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Comparative experiment of high-temperature crack propagation

behaviors for four kinds of typical titanium alloys

LU Zhiyang', XIONG Junjiang', MA Shaojun®’, ZHAO Yanguang®*®
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Abstract: Fatigue experiments were carried out on four kinds of titanium alloys of
TC18, TC21, TC4-DT and Ti-6Al-4V/ELI subjecting to constant amplitude loading at two
temperatures of 25°C and 250 °C, so as to determine the fatigue crack propagation behaviors.
Fatigue crack propagation behaviors at different temperatures were analyzed and compared
with each other, and the interaction mechanisms between high-temperature and fatigue load
were deduced from fractographical studies by using scanning election microscope (SEM) a-
nalysis. Results showed that there were great differences between crack propagation rate be-
haviors of different titanium alloys at different temperatures. Fatigue surfaces at high tem-

perature had more secondary cracks and showed more significant light yellow than those at
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room temperature. Fatigue crack propagation of titanium alloy was governed by the interac-

tion effect between high-temperature and fatigue load due to the crack closure and oxidation effects.

Key words:

titanium alloy; crack propagation; fatigue; high temperature;

scanning election microscope (SEM) analysis

BRA 4 B % B AIG L EL B B e T ok 1 A
FRAEBUN TCRE TGV R E I N T RAL
AL R ShALEE M (B, CHLIEfT IR AR &
A% s A5 L T 2L 28 32 30 ™ TG 1Y) vy il B B8 R 55 4%
Tf o 25 5 15 WU 55 R A T 5| & 9 ME M I S L HL i
TP 55 8y RV RE Z SIS k. B
SN T KR 00 25 4 J MR I s TR R B0 R
RET M MAIFSE . SR XA I B AP 5 1 o 1R
Ti40 ZE0H PR RE 1 52 W, 45 S 3R W, b6 25 B
T AR 8L e R B i, Ding 455703
B RESE T e o Ti-6 A4V 95 55 1] 1B 16 5% M)
SEARFI] LSRN T RS A R E X R
PRI I C W B . ZHANG Al %0 |
/N 45 | Pilchak 257 43 B % Ti60A | TC4-
DT.Ti-6Al-2Sn-4Zr-2Mo-0. 1Si #E47 T 9% 55 Wi 11
OYAT S RFE T i U B0 S Ay e A R I R ) L
FLROW AL . 25 S B gy 2k B A AL
AL B A T RE 1 T e, RS e W TR 3 T A R
S, B 2 s ] R T R DA ) P A L RR A i
L o AE AR Ak, SR . BB R 4517 Prasad
£E08] Mercer 2099043 B % TC11. Timetal834 . %k
RA TR RS w5 R R R
R AN — 7 B A I R T R T RS 0, B A B Ag
N5 PG, T UL B 4 b R 57 S e
JETERE R WA 2 2% . BEAb, & JE MR 9% oY
Y R IR 52 B A R T e 8
TR AR BRI PR A Rl A
RIZ0 . AT DL v i A B A VR X R A
Pk Rl S AR A5 LB 4 5 0 i R — A A

S AR SC L 4 Fp LR Bk A 4 M RE TCL8,
TC21.TC4-DT # Ti-6Al-4V/ELI 1 & #F 58 %t
G EAT TR (25 °C) MR R (250 °C) R B E iE
280 e 5, 8 5 B s X b i 0 SEM
GIAT S BIESE T i IO A S KA A A ORE I 55 R AT
JRAERE I SZ M HL ] L O AR RS2
1 HEy RER

T E A KA MR R AT R R
il & T 4 Fhgk & 4k (TC18,TC21, TC4-DT,
Ti-6 Al-4V/ELD f#5E MCT) ke 3 RE B ) 5

TN TT 16— B AR PERE IR 1 s (U E
T FAPERL o, SR BRI s oo O IR BR 0
FEA ) H U R A1+ RS an & 1 s, B
i 300 mm, %t S 75 mm, By 5 mm, W Ui 4%
A AAEHZEN 15 mm WML 1A EHRE R 14
mm &AL, oA 1A EREN 2mm 1L,
AL B 00 38 o £ B0 R K R O 8 mm (4] 4
PIo, I e ot Ak
x1 KEESHBHNFERE

Table 1 Mechanical properties of titanium alloys

ok E/GPa o,/MPa ¢,/MPa &/%
TC18 108 1115 1086 13.1
TC21 110 1147 1033 15. 1
TC4-DT 111 902 830 12.2
Ti-6AIF4V/ELI 109 915 835 13.0
30 Ml 3.2/
p {"J .. T =T = 2 N7
H_'l 'llﬁ%ﬁ\ l =[0075]c-D|] V
."Jir\. | l ) Yy ) i
=] | (-] >, WSS
ﬁli@ \': 5 4 - () @lrc'
O O 0.12 D O
. — 1 ]
i 300 1
08/ 47| 0.0
S L@
'\ 3 .h‘
/98 L //T0.05]A

B 1 AR MO EE A7 mm)
Fig.1 Standard M(T) specimen (unit:mm)

2 B 56 [ b RS 52 00 P 2x CASTMD FR ifE i 59
Tyt gy ik 56 MTS-880-100 kN ¥ 57
I AL B ST N 2 Fros) s 3 50 R A iR i 2K
Jrd s NI e R= — 1, M EE IE 2 1E 5% % . I 2 45
FHy f=10Hz, 55 505 0 =i 25 C Rl
IR 250°C , iR /i SDGDYD-180/ 4350 & kIR FR 4%
RIEF GRE M sh AR 2O i, iR i,
K H WZHDO0850 24 80l & 2 48 Gl #0822 0. 01
mm) WL RS RS,

TEARFE IR AT T 6 PR BE A HIR 38 B 5 48



5119

SERFE . FELRIR 30min ZJ5 . SR AT BT R
I o B R A P B O 1~ 2 mm,
RIG - BREEE B RYY EHEARIEFH] 10 ° mm/
cycle ZeE A7, 0 SRAR I Z AT » SR 5 » PR 37 1% 2 Ao 4k 22
AT IS, RECK R 0. 3~0. 5 mm, 45 HL
RO KL o S HARRAE IR RN J 2RI
PR AW, IR R WNIE 3 fron . B e FoR
a WFXIME . MIED 3R] LA L Bl 7R 3R 8 N
A I A A 2SR A R AN B 1 s [ e, 2

(a) RELY" LSS REE

b

)

(b) IREEFARIRS

K2 oy R
Fig. 2 Crack propagation test

24 -

—o—TCI18, #1 (Fi250 C) a

20F ——TCI8 #2 (@250 C) % .

4=TCI8, #3 (Fii#250 C) &

16 ——TCI18, #4 (%25 C) ]
£ o] —TCI8 #5 (25 ) ]
t;ﬁ

sl _

4t o

h:-—_c,gﬁs—-"‘*'-"‘?‘“&ﬂ

0 .

10¢ 10° 10¢
Nlcycles
(a) TCI8

B AR PR AR 4 RS 23 KA S R R A a0 I e b e 2715
24 -
—o—TC21, #1 (FiH250 ) ) ]
20k ——TC21, #2 (F5ikk250 C) g i
&—TC21, #3 (#4250 C) }
16 ——TC21, #4 (4525 C) 1
g ——TC21, #5 (5 k25 )
E 12} 1
s}
(s 4
4| ]
I —_—C :T:_——;;“‘EF
0 L
10* 100 10°
Nleycles
(b) TC21
24
<—TC4-DT, #1 (#1250 C)
20+ ——TC4-DT, #2 (#1250 C) % .
&—~TC4-DT, #3 (#5250 C) 5
16 <—TC4-DT, #4 (%il25 C) 1
E o
E 12t | ]
zgs L ] ]
K e 1
4+ _MQAM 1
L BT J
O i i PR | - A i e St U 1
10° 10° 10°
Nicycles
(c) TC4-DT
28

F——Ti-6AI4V/ELL #1 (Fili250 °C) &
24P Ti-GAM4VELL #2 (Bili250°C) & & ]
20 | —o—Ti-6AI4V/ELL #3 (751250 °C) 7

— —Ti-6AI4V/ELL #4 (453125 °C)

i
gt

E 16 F——Ti-6AI4V/ELL #4 (4125 C) .
a l12F _
8 -
al ]
(I]O“ lf'J" 10°

Nicycles
(d) Ti-6Al-4V/ELI
B3 Bk SR E0y R B

Fig. 3 Crack propagation data for titanium alloys
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Fig. 4 Crack propagation macro fractographic of titanium specimens
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Fig. 5 Fractographic analysis of titanium alloys

BE/NT 500 C i, A 4 R AR5 2 P A A
Gy RO AR B — 2 R 1 SR Ak B A
ZLLCFTE AT LABH 1k A 1) S A R A T . AT
RH IR ER i — 25 Mk . MRIEE G &R m AL,
AT L b A AL R B AR A 03 T AR TR R R T
8o R B R

MELS ORI LUE L AH R R EE T .4 Bk & 4
AR 2SR E B R B B 1 W 11 T 3 - 0 A i 2
S OFMMABET 4 FERG 4 099 97 55 20
A S 0 i R 2 R AT X2 Hy T S IR AR A e
PO 2 s S A0 A6 5 FHL ) 850K 803 4 2R i FA
JEAS TR A & TET R SO TR 55 Akl B B D) D
A R S 1 LA B A /0N 220 T 1 R 2 e AR OO
5Ca) & 5(b) ([ 5COME 5(d)) ;s QR iR FE
FhiE o4 TR A 4 ORI 1 32 15 210 3 o8 L ) B 3
SR TH B A SR AR B S AL P B A W
FEUT o o 1595 55 455 10 Jk 4% i S B CILIE] 5. Ced
B 5CH B 5 ME 5(h); @ I . i
Aib e i A A PR e A A S AR S T A S T
IR T REO AR R R A IR RS R
(o E R I I 2 R 1 T B R 1 R B 1)
TR AR o pl T 202 v B 5 1 1 ) 4R R VR A
TR R R R B B 5 A A AN i Ak
LB 5Ce) & 5 (D 8 5 FE 5Ch)) i ffi 15
VT 1T 2 T KRS 388 i, R S 8L 43 SR R R
TR RE R A B TR E B Ak TR
V00 S T A I T2 R B i %, 31X 5 S
BkL22 I AT &5 AW A .

3 HiESHSITR

MG ASTM R85 Jy i R ARk 1H 3
WnTEL 3 P i) a- Nl 2 b R AR A Bt s B
LR (da/dND ;- B VLB IV 7 58 B TR 1 i

AK;, B
(da/dN)l — (a,'+1_ai)/(N,'+1_Ni) (1)

_ AP | ma
AK; = B oS¢ o (2)

orf AP N BT IR B O R s WO K

FEGERE sa NP8 B A BRAR T8 18 1E R a =2a/W,

FAAX DA 2 FEE R MLAK,, (da/

dND I B tn 1l 6 fT k. SR Paris 20 X X
CAK: s (da/dN); 588 #EA T804 B

da/dN = C(AK)"” (3)

o C A m 3 R0 R E 80 AK S N 7 58 B R F

| Eaiid250 ©
107 » %25 °C |

(da/dN)/(mm/cycle)

20 30 40 50 60 70
AK/(MPa*m"?)
(@) TC18%k 5542

o 250 ¢ ] i i : |

(da/dNY/(mm/cycele)
=)

20 30 40 50 60 70
AK/(MPa-m"%)

(b) TC21Ek4 4



2718 oz

= % % i

LRV

| © M5iki250 %':f
25 C |

(da/dN)/(mm/cycle)

105 _y.':'.'-'
20 30 40 50 60 7¢
AK/(MPa-m"%)

(¢) TC4-DTHAT 4

s Eik250 ©
#ii25 ¢

10°F

(da/dN)Y/(mm/cycle)

20 30 40 50 60 70 80 9C
AK/(MPa-m"3)
(d) Ti-6Al-4V/ELIEL £ 4

K6 2Oy da/dN-AK il £k
Fig. 6 Crack Propagation da/dN-AK curves

. MK G IHEG MG HLN R C
HMom BE SR EZE o WNFE 2 7 - 400 il 26 A 1]
6 Fras. N3 2 M 6 1] LA . Paris 20 X5
Wi BE RG-S W R AUy RS Paris fE7

WH 2 LS 2R C Fom {5, 7T LIRS
o AR T B C R AR L R

R lgC\ — lg(:rt
Yo = 7@ C. (@YD)
v, = M (5)
My

A CoFom, G350 kil 250 ‘C R C Flm {8
Coflm, 43 A=W 25°C R CFom 5. FH
XD G TR BIR S B2 e F
7. WNER 3 PR,

ME 6 R 2,55 3 MALHLLE o] LE -
OFEHRUFEY X (1X10 °~1X10° mm/
cycle) i [l N, M B e 3 2 da/dN HJ Bl & 1 )
SRR TR (L AKC o 18 o e B S LAK
(da/dND; JHERCH B AL bR T 5 804 il 42 i A0 56 &
BEIAE 0.9 LA B (W3 2), BB R A 2 i
PERR XU G S EHE SR T da/dN 5

AK Z SR AR A Paris 25 2CREAE - F 2 2 A)
DVBHT I R AEBK A 4 B RE Y v TR 2 80 R R e
@ AH R B Ty 58 B R F iR AK R AR RREE A
(] 1 Rk S0 i 3 8 22 (R A7 AR AR R 1Y 28 S L
HT v X A R 1 98 57 24 0 e PR Be Y s i AR 2
e, Hop ,TC18 5k A 4 250 °C R By & 4 8 i 3R
WP T2 T (I 6 (), IR EE R 8 C Flom
AH 258 Kk BE 0 78 A% 206 B 280 e 1k g
AN K ; TC21 £G4 250 ‘C R 240y i i %
B A8 TE T OLE 6(b) iR TR C A
JE T 10 % A 25 — AN B g, m {H BE
R R TEE S K TCA-DT A & a1k AK
T 250 °C R LY i 248 T =0 & T L
e AK T G OUAE 16 AH B BRAEAE — > B 4R 1 g
7158 B - W H . 2 (5. 2924 50 MPa « m™* (JL&] 6
(), =i T C{HHEAZ &R T R, &
AH 25 20 A B G, m (B B 2 IR RE 08 T 5 RS AR
KB B AK =50.47 MPa « m*’,
5L S 45 A AT ; Tis6 AlL4V/ELT £k & 4 250 C
TR REY JE RS TEE T LE 6(d), =
MEHCHEEARSR TN 2 M5, m (HHEE R
JE B T v A A K @AY R ) 28 C T
1.41X10 *H19.65X10 "2 ZAEfh (£ 2) ., 5
TR AH L =R R A C X BUE T TCL8 BRI
2.2, 7340 3 Rk RHIE K 3. 206 ~11. 200, i ¢
SRR m (HAE 2. 49 ~4. 27 Z A 7254k, 52
TRARLL . TC18 /9 R m Wi/ 5. 306, oAt b1 BL Y
J 3. 4% ~16.5% (I 3) . 3% 7643 Ud B 1 3 4 A
[FEK G 42 b1 R 95 55 4 804 Je A BB 14 5% i RIUR AN
RRME S E R LHE .
%2 WYY R do/IN-AK BEHRH

Table 2 Coefficients of crack propagation
da/dN-AK curves

ORE/ K O/ % bRl
R o . N m .

C s 107 B %o
25 2 94.2 2.63 0.988 0.055

TC18
250 3 141 2.49 0.989 0.054
25 2 43.7 2.84 0.930 0.140

TC21

250 3 45.4 3.31 0.978 0.103

25 1 8.00 3.82 0.991 0.049
TC4-DT

250 3 1.37 4.27 0.969 0.115
Ti-6Al- 25 2 19.6 3.52 0.959 0.131

4V/ELT 250 3 9.65 3.64 0.985 0.101
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Table 3 Variation rates of coefficients C and m in

Paris formula
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