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TR TR P A PRt 2% .
1 % I
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S ML Z A &M SN (830£50) C. X &4
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(1) fELMIX HEAT 840 C/1 h [FE AL (ST),
KE (WQ).
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Tablel Chemical composition of alloy ingot (/%)

Element Nominal content Actual content
Al 3 2.95
Mo 5 5.01
Nb 4 3.94
Cr 4 3.98
Zr 2 2.02
Ti Bal. Bal.

1 BEEEMEMAR

Fig.1 Microstructure of forged alloy

(2) FEPHIX BEAT 840 “C/1 h EIRALTE, /K¥%,
#E4T 500 'C/6 h B AL (AT, %

(3) FESHIX BEAT 840 ‘C/1 h EIRALFE, /K¥%,
4T 650 C/6 h I &b HE, 2%
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Fig.2 SSRT specimen size
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ANFI AR B 4 2 AR B, P T ok FbLASE A 56 45 K
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3 B4 MEMAZ SEM B4 & XRD B i

Fig.3 SEM images (a, c, ¢) and XRD patterns (b, d, f) of alloys
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HAMET 2

: (a, b) ST at B phase field, (c, d) 500 ‘C/6 h AT, (e, f) 650 ‘C/6 h AT

xR B & SR E

Table2 Microstructural characteristics for different heat treatment

Number Heat treatment process Phase composition as phase ratio/%
Py 840 ‘C/1 h ST [ phase 0
Ppita 840 °C/1 h ST+500 °‘C/6 h AT B phase, fine and closely spaced a; phase 52
Ppica 840 ‘C/1 h ST+650 C/6 h AT P phase, large and widely spaced as phase 43
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Kl 4 AL 9250 5 R W 3R T SEM IR
Fig.4 SEM images of the specimen surface: (a) Ps, (b) Pp+a, and (¢) Pprca
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Fig.5 Potentiodynamic polarization curves of alloys in 3.5wt%

NacCl solution
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Table3 Corrosion potential and corrosion current density of

the alloys

Self-corrosion Corrosion current

Number

K 6 &4 TE 3.5%NaCl % H A48 28 s BN
PR . MRAE IR 6a AL, PRI BT A A X K
TG G B X AL R PERE s LN Pposs
Ppea I 2SI A AR 5270, 2 BH & 4 1T T bk e
FHXT R 22, X 53 R A AR ik il 2o A A 1T

R4 B 6b FI AT, X T4% )y 0.01 Hz T I BHHIEL
W, PRI ROR, HRON Ppitws PpecaFIAH T B/
XA 5 B B A AR Ak il 2 R A A T
2.3 SSRT#R

Kl 7 Jyidid SSRT SRAFIK N Jy-RAE Hh 4k, AT W,
AN T T B SHIE T, AFEAHA KA S 1E 3.5%NaCl
WP 4 AR RN 1100 s (Rt G, &4
()R RS Pz et B R JE A R I R AR T R R AR
P (1D XG4 1R U PR AT T
BHARGERUNER 4 fioR. B3R 4 0[50, P EAT AR /M)
I 7 BB R 3 7.4%, AR R B S N 7 JE e e
[ o Py 52 0 JE5 ik SRS ME R B0 KN 10.9%, Pprealf)

. : -4 com-2 w o N
potential/mV density/x10* mA-cm 87 7 JiE e R 45 K T 2 48 kg 19.2% Pﬂ+fa$ﬂ Ppica
Py =305 0.54 . o
oo o o 821 8 R P K LA ) AT 2L
Ppic -312 1.59 s H PpecallI N 77 J55 PR SR i) AH XS BE Ko
5
a
~ 4t =
=
°
S o3 =
= " Pjtestdata é
X Py, fitting line i
N A Pp,p, test data
Py, fitting line
® P, testdata

— Py, fitting line

10
Z'/x10* Q-cm?

15

20

100 L L L L n n
102 10" 10° 10" 10> 10° 10* 10°
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Kl 6 & <7t 3.5%NaCl ¥ i ) 4% 28 207 1 A U5 o 5]

Fig.6

Nyquist plots (a) and Bode plots (b) of alloys in 3.5wt% NaCl solution
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Fig.7 Stress-strain curves of SSRT of alloys: (a) Pg, (b) Pp+fa, and (¢) Pp+ca
F 4 HEH SSRT HRE N NEHERIEIEE
Table4 SSRT resultsand SCC susceptibility index of alloys
Number Test environment Tensile strength/MPa Yield strength/MPa Elongation/% Iscc/%
P, Air 1016 932 9.4 7.4
Medium 964 874 8.7
Pﬂ+fa Air 1455 1388 7.3 10.9
Medium 1421 1335 6.5
Pﬁ+ca Air 1122 1035 10.9 19.2
Medium 1081 998 8.8

K 8 N4 i SSRT Ja & 4 H 41 SEM B4 . B &
8a F 8b 73 7l 5 K 3¢ MK 3e X LT %01, SSRT Hi)5
BeWas ST HATES . RFRI A 250 1 B 25 57

B8 %5t SSRT J5& &M
Fig.8  Microstructures of the alloys after SSRT: (a) Pg+ra and
(b) Pprca

W, fEJEgk/N i, @id TEM XF SSRT J 4 41 A gk
ITMEE, Kt — & &R B AT A .
2.4 WRORER

Kl 9 22k SSRT kMW TS, HrhE g
LRPRTE NG X dk, BIOL, 3 Rl ZH 4 0 7 2 X
BN, B R BN W) S 1 a1 T SRR, AN
JE ko 2T CUREAE . o, 1] 9a AT 9c 1B X 3
AR KT B 9b, X2 T Pl PpicofE SSRT 1L FEH
EE Ppsa 2 U L B B 1) BT S G 2R

B 10 A Pprea B & 1E 3.5%NaCl ¥ ¥ FF 1 22 5 1 Wt
FIROWTE S . FT O, VR 2 /N1 B0 53 43 AT 76 B X 35
(P& 102>, [ 38 00 %2 309 55 L AR AE R e (]
10b). #iZekg (B 10c) DL —2/N P (B 10d).
R IX B RRAE AR R B, TE 3.5%NaCl ¥ 1 b 1
FELET 40 B R X R i BB .

3 S5

BT A58 BT & &R T 5 2 1) Mo+ Nb Al
Créptifa iz, HatlfEmE Al S EAR, £
BH4 Mo MR &, 53] 1252, H Al MR,
R 3, XMMREEpHTRE R . & &EEITAM
X[ 95 b PR S, SR T oAl 10 BAH B TR A AR, T
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9  SSRT W FEWT O TS
Fig.9 Fracture morphologies of the SSRT specimens: (a) Pg, (b) Pp+fa, and (¢) Pp+ca

B 10 PpreaBr & 1E 3.5%NaCl 33 A 7 24 J5 11 7 1 3o 7 53

Fig.10 Microscopic fracture morphologies of Pg+cq alloy fractured in 3.5% NacCl solution: (a) shallow dimples, (b) micro crack, (c) tear

ridge, and (d) flat facet

Bt i R K R T £ e R B R AR R A i Y
PR VAR B 2 %R, 12 Py SV I A pAH i SR A
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WA RAS £ 7 5 10 I 20 B A oRe e 2B ) B AR
M o A AHAZBKS) 77 7 3= F as ARAT AT N O A
R G e K M TR 500 CHEYIN AUAEBR
B v 3 A BE SR AL 1 B K (AR A2 9K B 7 LB R )
P A o [RII, BRI 28 P PR A1) 1 s H PR A ) A2
KR, F3E, fE Pper T AEAR EATHY T 4070 H5KR
AL o A ELAH RS/ o AR LRI 5, 3 & R R
H 1 650 CHEAM R, W e A A KSR 15
KIS 77, X FEM TR o . oA S
ARG RE 7O 3 ] ¥ B A 22 5 250 o e B R K o AH DT 1
FL ] ) B AR T B RS E TR B AR I, $E 1 1%

DX pAE A e M, A A5 2 DX Al DL AR BT AT
TR Mas AHTEEE o RIE, Ppea FAT HE T B2 AHAL
[ BELAOK HL S B AU K as AH

BEGLIH R REY], RS SR K
BRI R R 22 4 DR S M i S
PERE. X T AW AT &8, BT s FIAWI AR H [F]
T A FE SRR Moy Nby AlL Cr %50 &K, X{H19H
HTE 3.5%NaCl ¥ A7 AE AL 22, AT &5 T 51 K |
iz FE v, ELJE P 1 R 46 T ao/BAH FRTHIAL « Pyl T8
eI BT o/ BAH S THI T EL AT AH S 54 1) T o
AT Ppoca LT 52% Mo K, Ppoca ™ as AH EL A A AH XS
B 43%, 3 EA B DR PR AR IX AT 2 K, i
HET AR, AT 5 B0 Ppeeo B A ARG B8 22 (R S5
it
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R A TR o R, AR I S R R )R
R VR RN 2R, A8 AL T B i RE R
A (2) ~3 (4) WIS, fE e E R I A 2
o, BRAER (5D~ () R BRT. BRI
S 00K EE, il (8) Fran, XA N AR
AFRME TN ORI . E M R R ek A SCC

Ti — Ti*" + 3e” (2)
T3 + 2H,0 — TiO*" + 2H" + e~ (3)
Ti+ 2H>0 — TiO2 + 4H" + 4¢~ 4>
Ti — Ti*" + 2e” (5)
Ti?* + H" — [Ti*" Hlaas (6)
[Ti3* H]ags — Ti** + H + ¢~ 7
H +e —H (8)

fE & 4 1) SCC W F1 rp ] BLR AR 22 3 1M /N 1 )
5 (& 10a). CaolS1EE B 7T TAE KL 7RI IR,
JEH & WM 3 A fS K B Cabsorption induced
dislocation emission, AIDE) HL|RMREIXZE SCC Wi
FIOWAFAE . AIDE HLHIIA 9, 4 W B 32 & <8 N B 1)
A, HIgS T EbE, SRR AL R Mg . R
S i JE] [ A7 A 2 R 1K) 15 0 T B8R SU R v 1 BB B
e, AT T BT /N ) 30 55 1290 b 4h, SCC W 1 Hidk
RILT AL A R /NF & (B 10b. 10c.
10d), AT DAHEII 2L S0 B R AR T v A 4 i 3 A R 8
IR AR T o Luil4E (R8I 98 A R S0 Jm) 8 28 1 A
J& (hydrogen enhanced localized plasticity, HELP) #l
1) SR A B X A6 W 11 i ML AR A0 P R LR R TR B ) HL R

SRF

Di“slocation pile-up i! I |l v

1'0'0 nm

11
Fig.11

¥ 30 3 3 8 1 BAF R B B B R ST g (I, 5 SR
2 vty JE L 1) R IR FE G I, TR AR T A
NBERIE LT, SR B 2 18] B AR ELAE L OE T A
B S BRI A RLY, T2, &47F 3.5%NaCl
VW SCC K fih &% i AIDE A1 HELP WL 3L R = 5.

FF IR G 4, HAR I T v (7 8 v A B8 ]
TR N BE, TOARTIELN N ot A P BGE . odp
AH S BT B BRI R RO R T AT
MEEREG. T2, MifEa/plAtAmER, 51K
T UCAEII R B o PplI SRR EANAEAENT A, EARHI
551 N £ HR T A 4 PR S 7 FE DA e AR RN, {ELR:
2 M7 SR A SRR A L o T ARENT AR
Pyl Pprcas ANLEEOE I ZEAR T ad pAH FL T AL B, AL
FERR TR Y JR IS 2 e 5 T e 7 A D X A 57 T PR JL R
JI = R AP, Il (9) FroRBY.

Ntb,, =71,b, 9
AH, N HNay/pHFHA SR NIRRT bra &
e RE: o, R ERERN . 2,
ARG AP AR SR N A W R RIEBY,

a(l-vp )7 A
B JIONIN 5
KA, via BEEMIEMIE: wra 26 S M8 U1 &
M2 RATEE I R B B o R EE T BT 2 AN IR e A TR]
MISIER AL, WA A s HTRIRE . AT WL, B35 o AH 8] #E )
B, oo/pAH T ZER BT S B3 2, a3k i R
AT AR I RN 1B o B 11 A Ppesa fl Ppacalfl
SSRT iR ALK 1R J5 11 TEM E% . & 11b N 11a

N (10

1210, -

2110 1100 0110 1120
; A

s A W
1010 0000 1010

10 1/nm

Dislocation pile-up=

100 nm

SSRT iR FE W 0 F 75 19 TEM Bl
TEM images below the SCC fracture surface: (a) as phase morphology of Pgicq, (b) corresponding SAED pattern of as phase,

(c) dislocation morphology of Pp-+f., and (d) dislocation morphology of Pp+ca
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M AR P ATESAERE, B T %A Natl . RS A
11c A 11d H 0 Ppera Ml PpecaZ i SSRT J5 AL 48 4
ATHD, 75 Bh LG o/ BAF ST AL S W ZR B T A7
FEBh T pEAR I T BT T R R G, WE B T Bk
Sy BT AT FE

WRYE_ERA3 M, 76 SCCILFEH, B %8 i s AH 1A 2
S Ppec EITE T E IR IE A . B, PpecatHl
o 58 22 WY 5 sk M e T S RV A T R 4 T B R
HMEREIREE, NG S NI I SR T . [EIE,
FLAH LB AH L Ppora 3R, WP A HL iR 7 36 ik 32 52
AT BB G mm b it 7 % F. T2, £ AIDE #
HELP HLEI P R R, Pprea 52 B0 H $50 0 O B 08
T 224 1]

4 % i

1) X Ti-3Al-5Mo-4Nb-4Cr-2Zr 45 4 75 pHH X HEAT
840 “C/1 h [FlVE AL BE f /K, 3RAF T A&pMHAH L [FEE
REFR ST, AT BRI L 500 °C/6 h i RCAL I 5K 45
T pAE+A /N B BRI R s AHELZY, BEAT B IR B I
650 “C/6 h It 2 Ak HERAT 1 AAH+HRLK HL IR BR K 1
os FHZH 2L,

2) Ppreatl) B JE Tt FLASL AR X R /0N S o L UG S
AR B RS B PUIAM Ay S 0.01 Hz F BHHT R & AR b
sy, FRTR B Pk A A BE 22, A AR AR IO Ppisa
M Ppo Ppeta’ PpecaHEL, A AH XS BN L 7 J T i
AL, HLAEVE R 2 1E N 7 g i i R AN S T B
BN, N R A BE AR BT

30 4 N0 T Tk T 2R R ik A S ey S B S S A
B RS AN SN SR PR AR T AL T . SR BT
BB BT B A RN A B, B I R
Ve 1T ANER IR, 2 M pAR NG 1 RPN ) H R
T IE, TPy 7T I 2L A A X BE K.
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Stress Corrosion Behavior of Near-g Titanium Alloy Ti-3Al-5M 0-4Nb-4Cr-2Zr with
Different Phase Composition

Wang Chuan'?, Zhang Haoyu', Chen Lijia', Zhou Ge!, Cheng Jun?, Zhang Sigian'
(1. Shenyang University of Technology, Shenyang 110870, China)
(2. Liaoning University, Shenyang 110036, China)
(3. Northwest Institute for Nonferrous Metal Research, Xi’an 710016, China)

Abstract: Near-f titanium alloys for marine engineering may be suffered from stress corrosion cracking. The phase composition has a
significant impact on stress corrosion behavior. Different phase composition of a near-§ titanium alloy, Ti-3Al-5Mo-4Nb-4Cr-2Zr, was
obtained by various heat treatments. The microstructures were characterized by scanning electron microscope and X-ray diffractometer.
The electrochemical measurements and slow strain rate testing were carried out to investigate the effect of phase composition on stress
corrosion behavior. The results indicate that the single f phase is obtained by solution treatment at S phase field (Pg). After ageing at
500 °C for 6 h, fine secondary a phase with narrow spacing precipitates within g matrix (Pg+f.). After aging at 650 C for 6 h, coarsened
secondary a phase with wide spacing precipitates within f matrix (Pg+ca). For the Pg+cq, the corrosion potential and elevation angle of
capacitive impedance arc as well as impedance modulus at 0.01 Hz are relatively minimum, and the corrosion current density is relatively
maximum. The Ps+c. exhibits relatively poor corrosion resistance. The relatively better order is the Pg+ts and Ps. The stress corrosion
susceptibility index order from high to low is Pg+ca, Pg+ta, Pg. The fracture morphology exhibits a mixed characteristic with shallow dimples
and micro-cracks as well as tear ridges and flat facets. The combination of absorption induced dislocation emission (AIDE) and hydrogen
enhanced localized plasticity (HELP) is the main mechanism for stress corrosion cracking. The decrease in secondary a phase spacing has
a beneficial effect on reducing the stress corrosion susceptibility.

Key words: near-f titanium alloy; secondary a phase; stress corrosion behavior
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