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Fig.1 Comparison of creep curves of TA2 at room temperature and

P91 at elevated temperature
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Table 1 Tensile constitutive parameters of CP-Ti*"!
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Fig.2 Isochronous stress-strain curves of CP-Ti TA2 at room

temperature

K3 AR A%

Fig.3 Finite element mesh



510 ZF SR BRSO SRR AR IR AR T AL

+ 3013 -

K (7))~ (L0) L THE N B 7% ) 25 45 1%
FRAEDE R SR A &30 A Hp (7)) A A A% 2 BE A
BE4 JE BRI s g, 2(8) B AR Jy v S5 I3 1] T 2% s 1 1
JE 1% 28 i (Mises) A3, AF(9) BV NTHHEE &R
& 71 4% 4% A5 77 148 U1K (Faupel) A5G, 30(10) 42 X
Hik [25] 7 A & MR 48 [ 5 9o e s 7 A S 0 o ot ) A
Ko ARWFFARYEA PR IC 25 R X TS Al 7 xR, s
06 K08 2 58 AR S SCHR[25] 7 3R B A 13 5 dE . 4
(1) 45 BT R Hh 3% B A BR oo 25 3 5 s e 45 2R DL e X (10)
EFVIE . ERPEAE T AR 7k~ EER .

annK=5%q @)
P,_/InKz%o-b (8)
PLlanz%O's(Z—%Z) 9)
PL/an:0.2455b+(4o%+5§:)/|n|< (10)

3 #ER5ITie

ERMAEAE R DLW AR G R B A AT N, Je LA AE
et T R 58 JEE BRI 1 KT TR IR AR AR TR RE T . iR
i AL A S A X, S i A N A T R A i A
EIRAIE R v b B D) RN TR P N S Pt I N
B, FTREGE A R SR I R AL B R 3R
B 2 D Dy id e ) 2B AR T 3 B0 W 45 ) R A B
LHeR R A Ik, $2 0 4 e AR B2 AR HE T B
PR BT B, O T S IR AR T R e 45 A A PR A
SE A B R HEEL [ o AR 5 ) R U A AR U I AR AN
AT LA i 249 A AR T R A e 45 44 1) A 2 i LR A

600 —~
s FE ’,,’ n‘g!,,nn

500+ © Experiment e L

g R

s 400 o '.D.‘D

E R

g 300+ ;éﬁ&

a Predicted results

g 200r —Eq()

o L ---Eq.(8)
100 1 Eq.(9)

------ Eq.(10)

O 1 1 1 1 1
110 165 220 275 330 385 4.40
K

Kl 4 SN RBUE ) AN R T30 45 SR L
Fig.4  Comparison of different predicted results for burst

pressure of steel cylinder

8L (1) 7 i FIT 0V B AR B AR 8 BE 70 o JFG o 45 280U il 5 P
o FE TR B ) R R S BAR G Z IR AR 2, TR IR
A R B AT U TR e O BB S AU R P S SN
i WAy B A S = A O AR T DA A R 8
5 55 200 IR e B XoF I P AT SR A PR A

KI5 45 T 5520 IR Bt 28 o W mT DL
5230 JeE TR R FEE I A I ) AN BT R B, T B AR AN T
Fho I ST A] 95 4 DA R S AR P s A0 R

PR AT PR G 285 SR AT LAAS 21 AS (7] f B AR 2 i fE ) R
W BR B P 5 0% A8 B[R] 2 18] (1 ¢ 3 DA S AR BR 2 for P
512 K ZEB KR, a6 FE 7 . HE
6 TTLAE H, Py BE A AR I [A] 1) 38 I # e . AR b
KO BR# AT PSRRI 235 . BB K 380, A PR
WA P AN, ERIAER KN, AFRMAE K
AR BR AT Py 2 T 2 I 2R A 1 BE SR K
BEE IR mAR K, JUIR MMV RIARROR, i
e AE 5% . HEAMEHIE 6 TTLAE H, B IR
) BN, X FARFEAR . K N RBRE A P2
BN I 7 RTRUE Y, Bl AR I TE] R
P FBERIEEE SR G 12, 76 0 h<t<<100 h i}, #%FR %K
i P2, (HRBE S E 100 h<t<100 000 h i}, #%
PR AT A1 T o IX S B 17 s AL A i) %o s A A3 R £
WELIER . BEE K I3, MIR#Em PRI
AW, XANEH SR ER TAEE
i AR 1 i 77 75 4 0 AR PR 8 Aer A8 Ak B AR AR IR (1 b 4b
AT DA I, W A R AR B A3 0, X AR A
B .

VAR R R R PR B P(t) 55 45 e I 18] R (A%
FRAR T P(ter) LLEZ, 153)20(12):

p(t) =P(t)/ P(t) (11)

Increasing with strain

10" 10° 10°
Creep Failure Life/h

1

10

KI5 Tk Bk i) s Ji 4 0 Mk o B2 i 2
Fig.5 Equivalent yield strength curves of CP-Ti at room

temperature



+ 3014 -

Wity @A RS TR

46 %

FHoA teee B t=0 ho 13X (11) 28 HH B AR IH — 103
K7 p(t), e Mg A st ) %o 28k o R I 55 7 . 0<pl(t)
<1, [ 8 RIARAIEIM A= G T p(t) Bl I [a] 148 4 .

HRYEE 8 nTLLAE i, p(t) bl ik AS I RS T 1%, A A 4%
b K & it 2B a8 R EE, JTHERREE KR
B 22 BEBRSR A /N o AR S, p(t) B R R, 1T AR
BKES, p()BEAMmMAC. BAARRDN p(t)bE 5 i AL i [A]

Je N FE, SRJESE1E R FE. {E 0 h<<t<<100 h I, %
PR 347 SURI R B, K20 BE BIHI A6 I 2 (Y 60%. BE o 7E
100 h=<t<100 000 h I}, HRFR#EAT T FEAEH 218,
B T [ BB 46 B 220 1) 50076 A7 03X it B U6 A8 1) 4 v
B Ay R A, FLIA D 2 7 B 90 A I 1) B0, 3 3
BT R AR AR A o T DL AR IR ] Xof 5 B A4 1) 5 1
AR BIER #. ANE RIGAS, MR B T 45 R K &

400 400
a 5| 400 S
300 300+ 300f o
£ 200} e 200 P s 7, 2000 . Toandg
2 P - I B O
o A A ] A - R Pt
100 & : s s : : 100 “ « < < : : 100+ N < <
ot M R R ot @ M O T S ol & @ ; i
K=1.02 K=1.02 K=1.02
-100 . L L -100 5 . -100 L . .
10" 10! 10° 10° 10™ 10" 10° 10° 10" 10' 10° 10°
th th th
6 AN 7 %7 2 ) e JU) T AR PR A A 5 G AR I T ) SR R
Fig.6 Relationship of creep limit loads P, and t at different typical strain values: (a) e=1%, (b) e=2%, and (c) ¢=5%
400 = t=0h a 400 t=0h b 400
D = ‘
300 | A t=100000 h 4 t=100000 h A (;100000h
300+ 300}
g .
= 200+ 200+ . . 200+ N
o - . : . : : .2
I N l0f . f- ool Tt
.; 2 . = 4 .;
0 : : : : o . . . . . . . .
10 15 20 25 30 35 jp 15 20 25 30 35 10 15 20 25 30 35
K K K
BL7 AR R 2 R AR BR Bt S5 AR L K B9k &R

Fig.7 Relationship of creep limit loads P, and radial ratio K at different typical strain values: (a) ¢=1%, (b) ¢=2%, and (c) ¢=5%

. 1.0
1.0 a 1.0 b c
g 0.8} K=1.02 0.8¢ = K=1.02 0.8+ 8 § K=1.02
B I by Ak
206} (I N 06l § i i 0.6} L
S & 5 = H
kS §
3 0.4 04} 0.4r
g K=32 K=3.2 K=3.2
E 0.2 02} 0.2¢
2
0.0 . " " " 0.0 . . . 0.0 5 5 5
El 1 3 5 . 1 1 3 5
10 10 10 10 10* 10" 10° 10° 10 10 10 10
t/h t/h t/h
Kl8  ANIE R AZ ] T p(t) 55 i A2 I [A] 1) O 3

Fig.8 Relationship of p(t) and creep time at different typical strain values: (a) é=1%, (b) ¢=2%, and (c) é=5%



s

% 10 ) s

A BRI ) 7 4 B S R AR R B AT AT 7

* 3015 -

i fe 6 o b Al Ak 2 A PR 288y A 20 2 5 R e AR )
SO DL B g A A 25 88 ROSH R b KOG A —fH gk e
MR AL/ B RGN, 8 RH R KX ot
T[] 95 10 (4 A — A4 i A ] p(t) 5 el i ke /)~

FRE SCHR[22] 7 P91 7F 873 K iR & N A ZE i B /) -
RiAZ 2k, T LAAS B0 p(t)BE i IR] AR A 2% .
Kl 9 FoR IR S E B . nTRUE Ho T P9l
BT 5 p(t) Bl I A8 I ) S SRR B, SRS 218 T R
Hi2 5 TA2 L, P91 FFEMME SN, B i
AR (R 38 N, 5 TA2 [ 22 BE L HORE K . 7 0 h<t
<100 h B, KB BIPILER 2 40% 7545 . BE 5 7R
100 h=<t<<100 000 h I}, % BR % fr B 2 #7146 i 21 (1)
15% 7547 . 1R E K XF p()F2Ma e/ o 3 15 BH 05 A8 X6 T
MV At BR B R 28 e 14 95 40 A F I A G POl

BIR AT 5 RSP 28R K O3E R (7)~(20)
MEREATHE, BE—NTNSE, €Y ER
i Peqy  2130(12) 7 :

P,=R /K (12)

K10 518 11 7045 1 28 3 5 i AL I A] ) 5% &
AR S K B R RAEE 10 Prggs R
KO, BEE A (B I, Peq AW T EE. 421 K

Xt B AT E R, AR AT B RO AN A il 28
A R 2 M B o AR B 11 R A IR T DUR
LR R K AT M AN e T LU
1B A B I T ) A RROR o T A BRI = 2
BREAT Peq MU K AR, 3032 B 7] LK W38
2 ) 1 DU £ 2 2 S o AR AT PR Ju 4 A en T N A
A (13). MR LUA H 00 4 R LA &

1.0
£=2%
—
= 08} .
‘cl_; e - [
@ . n
g 06 ° ° . - .
o ° 5 °
9 -
g o4 o ®
T m TA2, 293K, K=1.02 o o
IS 02| * TA2 20K K=32 .
2 : o P91, 873K, K=1.02 ©
o P91, 873K, K=3.2 o
00 . .
B 3
10" 10 10 10°
t/h

PO A i v ik i A AR R ey 5 A ) Al s A R R A A (U9 —
AT R p(t)% EE
Fig.9 Comparison of creep limit load with p(t) of titanium at

room temperature and steel at elevated temperature

360 360
360 5 b . c
300+ 300 300 1 ] | Keto2
K=1.02 3 K=1.02 i i 4 s
240} 240t 1% 240} i H g .
g S wo| ' o§ I B 180} b
e I A A oo
D.g 120+ : 8 i i i 1201 120+ K=3.2
60 K=3.2 60 | K=3.2 60 |
0 N " " 0 " " " 0 . " oL
10" 10 10° 10° 10" 10 10° 10° 10" 10' 10° 10°
t’/h t/h t/h
K10 IR REAR 5] R 2 5 BT Peq 5 U6 28 I [A) 1) 56 &
Fig.10 Relationship of P¢q and creep time at different typical strain values: (a) e=1%, (b) ¢=2%, and (c) e=5%
600 m t=0h a 600 = t=0h b 600 = t=0h C
e t=100h e t=100h ® t=100h
S00F .+ so00c0n S00F | Liooooon 500§ t:iouoouh
400+ 400+ 400 &
g -FFFFN\_.\.
2 300 -\.—\.\ 300 V..‘\*\ 300 W
2®200 . - 200 — 200 T‘N
100+ 100+ 100+ Predict Eq.(13)
Predict Eq.(13) Predict Eq.(13)
s s s s ‘ ‘ ‘ ‘ 0 : : : .
10 15 20 25 30 35 %o 15 20 25 30 35 10 15 20 25 30 35
K K K

P11 AN B2 2 ) o JU) 2 B AT Peq 512 LE K KRR
Fig.11 Relationship of equivalent load Peqand radial ratio K at different typical strain values: (a) e=1%, (b) é=2%, and (c) ¢=5%



+ 3016 -

Wity @A RS TR

46 %

313.5exp(5.7¢ — 0.07In(t +1)) — 26.3K
(0 h<t<100 h) (13)
@~ 236.4exp(7.6¢ — 0.02In(t +1)) — 26.3K
(t=100 000 h)
A (13) et T AR R T, R IRl
F 75 i 5 A BR 4 far 2 (B 1) 5 & - 100 h<<t=<<100 000 h
(R B R A P LA Z A 10 « B2 T AN A B AR TR HE N,
BE T DA AN [R] 25 i T P VE 84, R e 0 AS [R] 2
ot A F o 1e 28 T RR A [] AR 2 30 065 A% I ] X6 AR
PR &7 1 B AAE R, DA SV FH AR o A3 PR 8 4if 5 e £
R, bR MR EE KO # PR 2 3G o /R . e AR
U, i 87 A5 47 1) A D) P 0 A 0 R 288 4y T30

4 % i

1) B A U AR B ) (R 3G 0, A PR Ay S R R RSk IS
A8 N[, fE 0h<t<<100 h ItF, MPR#G R, =
FE Bl JE7E 100 h<t<<100 000 h i, HPRE AL aZE,

2) WMIEARTE RGBT TA2 K154 = EMN
PR 28407 (R T > 2 12 AR % (7] B 4 30055 A% I ] Xof
A2 PR 1 1 95 A0 AR FH DA BV R 28 Skt A IR 447 11 584
TEF, RS O A2 bl KOS AR PR 28 A Fr 389 5 4

ZE 3k

[1] Lu K. Science[J], 2010, 16: 319

[2] Ren Tiemei({F%k#). Rare Metal Materials and Engineering
(A &M RS TR)[3], 1983, 12(4): 100

[3] Zhou Lian(J& J&). Rare Metal Materials and Engineering (i
& JEMES T[], 2003, 32(8): 577

[4] Tu Shandong(i%3% %:). High Temperature Structural Integrity
(5 iR 45 44 52 3 1tk J/ 7)) [M]. Beijing: Science Press, 2003

[5] Yamada T, Kawabata K, Sato E et al. Mater Sci Eng A[J],
2004, 387: 719

References

[6] Matsunaga T, Takahashi K, Kameyama T et al. Mater Sci Eng
A[J], 2009, 510: 356
[7] Oberson P G, Ankem S. Int J Plasticity[J], 2009, 25: 881

[8] Sandstrém R. Acta Materialia[J], 2012, 60(1): 314

[9] Tanaka H, Yamada T, Sato E et al. Scripta Mater[J], 2006, 54: 121

[10] Ma Qiulin(Z # #k), Zhang Li(7k #i), Xu Hong(#%: %) et al.
Rare Metal Materials and Engineering (%5 4 )& #4 8l 5 T
F£)[J], 2007, 36(1): 11

[11] Zhang Li, Xu Hong, Ma Qiulin et al. Rare Metal Materials
and Engineering[J], 2008, 37(12): 2114

[12] Peng J, Zhou C Y, Dai Q et al. Materials Science And
Engineering A [J], 2014, 611-612: 123.

[13] Schaefer AO. The Generation of Isochronous Stress-Strain
Curves[M]. New York: ASME, 1972

[14] Ganesh Kumar J, Ganesan V, Laha K et al. Nucl Eng Des[J],
2013, 265: 949

15] KimW G, Yin S N, Koo G H. Met Mater Int[J], 2009, 15(5): 727

16] Ma C W. Acta Metall Sin-Engl[J], 2009, 17(4): 612

17] Peng J, Zhou C Y, Xue J L et al. Mater Sci Forum([J], 2012, 704: 1291

18] Xuan Fuzhen(¥F#& v1), Tu Shandong (i3 %:), Wang Zheng-
dong(FEIEZ) et al. Nuclear Power Engineering (#3711
F£)[J], 2004, 25(6): 505

[19] Dai Qiao(f% %), Zhou Changyu(Jf £ &), Peng Jian(& &)
et al. Rare Metal Materials and Engineering (% 4 J&#1 %}
5T HE)[J], 2015, 44(5): 1154

[20] Peng Jian(iZ $). Thesis for Doctorate(f# 112 30)[D]. Nanjing:

[
[
[
[

Nanjing Tech University, 2014

[21] Xue J L, Zhou C Y, Peng J. International Journal of
Mechanical Sciences[J], 2015, 93: 136

[22] Xue Jilin(g%75 #K). Thesis for Doctorate(# £t 3)[D]. Nanjing:
Nanjing Tech University, 2014

[23] Mo Tao(¥£ ). Thesis for Doctorate({# - it 3C)[D]. Dalian:
Dalian University of Technology, 2005

[24] Shu Guogang(*k [ KI), Zhao Yanfen(i*E2¥), Xue Fei(fi#
k) et al. Proceedings of the CSEE (1 [H B §l T F22£4R)[J],
2010, 30(23) : 103

[25] Liu Aiqun(#i%Z#¥), Yang Zhong(# '), Yang Ye(# #E).
Journal of Mechanical Strength (HLi3%)[J], 2013, 35( 5) : 652

Creep Limit Load Analyses for Titanium Pressure Vessels at Ambient Temperature

Li Jian, Zhou Changyu, Peng Jian, Chang Le, He Xiaochua
(Nanjing Tech University, Nanjing 211816, China)

Abstract: Creep limit loads for TA2 made pressure vessels have been investigated by finite element (FE) method based on the
isochronous stress-strain curves of commercial pure titanium at ambient temperature. The results show that creep limit loads will firstly
decrease quickly and then decrease slowly with the time increasing. Taking the cylindrical pressure vessels as example, the influence of
the radial ratio K on creep limit load has been analyzed, which provides estimating solutions for ambient temperature creep limit load
prediction. These solutions can reflect the effect of the time degradation on limit load, and also the effect of allowable strain and radial
ratio K on the limit load.

Key words: commercial pure titanium; ambient temperature creep; pressure vessels; creep limit load
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