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Prediction of threshold value of creep stress in Ti60 alloy under
fatigue-creep interaction

ZHAO Hanbo, ZHANG Jianyu, LIU Hao, GONG Yu
(College of Aerospace Engineering, Chongqing University, Chongqing 400044, P. R. China)

Abstract: Fatigue-creep interaction tests were conducted on Ti60 alloy specimens at 550 °C. Under test conditions
of maximum fatigue stress o,,=450 MPa and stress ratio R=0.1, the influence of different creep stresses on the
fatigue-creep behavior of the alloy was investigated. Based on the test data and the Norton model, a novel method
was proposed to improve the understanding of fatigue-creep behavior with a limited number of samples. This
approach establishes a prediction model capable of estimating the threshold value of creep stress over extended
periods through short-term experimental data. The model’s predictions were compared with results from the
maximum axial stress method and the step-loading method, yielding a relative error of less than 2%. The results
show that the proposed prediction model can accurately determine the creep stress threshold under fatigue-creep
interaction conditions.
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Fig.1 Fatigue creep specimen
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Fig.2 Waveform of fatigue creep test
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Fig. 6 Flow chart of creep stress calculation based on maximum axial stress model
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Table 1 Material parameter based on the maximum axial stress model
I AR £ /% C, m,
0.3 580.764 -0.155
0.4 616.595 -0.156
0.5 639.735 -0.155
0.6 662.217 -0.153
0.7 682.339 -0.156
0.8 695.024 -0.154
1.0 721.107 -0.155
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Table 2 Creep stress threshold value based on the the maximum axial stress

37 725 R % B 722 13 1 11 Rl (/M Pa
0.3 316.71
0.4 334.00
0.5 349.50
0.6 363.96
0.7 370.65
0.8 380.50
1.0 393.24
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Fig. 7 Flow chart of creep stress calculation based on average strain rate model
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Table 3 Creep stress threshold value based on average strain rate model

O A% 5k /% ST AZ RT3 11 B A /M Pa
0.3 332.40
0.4 347.06
0.5 358.86
0.6 368.81
0.7 377.43
0.8 385.07
1.0 398.17
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Fig. 9 Up-down method of fatigue-creep test in 50 h Fig. 10 Up-down method of fatigue-creep test in 100 h
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Table 4 Comparison of creep stress test values with predicted values

A IR/ TR E AR R /% 510 55 8 17 1 /M Pa 2 56 %5 A8 1. 7 /M Pa R /%
F T 5 K 1) 0 g A5 A 50 1.00 393.24 392.50 0.19
50 1.00 398.17 392.50 1.45

T 48 2
100 1.00 358.86 352.50 1.82
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Table 5 Comparison of predicted values between the two models

77 B 6/% B KA 1) B ST TS AR AR N ST I AE/MPa 5T 84 AR TR R TS0 AR B 7 1A (B /M Pa

0.3 316.71 332.40
0.4 334.00 347.06
0.5 349.50 358.86
0.6 363.96 368.81
0.7 370.65 377.43
0.8 380.50 385.07
1.0 393.24 398.17
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Fig. 11 Comparison of calculation results of creep stress threshold values of two models

4 &

1) Ti60 45 4 7 550 °C N #EA7 9% 55 A2 10 8 5 2R s , 7 il o A v, i A BT A e A 40 5 A, B SRS 1
B Bt IO 722 3 4y DR AR 5 2 [ B I 7R S A AR A AN LA RN A T AR A N A 5 3 B B s LR 3 B 55 B R
I J1 450 MPa HIE AL I J1 450 MPa Sy {9, B 9K N AE — ] (] il 26 A W1 S0 A1) 065 74 3 S B B, (EL 28 1 B B 22 1 )
JE T PR/ 5 2 B BOUT o L AR R AR SRR E BRI A 3 B B (TR 3 B B, 5 A
FAKR BRY 9 57 05 A2 10 AN ], 7 72 o 3R 0 K R T, A 6% I A L PA JIG I A8 PR 6 o L 2 W B A, B Ti60
B R BRRE AR PR RE

2) 2 [ R T il BE 9 57 — 85 A8 L T R 7 AT PR AT T S5 DR BRI b A L A T R A U A
4 A [0 T AN [6) LS55 72 08 7 B A, 7 A RR AG  AR A I B R B B 7 O A N A R A R AR TR RN

3) T 4R 05 22 N7 g 1R A P U A TR AN AN 25 G A g LA DR A R T B < R A R R PR T A 7
U8 A2 HAE R [ 2R 3 S 2% MRS 45 SR TR, 2 5 R A2 2 ol 2 380H A7 A W I A 58 A T R of 4
FE AT LLANAAR Jrg BIR T 955 788 187 3 BA)32 ) , ARE 0 57 2 50 25 i HG v e A 2 5 5 2 00 A 7R R 2% T 8 3 T

S 2% 3k

[ 1] 2k, B, xIn 5, 45 . s H s RS 4 o8 i R [C1/ 2020 v B 5 35 15 2 J8 10 SCHE . A8 o = BLAR TR 2 45 15 1
orex, BiE ATk A5y fe Bt P oLy, 20201 109-113.
Li X, Zhao J, Liu S B, et al. Research progress of high temperature titanium alloys for aviation[C]// 2020 China Foundry
Congress. Hefei: Foundry Institution of Chinese Mechanical Engineering Society, Foundry Productivity Promotion Center,
2020: 109-113. (in Chinese)

[ 2] o4, SR 22 B NS E RS 400 & B 5 R [I]. A €4 )8, 2016(1): 21-25.
He C Y, Zhang L J. The development and application of high temperature titanium alloy at domestic and abroad[J]. World
Nonferrous Metals, 2016(1): 21-25. (in Chinese)

[ 3] kMl =Rk E SRR SRAI]. HiR 5114, 2015, 22(12): 208.
Zhang H J. Development and application of high temperature titanium alloy[J]. Technology and Market, 2015, 22(12): 208.
(in Chinese)

[ 4] WEBAR . kg s B R M. JEat: B2 A, 2003.



38

TR K F F IR % 48 %K

[10]

[11]

[12]

[18]

[19]

[20]

[21]

Tu S D. High temperature structural integrity[M]. Beijing: Science Press, 2003. (in Chinese)

AR . R R LIRS TR M. JE s B2 i A, 2007.

Zhang J S. Deformation and fracture of materials at high temperature[M]. Beijing: Science Press, 2007. (in Chinese)
Viswanathan R, Stringer J. Failure mechanisms of high temperature components in power plants[J]. Journal of Engineering
Materials and Technology, 2000, 122(3): 246-255.

FBAR L . 316H AN A ik 1 85 72 -9 55 47 by B HC A7 A 00 5 Bk AT 58 (D). _bifg: AR BTG, 2022,

Gong W Z. Research on notch creep-fatigue behavior and life prediction method of 316H stainless steel[D]. Shanghai: East
China University of Science and Technology, 2022. (in Chinese)

FHARE, B, Tk R, S RS A G AR 57 A T O e AR B A ], HLAR T AR 243, 2021, 57(16): 66-86, 105.
Wang R Z, Liao D, Zhang X C, et al. Creep-fatigue life design methods in high-temperature structures: from materials to
components[J]. Journal of Mechanical Engineering, 2021, 57(16): 66-86, 105. (in Chinese)

AT T B A A M DU 14 05 AR 9 57 A i T A 28 K B A [D]. b i AR AR TR, 2019.

Wang R Z. A creep-fatigue life prediction model based on strain energy density exhaustion criterion and its application on aero-
engine turbine discs[D]. Shanghai: East China University of Science and Technology, 2019. (in Chinese)

Zhang S D, Takahashi Y. Creep-fatigue life and damage evaluation under various strain waveforms for Ni-based Alloy 740H[J].
International Journal of Fatigue, 2023, 176: 107833.

Takazawa S, Kang J, Abe M, et al. Demonstration of single-frame coherent X-ray diffraction imaging using triangular aperture:
towards dynamic nanoimaging of extended objects[J]. Optics Express, 2021, 29(10): 14394.

Takahashi Y. Modelling of rupture ductility of metallic materials for wide ranges of temperatures and loading conditions, part I:
development of basic model[J]. Materials at High Temperatures, 2020, 37(6): 357-369.

Takahashi Y. Modelling of rupture ductility of metallic materials over wide ranges of temperatures and loading conditions, part
II: comparison with strain energy-based approach[J]. Materials at High Temperatures, 2020, 37(5): 340-350.

EGE, A EF I, AR WAL -9 05 L HAR AR POUBAR TR AT BT L i e [7]. BN T2, 2024, 53(9): 1-7.

Wang J X, Li M Y, Zheng Z B. Advances in deformation behaviour of P91 steel under creep-fatigue interaction[J]. Hot
Working Technology, 2024, 53(9): 1-7. (in Chinese)

Saad A A, Bachok Z, Sun W. A study on the damage evolution of P91 steel under cyclic loading at high temperature[J].
International Journal of Automotive and Mechanical Engineering, 2016, 13(3): 3564-3573.

Cristalli C, Agostini P, Bernardi D, et al. Low cycle fatigue, creep-fatigue and relaxation-fatigue tests on P91[J]. Journal of
Physical Science and Application, 2017, 7(2): 18-26.

BRUE . PO1 SN BT A 9 57 A HLVE FH A A A5 AL 5% e 5 A DAL [D]. AT : VG pe 2838 SR 2, 2009.

Wei F. Research on creep-fatigue interation damage model and life assessments of P91 steel[D]. Chengdu: Southwest Jiaotong
University, 2009. (in Chinese)

TR . PO I A A T W AR 9 57 22 AR AT 8 [D]. SRR - 76 g 3838 K 2%, 2005,

Hao Y L. Study on creep and creep-fatigue interaction of P91 steel[D]. Chengdu: Southwest Jiaotong University,
2005. (in Chinese)

KUPEZAS . w5 4 T PO 1 0 8 72 /2 55 22 B AT T A 42 AT 58 (9. 35 0 T2, 2007, 27(6): 990-995.

Liu H J. Experimental study on creep-fatigue interaction behavior of steel P91 for power plant boilers[J]. Journal of Power
Engineering, 2007, 27(6): 990-995. (in Chinese)

Xu L, Zhao L, Gao Z, et al. A novel creep-fatigue interaction damage model with the stress effect to simulate the creep-fatigue
crack growth behavior[J]. International Journal of Mechanical Sciences, 2017,130:143-153.

Narasimhachary S B, Saxena A. Results of the ASTM round robin on creep-fatigue crack growth testing of a P91 steel[J].
Materials Performance and Characterization, 2019, 8(1): 20190125.

Zhang M, Zhang Y X, Liu H, et al. Judgment criterion of the dominant factor of creep-fatigue crack growth in a nickel-based
superalloy at elevated temperature[J]. International Journal of Fatigue, 2019, 118: 176-184.

Liu H, Bao R, Fei B J. Determination of creep crack growth threshold by experiments under elevated temperature with pre-
stressed specimens[J]. Advanced Materials Research, 2014, 891/892: 371-376.

Liu H, Bao R, Lei W M, et al. Evaluating the critical temperature of creep-fatigue interaction a nickel-based powder metallurgy



% 4 M R H . TIC0AAEFIET XA TIETE A AL 39

[32]

superalloy[J]. Key Engineering Materials, 2013, 577/578: 625-628.
ZEBETG . HUBE 57 5 TSPt M. dbat: Bl i b, 2006.
Li S M. Mechanical fatigue and reliability design[M]. Beijing: Science Press, 2006. (in Chinese)
T W LB R, AR B 2 R APRE 857 - 557 U8 Jr 5 GB/T 38822—2020(S]. b5t : Hf [E 45 i
H AL, 2020.
State Administration for Market Regulation, National Standardizaton Administration. Metallic materials: creep fatigue test
method: GB/T 38822—2020[S]. Beijing: Standards Press of China, 2020. (in Chinese)
Liu Z, Gong J G, Zhao P, et al. Creep-fatigue interaction and damage behavior in 9-12%Cr steel under stress-controlled cycling
at elevated temperature: effects of holding time and loading rate[J]. International Journal of Fatigue, 2022, 156: 106684.
Takahashi Y. Study on creep-fatigue evaluation procedures for high chromium steels: part II: sensitivity to calculated
deformation[J]. International Journal of Pressure Vessels and Piping, 2008, 85(6): 423-440.
Dong C L, Yu H C, Jiao Z H, et al. Low cycle fatigue, creep and creep-fatigue interaction behavior of a TiAl alloy at high
temperatures[J]. Scripta Materialia, 2018, 144: 60-63.
MRz, sk Bt BH, BRI . — g 55 - 48 52 B VR 77 i 0000 A58 80 ) 3036 36 3R 7], P [ LA T- /2, 2015, 26(10): 1356-1361.
Chen L, Zhang X M, Ouyang P. A model of life prediction for fatigue-creep interaction and its experimental verification[J].
China Mechanical Engineering, 2015, 26(10): 1356-1361. (in Chinese)
PREAZR, I, TLE T, 45 L S R n 4R A% 1R T T J 2 4% 3 B0 P A0 25 W% 742 7 i T J vk [0, LB AR 2441, 2009, 45(2):
81-87.
Chen X D, Fan Z C, Jiang H F, et al. Creep-fatigue life prediction methods of pressure vessel typical steels under complicated
loading conditions[J]. Chinese Journal of Mechanical Engineering, 2009, 45(2): 81-87. (in Chinese)
ZALas, RAMLAS, WHTAE . TO1 4 oy I A A2 52 90 RS & 15 0 B LT 5 (0], DU Bk LR “2 24 i (B AR B2 ), 2023, 36(1):
1-10.
Jiang L Y, Song S J, Kan Q H. Study on creep experiment and damage-coupled constitutive model of T91 steel at elevated
temperature[J]. Journal of Sichuan University of Science & Engineering (Natural Science Edition), 2023, 36(1): 1-10.
(in Chinese)
rh LA A B2 BORHIF ST B, 55077, T AR E . S BORE ) A= PR RR A I (M. JE 5t AUAR Tl th A, 2018,
AECC Beijing Institute of Aeronautical Materials, Guo G P, Ding C F. Mechanical testing of Aeronautical Materials[M].
Beijing: China Machine Press, 2018. (in Chinese)

(H# # #F)



