 5 i I
B AN T AR g T A R T T BT
25 FTRIKRGERENERNF MR

Kl 6 SPS KE&5IRE 4 1100, 1200, 1250 Fi
1300°C, JRIEIE 1A 70 MPa I & 4 5 4 5 i v Ay
AR 2, R 4R R AR R4 0.5 mm/s. ] 6a ]
HIUITAT B W AE e 48 I A K 98 AR T LA W 241 1
TAEAGIN G, B A Joe 4h 1 5 TR T s T S e R
RV AR T i R MR A, IR ARV K.
Bl 6b & RNy N AR 2k, T TiAl S5 4
SEREPEADRE, WAL R AR R I R, N AR N T 0.7%.
i R 2B A KR, JLTEA MR, BHE
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Fig.5 TEM bright field images showing two kinds of B2 precipitate in y grains presented by arrow A and B, and dislocations (arrow C)

and PZ zone within another B2 precipitates (a); deformation twins in the y grains (b); HRTEM image showing two pieces of y thin

plates precipitated from the pre-existing a, phase during the end of SPS cycle (c¢) and the composite diffraction pattern of the DI-y

plate and the a, matrix obtained by Fourier transform (d)
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Table 1 Chemical composition of the DI-y phase and the

surrounding a, matrix
Al Ti Nb

content/at% content/at% content/at% (Ti+Nb)/Al
DI-y phase 46.8 47.4 2.3 1.06
Surrounding ¢ 4 49.2 1.8 1.08
- o, phase

Fr o R R A e e R IE B e R G R 2 HT R R A T
2, X P AN ] 3 A 1) S M 3 B0 A W R B
WL T TIAL 5 aAE R Ei AR Y H -

TiAl FE& & 1 PR 2L o T B 2L, f
FE AR RT R o AHARFR 2 2, WHUR BB AR R
(R /N 4 s U R P R B2 S 2 15, 3K 2 DKL A Bt A
i R RUSE (R0 o S5 1R AR T — S0 A0 0 Sife 5
ARG R4 8] T 0« FRESRIEN 1100 CREG
SNREHL, WG, HEA—E8Em
i iR 2 2, DRI G B B LR I 2R 5 i
HFBINE, e i PN Al 228 DUAH [ i R0, B R AT d5e v
HOEARAR Y TR AN A A G TEAT - A D N TR i i
54 2367 MPa. 600 MPa Fl 2.25% . 3X Al AT Kim!'
S NIFFE 48 SR 300, BVAE R ml He 4 1 7 v 7 i 4807
7] 5 A 7E 30°~70° 2 (A1 an/y J2 P 2 ER ATk 34 21

B, 0T UK 3 5 A 4 B AR AT by AT & v 28 3 99
M ooy R EIPREE) ap AHATLPHZER SN Y R
BUEAE v AHAR T N AL R GUR R 5 & S I IE s I Ah 2
Jr i B A3 ap AHAH LA T v A28 0% (O~ N,
H)FL AT 5 (v 2, nl DUE I 44k o 7 2% G 35 2K
MG ) ERe e gh IR B 1200 F111250 C I SPS
FRAARE 730 il |2 LRI 4 2 4, IX P R AT2R
G A B R4 s FE R BT R B T XGS AR A 4, 1X
o R P S EAGE SN NN Y I PRe e LR e
[ FRAR A A o 3 2 M E RS T A2 A2 IR
RUE th TR E AR e & & & I — e & g A,
BRIbZ AME 2 g St b a b SE M oy dh
FIAEAE, p dioRL 5 AR iy o] LA BHAS I S 9 e
e A R s T iR AR AT B A BRAEAE TR R Rl 2
F) S b B = AR DX 3, 17 B AR AR AE AR T I AR T
AT A SRS ) AR IX LA T AR L, B G
R AR T 1Pl 1K o i DAY S e gl D) L o X (A
1300 CH &4 hnlik 85 um FLAHIF 2404, 1y HAH
L F AR B I p A A B iR 2, P A K = iR
o AR

x 2 I T AR RE AT A TiAL A4
() 2 MERE . AT LA H R 32 B LR 4 TiAl
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Fig.6 Typical compression (a) and tensile (b) stress-strain curves
of the bulk samples produced by SPS at different spark

temperatures
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Table 2 Mechanical properties of TiAl-based alloys prepared

by other powder metallurgy methods!"!

s(R.T.)/ R.T.)/ .
Alloy O(R.T.)/% 7 g\/IPa) Ubl(\/[Pa ) Preparation
Ti-48Al1-2Cr-2Nb 2.3 370 488 PA/HIP/HE
Ti-46.6Al-1.4Mn
3.1 548 606 BE/HE/HT
-2Mo
Ti-45A1-1.6Mn 1.7 552 692 BE/HE/HIP
Ti-46.5A1-4
>1.0 550 620 PA/HR/HT
(Cr, Nb, Ta, B)

PA: prealloyed powder; HT: heat-treatment; HE: hot extrusion; BE:

blended elemental powder; HR: hot rolling

RS ARG T IEM T E— G A R
WHEAESHFLE, SkIEE W sm e, 1 SPS Besi g
o JE AL PR AT IA 2 99% LA I i 3 sE B,

3 4 %
1) SPS B4, Ga&MmROLKE a,—y FHiHH

X, FEMNKE p-TiAl AT op-TizAl. 1200 °C I}
KNTAPFAFEIES B2 A, 435 2 S5 4h ok %
B2 AHAN I RNy AH S B N BT AR i B2 AH, R
PGS RN, B2 A A BE 2 Hn .

2) WeghiRIE Ky 1250 CH o ki N A B2 AHFTH,
o A~ B AHFN y AHAT 40 R SR AR 22 G &R : (0001)ay /7 {111}y
/{11035 <1120 > 02/ <110>y// < 111> 85 Xt 1300 C
%%*in%ﬁ*ﬁii%TSPs%J%TlAl &AL
oy — y AR DL R JEAR 2R e R

3) BEEIRE N 1100 cﬁ‘*éiﬂ}%é 21, I
Gadkhign N, HRAT g BRI AR R 2,
(Rl e e I 4 B B L e I 2R A s BE RN B0, 4
For Al B 22 BAH [R] 09 R, BV R A d5e vmn ) B Hs 4 T ¢
SRJE . PUPL AR TR R DL S W RN AR, 4y 2367
MPa. 600 MPa 1 2.25%.
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Microstructural Evolution Mechanisms of TiAl Based Alloy Prepared
by Spark Plasma Sintering

Yang Xin "*, Ma Wenjun', Wang Wanlin', Kang Xinting?, Gu Wenping®, Liu Shifeng*, Tang Huiping
(1. Xi’an University of Technology, Xi’an 710048, China)
(2. State Key Laboratory of Porous Metals Material, Northwest Institute for Nonferrous Metal Research, Xi’an 710016, China)
(3. Chang’an University, Xi’an 710064, China)
(4. Xi’an University of Architecture and Technology, Xi’an 710055, China)

Abstract: Using atomizing spherical Ti47A12Cr2Nb0.2W prealloyed powder with plasma rotating electrode as starting material,
TiAl-based alloy was prepared by SPS technology at different sintering temperatures (1100 °C, 1200 °C, 1250 °C, 1300 °C). The
microstructure evolution of the pre-alloyed powder during densification was systematically studied by XRD, SEM and TEM and the effects
of different sintering temperatures on mechanical properties were also investigated. The results show that when the sintering temperature
exceeds 1200 °C, there is a small amount of high temperature residual B2 phase in the microstructure, and the f phase (B2 phase) content
increases with the increase of sintering temperature. The alloy has the highest compressive fracture strength, tensile fracture strength and
fracture strain at 1100 °C, which are 2367 MPa, 600 MPa and 2.25%, respectively. The a, phase, f phase and y phase have the following
crystallographic relationship: (0001)ay #/ {111}y #/ {110}, <1120> a»// <110>y/ < 111> . Deformation induced a,—y phase
transformation and deformation twin formation occur in the sample sintered at 1300 °C.

Key words: intermetallics; titanium aluminides; SPS; microstructure evolution; precipitation
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