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Fig. 1 Surface morphology of gas atomized Ti-22Al-25Nb
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1.2 EWHE

Besk i fF HA Sinter Land 2 &) 4E 771
SPS—3.20MK-IV AU o1 55 B e 45 b rh gk 47, PR &
PTG SR R 2SN EAE N 20mm [ oA SRR,
FKHE A HLFUEHR K . SPS B4 szih FHEHE K A
100 “C/min, JGe&5I 75179 950, 1000, 1050, 1100
F11200 °C, Keghilk /15318 35, 50 1 80 MPa, frif
BFE] 24 10 min A1 20 min. ] 2 Fr7s A 950 “C .50 MPa.
10 min [{BE4E T2 2R X T H A2 N 20 mm begb i AL,
950 ‘C. 50 MPa. 10 min e&h 24 T HIFHREE 7N
3ANXA], BELEIE N 571~600 °C, FHETE] N 2 min;
FegE I FE A 600~850 'C, LA 100 “C/min FfHE 52 T %
FInk, THETE N 3 min; HE45IRE 850~950 CIX
() P FEONE I 26, B R 3o o, RIS 1] 4 4 mins
FriRahim Tt B P bS5 IR 5, RIR 10 min. KR45

GRS, BRAEMORIBEA . beghid R, 228 inE
Z T ES7 50 MPa, RrfR i [m 45 55, o K S A%,
K BT ERAEHR AL N B R A PR & S . edh
A& AR ILE H A #2247 1) D/MAX-2500/PC
X BT e . EEMESHON: ATHCH
Cu L K,, TAEESHARHEEN 100 mA. 40 kV, FH
Yoy 20°~80°, FAFEAN 1 (°)/min. SEHFTA T
Axio Scope Al J&5 /B A Sigma 500 HL - 2 AR H
THEIFARTEN R G5 G BTN LI = iR B
FES. RABKIEETIETT%, KhedEraaY)
IR A 1.2 mmX 2 mm X 8.5 mm FIFLHIR . =
TP S5 72 A AT, W & 4 Inspekt
Table—100KN HL-F /5 e A RHAIR AL, FifduE 2y 0.13

mm/min.
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Fig. 2 Sintering process at (950 ‘C, 50 MPa, 10 min)
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HGIERT, BARRAEBBIEARR, By Rk
AELE AL, SEILPROR e s 808 . A4 G L0 gh
B, WAL Ti-22A1-25Nb Ti& S8 KTE SPS 2 H 1118k
FAERE, TR 2E S B BUE AL R I,
et T 2RI A F RS KT 5525616 5.
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50 MPa ke4h & /71 SPS SEEe & 77 22 FHils F ik
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Fig. 3 Change of sintering temperature and axial shrinkage with sintering time under different sintering conditions: (a) (950 C, 10
min); (b) (1050 °C, 10 min); (c) (1100 C, 10 min); (d) (1200 “C, 10 min)

WA 5 S8 N 2 T 45 15 /118, 80 MPa he4h
JE 7719 SPS S8 N e 7 2R TE TR R 45 0L 5T CLn 3k
ERSRLEE SE. B3 LRI, BREERE - E
I, Rt A 4 Rl 1] YU 47 2R B e 225 16 70 OB T 38 K
e gk I e, BRAE A A il U A R B e 4 U
FERTHETIE . SPS il %% Ti-22A1-25Nb AR5 4 (1)
FRAEITRE R E o AP AR 3 AN B, A
3(a)il A, 24 +<360 s If, BIfE SPS WM, KeLkim
KT 600 C, KA1 e mA%, B UK H B4 T
Go SPS I, 3 Hh 1. 2 #hZRWIah 2 B 4 Ui 4
REAEE HPAT TR A F- e B, B W
Wee s 5 1 I AT 5 3 B I IADRRKG o I IRUAFE %
CERTRY ARG R R HUBEATA R, H R B AR (T
600 C), ARIAF|EGEM RN, W BIE
DA T TR e st e /7, K AR A 2 A W S R = HE 2
%. M5 950 ‘C. 35 MPa. 10 min 1 950 °C. 50 MPa.
10 min BE4s 24 BT ANIH], 7E 80 MPa bedi 71T,
0~200 s P, Hlaiede 2 (B 3(a) ik 3)BH & e gt
T (2 T R & 7.06%. X T ERRAS AT O
VRS E ) BT TR T /) 80 MPa, 1% % /1 &4
AR A 70 o EHE, FLBRE K KRR, F8Uses

W RH T s e R ORI . 24 360 s<r<<800 s i, B
75 SPS 1A, GeLh BRI, bedh & &l U 4E
2R [ e 4 P ] 1 I A R DR N . IX S IR A e
HHIRIRELKR, TR 25Tk, W& SRR
J& 600~900 CHT, A ZIMEHE AL, AR
IR “hegham” U7, 246 n f A b 4h i kT8
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JUPRRFEAAE, B A K . SPS ke se s,
Besh & Rl YRR 2R AE T AL K (L 3).
XORRARRLE e G, KM, bedbi R Abest &
SRR ERE N, Bedh &4t THIKA % S 80hm
Wt s, Ak, M 3 IEATLUR I, fEFRAE
BB, $emledt Ay, Ha WA 2k SR 1 i R 45
K, BN mbedt K Bh T m A S R I S AL
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15 SPS HHARIAZIBT B, Joe 2t & 4l 1m WL 4 2 i
BEAHRAWME 4 . B 4@ IR, b
ERGE IR e E, Bedh A S O R R E R .
WHRZEIR Y 1100 CHF, Kegiif a2y 800 s B, ek
J£ 7759 35 MPa. 50 MPa. 80 MPa [{Jf5 KA i %
IR 27.49%. 40.78%K1 49.44%. fRFFHEL:E 1A
A%, Ti-22A1-25Nb kedh & & IR UL 4E 3 b & be g iR
FEMFH SN . WSS R J128 50 MPa I, 45T
(024 800 s I, JBEZEIREES 5N 950 “C. 1050 C.
1100 ‘CAHI 1200 °C (¥ %l i WS 48 26 73 8 33.14%
38.11%. 40.78%F1 41.8%. T 7E SPS Hi, kessis
SMEE N ZEIBERSI N, Wkt k)
TR Be gt I P e 4 B 4 R AR IR SR P AR T P R
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HIBY B 1) e A 4 36 9 B e 45 0 AN e 25 T 0 (R B v
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Fig. 4 Relationship between axial shrinkage rate and sintering

temperature of sintered alloy prepared by SPS at different

sintering stages: (a) Middle stage sintering; (b) Last stage

sintering
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JERAARIR IS () 0] DASE el & 9 B3 S 4,
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S R (R WL 250 3G 0 T 2.38% 1 2.7% o 1t B PRl
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Fig. 5 Changes of sintering temperature and axial shrinkage
with time of sintered Ti-22AI1-25Nb alloy at different holding
time: (a) 10 min; (b) 20 min
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B 4 (PRE 2 B, ARG 25 8 5 e 448 T FE 1 0K &
6 Fixe ML 6 T LUE H, 950 'C 35 MPa. 10 min
FAF T IR G S AR AR 92.35%. FEmkRd
T PE 2R 1050 CH, AR %5 BEA BT s, o 97.28%,
AN 25 BEAT AR . 1K B T1E 950 C M T, kedhii
FERUR, ¥ R VBBV TEOR, BB AR A 7R 58
MR Z Y HE A S, S8950 TR & &N
KRG Z . B EA R . BHE 6 LT KL, AFH
KRR 1T A e 4h G G AR X 2% B AR fh i 28 B
IS, BhEE Regh iR B i s, Bedhi & &M
Xof P SR PR A, ELA R R ) 9 K T SRR i
fi%, MG E KT 1050 CIF, Ti-22A1-25Nb &4
(R T 2 BE PR3 i Sl TP 2%, RO IR e 45
SR CEERERS., ERERER
1050 °C, AR5 10 min F1 20 min, %45 E /1N
35~80 MPa 51T, 3KAFHELS Ti-22A1-25Nb &4 (1)
AR 25 BE 43 53 N 97.28%- 99.24%- 99.62%K11 99.91%.
{RFFRELE K /7 50 MPa FIE FEANAS,  FE K R0 A A 2
20 min I, A4 R R B I T ORI TR 10
min 4GS E . UREREN 950~
1100 C . {RIE 8] 24 10 min. B245 15 719 80 MPa I,
B G AR 25 B IR (R S5 45 1F TR 71 50 MPa Je 45 &
SN 3N, A5 SE PR be 45 A AR % 4 SN
99.43%. 99.72%- 99.91%- 99.97%, FEILFLHE,
WHNILB|SE &80 . Ik, S s best Ik /I Rbes:
IREERR SRS E], G TIRE G SN &R TR RS
P B IRAG S Fe o B AR T, IR B I EUE b
e

100 +
2 98t
=
[}
o
2 o6t
=
Q
Mogal —=— (35MPa, 10 min)
—e— (50 MPa, 10 min)
—a— (50 MPa, 20 min)
o0l —v— (80 MPa, 10 min)

950 1000 1050 1100 1200
Sintering temperature/C
Bl 6 MR SHORM RGN AL
Fig. 6 Change of relative density of sintered alloy under

different sintering parameters

3.2 BREEBRE BREE HARIBETE)RT Ti-22A1- 25Nb

BreE S S HMLB LRI S F M BERIS N

17 Pl AN Rl R 45 IR BE SR A 1) e 25 & 42 1) SEM
%, HE 7(@FH, 950 ChEsEHIKERMTE
FLIE, ALK, KB FLIF AR AR A0,
WA DENZMAILILE. Kife kT 200 um KR KD
WL R R4, HLAERE U ] ] (41 58 3 /NUREL CFE
<50 pm) I BB 4E 3. 40 RiR/ N T 150 pm
MR A e 4, AURAE — B, H
BB R NI TE 8RR A . X R IATE 950 “CHRE
gt BRI e R AR A BORLAB AT BB £5 30, R
Z LA e A A, B EK. BE 7(b)rT I,
MR FE SR E 1050 CHF, Uk 8] FLIF KR P 2
T, LI SR AR = AT . N B AR T
FEEEH R, KRBk e s — oy K, kA&
TR IENEARTE, BOIRURL ) SRR IRTE T, 3
EURREIE A KRR RS I IR R PR T AR
YA ), TEAMIE I ERTR, M ARk 5

7 35MPa. 10 min TANFIBEE#RIE HIBE4S & 61 SEM 1R
Fig. 7 SEM images of spark sintered alloy at 35 MPa and 10
min: (a) 950 C; (b) 1050 C
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Gy KA BIEARTE R HEALRR,  FLIFDE TSR, B AT
FURIA =X R =M, SRR T Rk
ARITRLII 12 T REZ TN, — A T LI 10 iz
1, AR AE AR A B T AR B L 8 A U
b4, 256 6 e st & 4 AR G 25 FE il 428 A s mT LA
FH, 7E950~1050 CIEEVEH, & & nIAH% % -
FHE A R, RHMH BRI S, BE8mAR
ARTEAL ) R, SBIEARTE 5 idkaT, B EmAL
T, M s G S AR . MbedsliE a1
1050 ‘CH, BEFEIRFERISE S, A 4 AN 2 B K
R Z T R,

&l 8 fii7n A 1050 ‘C 50 MPa S[R3 18] T 3k
BB LE &4 OM A SEM 4. XFELIE 7 1 8 W LA
B, REBELE /R 50 MPa, RSB ENEEIE
FERR . eI 710 35 MPa(ILIE 7(b)), FLIRE%,
LA 22 o MIRGE R IS 2 50 MPa, A& 0%
WHEFES, s &LV SILR, K IV AL A5
R I E 8(al)M(a2)). RAEA I dit FHARAFAEAR A
FL, FLIFR/N A 1~2 um, BE4s & 40 72 dikin R
PN 4179 pme RE A S A SRS E BN K L beds

W, SHEENKRANK. Rk mite, £
IRE S BORGEE, FarE g 1a] . ORI [ A
10 min ZEK % 20 min I, V0% H B4k, (H
BRI A 10 min $RAGH) & S LS L, fRIRI
6]} 20 min 44 diki R AE KK, ORI IR AS B
Ko EEREEA LR, BOMEEGEHAREE, W
WAL Z, &M 2%, TR 10 min
NIEH e S

Fim ~ Ti-22A1-25Nb bedh & 4 1 BN - N AR
ML 9 Fivn. £ 1 FiFlREE & S s R bt
Ao EHFR 1 WA, TEBURIRRSE IR B RIRR S, %1
Thedh, FRMESBE B, MR AL
BB, AR MBI . B R iR ok
Begh I ST s A S R AR B s . G
9 MK 1 ATLLKRBL, 7E 950 C. 80 MPa. 10 min % N
FRLERT, Ti-22A1-25Nb &4 B A i =i fo it ag,
SRR ISR A BURSRE  BN 9.38%.
933.57 MPa i1 990.01 MPa, JJ2AMEfg &2 i T HAh 4%
PERI 1R B 10 B NASRRR S 40 il 4%
Ti-22A1-25Nb & & =i P4 D23 SEM 4.

B8 JRAGIREN 1050 C. K45 /178 50 MPa R A [ GRIR A [A] Be4h & 4 (¥ OM #5f SEM 14
Fig. 8 OM((al), (b1)) and SEM((a2), (b2)) images of spark sintered alloy holding for different time at sinter 1050 ‘C and 50 MPa:

(al), (a2) 10 min; (b1), (b2) 20 min
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M 10(a) T ABI R R I, 7E 35 MPa. 10 min 2514,
950 ‘CHe4h & &= AT 1 AT ] WL 52 2 B AR,
FR A UORL 2 18] FLIR 23 B o i 24 R S04 v

1000
800 |
& 2
% 600 4 >
B ! 7l
[0]
5 1— (950 °C, 35 MPa, 10 min)
5 400+ 2— (1050 ‘C, 35 MPa, 10 min)
= 1 3—(950 C, 50 MPa, 10 min)
4— (1050 °C, 50 MPa, 20 min)
200 5— (950 C, 80 MPa, 10 min)
6— (1050 °C, 80 MPa, 10 min)
7= (1100 C, 80 MPa, 10 min)
0 0.04 0.08 0.12 0.16
True strain

9 ARFBELESHT Ti-22A1-25Nb besh &4 % I SR
J1-NiAZ 2k
Fig. 9 True stress—strain curves of sintered Ti-22Al-25Nb

alloy under different sintering parameters

F=1 ZEIETF Ti-22A1-25Nb &4 (R g

%80 MPa, 7£950 ‘C. 80 MPa. 10 min3kf3 kst &
SR RN CESFLIR S AR, EIRRE
FE fRFRT DA SR SR B AFAE, IR g a2
HEIEW R IR & MR T

4 ZEip

1) SPS #& b i fedr, Begs I, UK AER AR
FrE A, BURBAC. Bedi, MR (8] ¥ Ribe
g5, DIOBRMBIERAI N . Beai AR, LhalisifH
#CN T, BUR B — DR . IR A R R AR
e, R Ee AR B a4t K 77 T e A ORI ]
AL R R I BB L FEZ . 1100 'C. 80 MPa. 10
min ZfEH A S B REE om, ShaE R oy
53.57%.

2) 950 ‘C+ 35 MPa. 10 minke4h & 4 (HIAH X2 i
A%, 092.35%. $EEIRE . 1A ORI [H]

Table 1 Tensile properties of Ti-22A1-25Nb alloys at room temperature

Pressure/MPa  Holding time/min  Sintering temperature/'C  Yield strength/MPa Tensile strength/MPa  Elongation/%
35 10 950 440.18 558.96 3.75
35 10 1050 777.45 787.99 5.31
50 10 950 691.04 697.78 8.14
50 20 1050 669.93 704.37 5.76
80 10 950 933.57 990.01 9.38
80 10 1050 851.11 899.77 8.42
80 10 1100 813.47 857.66 7.51

Elongated cavities

B 10 AFEELESET SPS Bedli Ti-22A1-25Nb £ 4 3 I B BT 50
Fig. 10 Room-temperature tensile fractographs of sparking plasma sintered Ti-22A1-25Nb alloy under different sintering
parameters: (a) (950 “C, 35 MPa, 10 min); (b) (950 ‘C, 80 MPa, 10 min)
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FEXT 2 B 2N AR EIFE = . 80 MPa. 10 min HY,
FELEIRE 950, 1000, 1050 Al 1100 ‘CIR{Ghess &4
IR 25 N 99.43% 99.72%- 99.91%F1 99.97%.
3) 950 ‘C. 80 MPa. 10 min %1 TF, KM
Ti-22A1-25Nb JR45 & @ MAERT %R 99.43%, P
f BRSO 939 um, =R EARSRE . Brd SR
KR35 933.57 MPa. 990.01 MPa i1 9.38%, J&
P AR LA TR, IR R L) e I 2
SHIPER R R G W T .
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Preparation and densification mechanism of
Ti-22A1-25Nb alloy prepared by spark plasma sintering

JIA Jian-bo', YANG Yue', SUN Wei', ZHONG Xiao-xiao', XU Yan"?, GU Yong-fei!, LUO Jun-ting'

(1. Education Ministry Key Laboratory of Advanced Forging and Stamping Technology and Science,
Yanshan University, Qinhuangdao 066004;

2. National Engineering Research Center for Equipment and Technology of C.S.R, Yanshan University,
Qinhuangdao 066004, China)

Abstract: Ti-22Al-25Nb (mole fraction, %) pre-alloyed powders were used as the experimental starting materials. A

powdery metallurgy Ti-22A1-25Nb alloy with fine grain size and dense microstructure was prepared using the spark

plasma sintering process (SPS) method at the temperature of 950—1200 C, holding time of 10—20 min and pressure of

35—80 MPa. The effects of sintering temperature, sintering pressure and holding time on the densification of pre-alloyed

powders were studied. The sintering densification mechanism was analyzed. The influences of sintering temperature,

sintering pressure and holding time on the relative density, phase composition, microstructure and mechanical properties

of the sintered Ti-22Al1-25Nb alloy were revealed. In addition, the room temperature fracture mechanism of the sintered

alloy was clarified. The results show that the relative density of the Ti-22A1-25Nb sintered alloy at (950 ‘C, 80 MPa, 10

min) reaches 99.43%, and it has better comprehensive mechanical properties. The room temperature elongation, yield
strength and tensile strength reach 9.38%, 933.57 MPa and 990.01 MPa, respectively.

Key words: Ti-22A1-25Nb alloy; spark plasma sintering; densification; mechanical property
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