5528 55 6 14 FE AR 2 Vol.28 No.6
202446 H Journal of Ship Mechanics Jun. 2024

LEHS . 1007-7294(2024)06-0917-08

% & IF B B inE T & FE B
5% B 57 75 A T

RIS, B, XR%, REH, AT %

CRri R MU TR~ BE, 58 AT 830046)

FE - 5 Lo AT A8 Lb , ZE R LG 28 fin 2t e T BRI 403 10 7 A=, DUARORS 23 Hh BRI S A e i . AR
SCE A A3 BT A AR A T S % 55 A (4 PR 3R B L — AN Al L B A R, DA R R B U T A i S
ST T I T A0 7 R 57 A AR Y T 114 2 i 57 7 i T AL AN AN 2% ik 1) 17 ) %o Bk SR A=

RO R SR, i) ELE S ARG Ak 2T B AR AR L S AR L 2 A 2ok 22 il 97

FFATIEEA o SR T 5 R RHE 223t 38 A T (19 52 90 E0CHE S S0 A SCREBY A 4 , [+ 15 190 v 28 LA 200 A7 0

LU, BRI 50T G 3 BT I A S SR AR TR T R RE A4

SRR 7 AR LIRS 5 I S AERON A 5 B0

RESES: TH114 XERFRIRAD: A doi: 10.3969/.issn.1007-7294.2024.06.011

Fatigue life prediction considering the additional damage
under multiaxial non—proportional loading

ZHU Peng—nian, GAO Jian—xiong, YUAN Yi-ping, XU Rong—xia, WU Zhi—feng
(School of Mechanical Engineering, Xinjiang University, Urumqi 830046, China)

Abstract: The significant life reduction of mechanical components during non—proportional loading com-
pared to proportional loading results from the additional damage. In this study, the factors affecting the fa-
tigue life under non—proportional loading were analyzed, and a new non—proportional damage factor was pro-
posed. A novel fatigue life prediction model based on equivalent strain was established with the maximum
shear plane as the critical plane. The new multiaxial fatigue life prediction model not only considers the ef-
fect of normal stress on the critical plane on the material crack initiation and crack propagation, but also re-
flects the non—proportional loading on the multiaxial fatigue life by introducing the non—proportional harden-
ing coefficient of the materials and non—proportionality of the load paths. Experimental data under multiaxial
loading of five materials were used to verify the accuracy of the novel model, and were also compared with
two classical models. The results show that the prediction accuracy of the proposed model is higher.
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Tab.2 Performance parameters of materials

ok E/GPa  o,/MPa o /MPa @ o;/MPa £ b ¢
16MnR 2125 544.5 324.4 0.2 966.4 0.842  -0.101  -0.618

BT-9 118 1080 910 0 1180 0278  -0.025  -0.665
Pure-Ti 112 558 475 0 647 0.548  -0.033  -0.646
Q235B 204 390.9 269 0.26 407.6 0.81 -0.042  -0.59

S460N 208.5 643 500 0.25 834 0.157 -0.079 -0.493




922 AR 712 28 B 6 1)

107 10"
10° /,;,; i 10 o ,Jqﬂ
5 b = A
i - ozt B OB
& %8s | = 16MnR & 08 8o’ [0 16MnR
A Pt po-t-g i4hl A
# g PNV <4 e BD # g | el ¢ BIS )
= g & Pure-Ti = e P e 4 Pure-Ti
= i v QBB s i e © Q5B
O o S460N T )78 o S460N
(O —memn BB ,/73"2° e e e R 2155 B
2 : - - 3 o ; ~o-- 3R
10° - L .
10% 10° 1ot 10° 10° 107 10102 10° 10 10° 10° 107
S8 F A (eycle) S FFAw (eycle)
(a) AR (b) FSAER
107 =
Lol o R R
10°
- %o &
5105 Oﬁ?"’
> 16MnR
fgw > o B
= 4 Pure-Ti
B v Q235B
10° o S460N
fffff - 255 HUH
- - - - 3fEHGE

r
10* 10° 10° 10"
igﬁ%ﬁ((tycle)

(c) SWTAAY
K5 S - TN 4 i A HRgR
Fig.5 Experimental and predicted results of fatigue life for different materials

MNIELS A LU Y, S SO SR B 0N 45 5 R 22 Ak 1 =A% 1R 22 70 Bl LAY, KA S460N H9 5 16MnR
B D BOSAL T = AB DR 22 03 WO Z Ah AR SCIERY I 0 235 A, X T Pure=Ti 25 Hi T ORSF 09 T50I 45
s FS B T Pure~Ti #Y TN 45 5 B4, HOGS T HoAb DO kA e ) 2 i P00 235 R 2 AN PR ST B9 5 T SWT
BRI 265 H 8 TI0I DR 22 A A =A% 23 BieH: Z A, T 45 SR T g B, n] BE A J5E A 2 SWT % BT D4R FH 32 A
MR EATRL , T 45 SR Al 22 30K

IR TN 45 SR B < AS S a2 AR Al 2R B AR A L EE R ST b A SR R 1]
LR5 75 BRI 55 75 i (AN [] PR 3R BT ST R TR, X6 T AR SCIT e bRk ) S0 295 2R S vy, X TR 43
BEE T sis P SORE AN WY Sl FRg A 8, 388 2ok 2% BB 8 B AR 5 e A ) 17 3 ) L Xof TR I B A 4 L R0 55 7 i
T 45 SR Al A A T

5 £R51T1
o TR OB B B R BRI T

LR T A T BEAT PP, 51 ABER TR 22 R BEAT VAN , vl
A

10% 10°

N

P... =log, (M) (12) Bal
A N RIS A, N, A T A

ARSCR AR AR AIE ZS I 2P BT e B, U 6 From
N Tt G NS SN E U DE RS QR S ——
BRI SRR v 228N, Y5 P (B FU SRS Error = O Y Kl 6 AR B4
IR, TEZS A M 2 A By, 2RI H 5 ) RT3 'S Fig.6 Box plot of model prediction errors




55 63 RMBARSE : Z250AR e BT % st i - 923

BRI AT R/ NG i 22, (EHAR HHEZE AR TAS SCRR RS, Bt L TE 257315 MR 731 SWT B RL ) i 22 0K
IEZS AR BON 3B, AR BE AR . DA 0 Hr 3R AR SCRE N ER 5 5 B8 T BRI ik Ak R 85 it Al Ee
91 P8 1R R [0 IO 3 K 55 745 i RIS, ST PRI AR 2 7 PO ASE A e f LIRS 2

6 & it

AR S A3 7 A H AT A A T 7 A 8 BRI 40 855 | i A5 Ay AR AR AR A ST TR I 22 Tl 5
Far ALY EELSIS T

(1) 3B 255 7% IR RV R S T b B g5 3 1) 187 7 ST 5 i A Lo s Ak I
T, R WA L i A R 9% 55 A i i IS, 45 IR B 40 TR, ST TR A T AR AN AR 1Y
22 B 55 75 i O AR R

(2) P T 25 R 5 2 4 A0 BT T R, AR SO TR 0N 4% SR 4 0 o 28 LSS R S AR B SWT B A
AR SCIRU B A A L 22 B 5 LA E A7 5 Ak PR 710 S5 AT DL % 57 7 o TIDRS E

& £ X B

[1] Chu C C. Multiaxial fatigue life prediction method in the ground vehicle industry[J]. International Journal of Fatigue, 1997,
19(1): 325-330.
[2] You B R, Lee S B. A critical review on multiaxial fatigue assessments of metals|]]. International Journal of Fatigue, 1996, 18
(4): 235-244.
[3] Glinka G, Wang G, Plumtree A. Mean stress effects in multiaxial fatigue[J]. Fatigue & Fracture of Engineering Materials &
Structures, 1995, 18(7-8): 755-764.
[4] B/NDE, TR, sRILZE, A5 — P (I 57 050 0 15 AR A e 2R i e I REURAE 3 BT[], AR 127, 2022, 26(3): 391~
399.
Huang Xiaoguang, Wang Zhiqgiang, Zhang Dianhao, et al. A low—cycle fatigue damage evolution model and its tolerance anal-
ysis of crack nucleation from notch[J]. Journal of Ship Mechanics, 2022, 26(3): 391-399.
[5] Gates N R, Fatemi A. On the consideration of normal and shear stress interaction in multiaxial fatigue damage analysis[J]. In-
ternational Journal of Fatigue, 2017, 100: 322-336.
[6] Luo P, Yao W X, Susmel L, et al. A survey on multiaxial fatigue damage parameters under non—proportional loadings[J]. Fa-
tigue & Fracture of Engineering Materials & Structures, 2017, 40: 1323-1342.
[71 YuZ Y, Zhu S P, Liu Q, et al. Multiaxial fatigue damage parameter and life prediction without any additional material con-
stants[J]. Materials, 2017, 10(8): 923.
(8] FIMif, A= EFE, AR, 25 . BT SN AR BE Y 22 R 5 B RUITFE (. AR J127, 2015, 19(4): 405-410.
Sun Nannan, Li Guoxiang, Bai Shuzhan, et al. Study on multiaxial fatigue criterion based on total strain energy[J]. Journal of
Ship Mechanics, 2015, 19(4): 405-410.
[9] Shang D G, Sun G Q, Deng J, et al. Multiaxial fatigue damage parameter and life prediction for medium—carbon steel based
on the critical plane approach[J]. International Journal of Fatigue, 2007, 29: 2200-2207.
[10] Wang C H, Brown M W. A path-independent parameter for fatigue under proportional and non-proportional|[J]. Fatigue
& Fracture of Engineering Materials & Structures, 1993, 16(12): 1285-1298.
[11] Fatemi A, Socie D F. A critical plane approach to multiaxial fatigue damage including out-of—phase loading|J]. Fatigue
& Fracture of Engineering Materials & Structures, 1988, 11(3): 149-165.
[12] 4% #F, 90 R, ZRFRNE, 55 —BIoRr 0 22 Bl 55 75 o 0 7 Bk 1] BLBCLFE4R, 2009, 45(9): 285-290.
Li Jing, Sun Qiang, Li Chunwang, et al. New prediction method for multiaxial fatigue life[J]. Chinese Journal of Mechanical
Engineering, 2009, 45(9): 285-290.
[13] Shang D G, Wang D J. A new multiaxial fatigue damage model based on the critical plane approach[J]. International Journal
of Fatigue, 1998, 20(3): 241-245.



924 AR 712 28 B 6 1)

[14] Zhao B F, Xie L. Y, Bai X, et al. A multi-axial low—cycle fatigue life prediction model considering effects of additional hard-
ening[]]. Fatigue & Fracture of Engineering Materials & Structures, 2018, 41(7): 1488-1503.

[15] Zhong B, Wang Y R, Wei D S, et al. A new life prediction model for multiaxial fatigue under proportional and non—propor-
tional loading paths based on the pi—plane projection|]]. International Journal of Fatigue, 2017, 102: 241-251.

[16] PRAAL, FRIEIAE, T i W . 25 LG I AR A58 1Y 22 iR o1 8 57 A7 a PN B 2L ). TR 775, 2012, 29(4): 84-89.
Chen Jiaquan, Chen Guojun, Wen Jieming. Multi—axial low cycle fatigue life prediction model based on strain path[J]. Engi-
neering Mechanics, 2012, 29(4): 84-89.

[17] Itoh T, Sakane M, Ohnami M, et al. Nonproportional low cycle fatigue criterion for type 304 stainless steel[]J]. Journal of En-
gineering Materials and Technology, 1995, 117(3): 285-292.

[18] Smith K N, Watson P, Topper T H. A stress—strain function for the fatigue of metals[J]. Journalof Materials, 1970, 5: 767-
778.

[19] Shamsaei N, Gladskyi M, Panavovskyi K, et al. Multiaxial fatigue of titanium including step loading and load path alteration
and sequence effects|J]. International Journal of Fatigue, 2010, 32(11): 1862-1874.

(2012 0, B B, 2] 2 AR HLBIRHIn A% 0 2 5 SR 0 57 AR A BRI ). 122 AR, 2015, 47(4): 634-641.
Jiang Chao, Deng Qun, Li Bochuan. A new multiaxial fatigue life prediction model based on the non—proportional additional
damagel[J]. Chinese Journal of Theoretical and Applied Mechanics, 2015, 27(4): 634-641.

[21] Sun G Q, Shang D G, Bao M. Multiaxial fatigue damage parameter and life prediction under low cycle loading for GH4169
alloy and other structural materials|J]. International Journal of Fatigue, 2010, 32(7): 1108-1115.

[22] B . B T IR LR AR i 2 AR SR8 55 3 i 73 D). Rt B9 RO ZS LR K27, 2016,
Liao Xiaxia. Fatigue life analysis of multiaxial low—cycle based on plastic strain energy[D]. Nanjing: Nanjing University of
Aeronautics and Astronautics, 2016.

[23].Shamsaei N, Mckelvey S A. Multiaxial life predictions in absence of any fatigue properties|J]. International Journal of Fa-
tigue, 2014, 67: 62-72.

[24] Itoh T, Yang T. Material dependence of multiaxial low cycle fatigue lives under non—proportional loading|J]. International
Journal of Fatigue, 2011, 33(8): 1025-1031.

[25] Chen X, Gao Q, Sun X F. Damage analysis of low—cycle fatigue under non—proportional loading[J]. International Journal of
Fatigue, 1994, 16(3): 221-225.

[26] T [E SR, BRARE, @& P, 45 . JE TR B e SO W AR AR L B (). 42 R 24412, 2003, 39(7): 715-720.
He Guoqiu, Chen Chengshu, Gao Qing, et al. Definition of non—proportionality of strain path based on microstructures analy-
sis[J]. Acta Metallurgica Sinica, 2003, 39(7): 715-720.

[27] Zhou X P, Shang D G, Li D H, et al. Life prediction method based on short crack propagation considering additional damage
under axial-torsional non—proportional loading[J]. International Journal of Fatigue, 2022, 161: 106888.

[28] 2  #, SKIEOF, ZEFRHE . — b 5 AR AH DG 1Y 22 AR i 982 55 75 A 500 5 ¥ 0. W 2RV Dk R 2224k, 2018, 50(4): 153
158.
Li Jing, Zhang Zhongping, Li Chunwang. A path—dependent multiaxial low cycle fatigue life prediction model[J]. Journal of
Harbin Institute of Technology, 2018, 50(4): 153-158.

[29] Zhu S P, Folttti S, Beretta S. Probabilistic framework for multiaxial LCF assessment under material variability[J]. Interna-
tional Journal of Fatigue, 2017, 103: 371-385.

[30] Zhu S P, Yu Z Y, Correia J, et al. Evaluation and comparison of critical plane criteria for multiaxial fatigue analysis of duc-
tile and brittle materials[J]. International Journal of Fatigue, 2018, 112: 279-288.

[31] Gao Z L, Zhao T W, Wang X G, et al. Multiaxial fatigue of 16MnR steel[J]. Journal of Pressure Vessel Technology, 2009,
131(2): 021403.

[32] Qu W L, Zhao E N, Zhou Q, et al. Multiaxial low—cycle fatigue life evaluation under different non—proportional loading
paths|J]. Fatigue & Fracture of Engineering Materials & Structures, 2018, 41: 1064-1076.

[33] Jiang Y Y, Hertel O, Vormwald M. An experimental evaluation of three critical plane multiaxial fatigue criterialJ]. Interna-

tional Journal of Fatigue, 2007, 29(8): 1490-1502.





