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Abstract: A non-proportionality description was proposed based on the analysis of sev-
eral commonly used non-proportionalities in multiaxial fatigue. Furthermore, a new multiax-
ial low cycle fatigue life prediction model was developed by combining the newly defined non-
proportionality with the strain parameter of the design criterion for non-proportional fatigue
in the American Society of Mechanical Engineers (ASME) code case, which was considered
as the basic damage parameter. On the basis of analytical study, conclusions can be drawn as
follow: (1) the defined non-proportionality can accommodate arbitrary paths with the given
contour under variable amplitude and non-periodic loadings; (2) compared with two com-
monly used models, the predicted multiaxial fatigue lives of 304 stainless steel under 14
strain paths using the proposed model agree better with the experimental results, which are

almost within two-time scatter band of the test results.

Key words: multiaxial fatigue; life prediction; strain path; non-proportionality;

non-proportional additional hardening

TR E R S G5 — AL T 2R B R S AR A AR R 32 3 B Ak I 2 B A A
IO AR AR s R A 2 AR g A s e gh b P SRS b R B A A 1) A T A R R 2R AT AR

W5 B HA :2014-06-24
EETR MK AMRFEEE(51105023)
YR TS 6k (1989 — ) 5B WAL R R L2 2 3 O A2 2 B WL K W I 15 7 i ol S R 5T



318 A |

DA LRI

R 171 S5 TUART T AR 1) 28 722, Al 2% 52 B0 1 7E Bk 11 45
Jay BB DX Ak T 22 b i g AR TR F 9 22
P 55 B AR 57 T 12 TR S bR, TR T R 2 il
I 55 WF % B S B R SOR R S T AN 1.

22 Bl 55 [ 80 25 PR 57 ) RS 4 11 3 B2 Ji
PUE F MR Z 30 3E te B 5517 R, © A iF e
FW L TEAR Lo A9 B0 485k F o B4R I B 3/
78 B A DT e e DR BT U0 TR U AN T e A RS A
LAY I 7% T A W22 Ak 2 1T BOM RE IR S BB B
R 28 1Y LS8 45 4 o d 2 S OB R A= B o oie Ak B
G R B E 22 il 57 0 2507 B RL I A L A1 B
st Ak 800

Ttoh %5 %t 304 AN G5 4 b kL kAT T #E 14 Fh
AN TE] e 49 F AR B P& AR R B H W K6 B 55 ik
5, A Bk TR RHR AR LU ] B s Ak 45 75 7E A [R)
I AEFE T A IR L T /Y 9% 57 77 K T
LU A5 I 4804 9% 57 F5 i 10 £ 5 b A R E AR L
EZ: T RN SR A (33 I Y SN E | B = ]|
RO Jom 5 Pl ARORE T 48 g s AR O HLXS A
BHI I8 57 5 1w 7= A2 S )RR B A 52 ). 1 AR AR A
S BERE A BN A R R B 4% 1 e AN TR i RS R
F T 3l A SR AR de U T Y 3% 22 i e 5
R T HE TR B8 B IT 8l IF AN — 72 7 A AR L i ji
s Ak B 28 05 2 i858 A8 B4 2 A8 Al J2 7 AR b
FHAE ECA) BRI 5 A 1 20 B2 55 1R s T R AFC VR L R
2 HERR O S 7 & @ (R 5 4N 56 Mot & 3%
IR L AR LA B 5 Ak (X = )2 BE A RE AR O
ST 4 JE CHN 2l A A — i AT B i Ak B 42
Borodii Fil Shukaev™ 145 H T 2R 458

25 bR AL, R LA B 5 Ak B R R A AR
WO T A8 5 5 AR 3 R TR R Y SO0 45
F 25 RE A A% 2R SR TOUL R PE . 56 T 0L B kY
A L ] B 5 A 5800, — M 75 AN WS S 80T
T

D e B EE @ (AR B IR - £ 2
e ot 48 7 S 55 6 A5 X A Ak R o i A £ 5

2) FHOBHE Lo 5 Ak 2R B o SO B AR LE
{9145 1 O A L A5 B fin 5i A 1) 80 D SR A 1Y
TR 25 48 5

PRI T 3 B 2 Y 22 il 57 0 0 2, T A )
SR A A B A8 B o 5 Ak R00; 1Y) S5 KA 1 2 il
R RARNAE S i Ae, HBDYS AT

Aey = (1 +a®)A¢, (D

A SCE S [l By LR i AR H ] R

(AR ) & SCL AR 5 i 7 —Fiogn i Ak 1o

B2 5 S IR AR FL AR Al B R T —FORT Y 2 B
95 FF iy TN ASE A L d J5 L e BT AR R # Y Ttoh
AL F Borodii BRI 5 A SCHE Y oy 45 Y 43 331
XF 14 FlAS [ Le R0 AR L g% 42 T 304 A5 A9 b
BHIEAT T 22 3% 57 73 iy PN » 45 2R 3 WA SCHR
F% TR 14 75 iy P00 S e HL A A o A T
P A5 R FEAAL T 2 4523 i LA

1 ##RARLE B

XFFAE B 2T 1 22 b 57 . bR 9% 5
FEVE A58 ZUAR R T IF BE A7 28K 2 428+ 3 32 A ()
AR AR HE AR O 4k E A1 B i 5i £k % 5
JERAR ) B RO 25 440 A P 1) 52 ) T R B R
RO Jon 528 A 507 1R PSS 80 i TR EL R © W)
DLFS0IN IR A5 28 2% 422 71 AR 0% B fim ik £k R B2
FENIPS S A QR S (RO S B N 5%
BTN 53 A 52 0 1) 22 i 55 75 i 0N AR AL vh d Ry
W —AZ 8. T A F LR LR L
ol 5 .

Kanazawa % fie /L4 T — A4S 5 60 819 HE
B 18] BB o s A 2800 AH DG 19 2 50, BDAR 98 Brown Al
Miller™ 11 ) BF 95 &5 5, LA £ K 5 o7 48 S i fE N
Il ST 2 A I A B R LT —
Ji e R 7 F 9% ] 2 HOR 8 1E A RHE 9] n 2
ARG BRI -0 A i 2k

B J5 . Fatemi Hl Socie'"™ 25 fpf e}l L 4] Fff
sk A RN it R s KRBT 0 AR - T A die R 1)
R 748 # Kandil-Brown-Miller (K-B-M) # %18
rh I ) A AR R A R T — ORI i 22 Bl o5 A
iy 700 A5 Y, Bl Fatemi-Socie (F-S) ## 1, & ik
B}

%(IJF/{GMW):C (2)

Oy

K AV A I K GG AR 5 0 max 5 KB S AR
T B R IE W R T s oy SR B RE B RN T 5 R
C MR R 8 S5 S 80
FU AR T A Sk 2 B ek B 56k A6 2% R 14 A L 3]
B F-S RN f 1 AR AR 5] BE i Ak 2800
Y5 o AH 3R T LA g IR I 5L 8 T Dy i 7R
I o A i T B L T B — AR AR 0 A A A R A
N 73, 36 F A A in 22 g3 TROEE Y, LR R
WHC R BT AR IR 25 kR R R TR X

Ttoh ZE12 45 H T 20 H42 90 4R UK I %
FH 22 5h AR e B 7 SC, 3t Bl 2k oy # v g A2
AR BE R 32 0 AR T ) AR AR R R o AR L



wel Bl AR TN AR AR AR BE AT E Y 22 Bl 55 5 i B 319

% fxlpﬂ‘j
T
I 1'57J [lsing(o [e(0]de (3

Tslqmax 0
K e (O ¢ B 20 3 0 AR 2 WHE W) e KA. T
A — A PEEN B ] CRE— A2 B D e N
— ARSI PN e (O B e KAB - ECOD R €1 FN
et (OIS ZAE B 7 1 & AR E T &
IR T3 1] (AR A 38 2 B8 T W AR AR AR PR
SEACA R I AE TR R Tz 1 — Fh 5 vk 5 SR Ty
PR TR0 0 AR b AR g AL S s TR
Jel 0T A ) SR L A o
Borodii 25" & AL LB E @ K

SE,e-de/SEeode ) 4
L I‘«J

2 e de 43 5 g i A [ B | R A8 B ik 1) s LY
R AR BN AR B AR L B9 SF 00 B4R s Lo AAL TR
AE L R A B AR LB de R B B AR 1T AR B4
T3 BRI E

o

€ = enSinwt
Y3 = Aemsin(wt + @) (5)
ey 20390 Dy L AE o ik ) Al e G L B U0
en HBEAE L TR RIZRR;A=1,9=90"32 K
IF I s 5 %50 - YR B KN
/ﬂg e« de ) ! (6)

ﬂg e « de

L L, 4 Aen,

A Ae, MR L FIRKRMAELE. L AL B

K, HRIEAN

z:g@ di 8
L

4k McDowell, Ellyin, Chen ££/20%2)_ fi]
SREAFDT T LR ZALEE 2 A3 i) A T £ JE
SCT AR He )

IR R He ] B e SCAT S8 L RE A /D VR
2 (i McDowell 5 30 - A7 88 L0025 LY
DNIAS 38 45 TR 7 P o el SR 450 1 s SO0 Ry e
AR SCER T B AR BB E SCL AT DL AT R
S 1) A 3 1 L 7 i 1 Sl R A
HARGN T SCHrig.

2 #FHIEEEHIERE X

H1 AT SC AT AT R F 2T 2 REAE E 4 B
588 P80 R A ek 22 Bl 8 55 45 475 1) B2 IR T 3
NEESECT IR L B AT AR L @ bR
IE LU B 5 AL R BT o L B 22 il 55 4 2 L T AE
F ISR O AR AR ) i A AR i 5 1) AR 2
E A5 a0 280 0 A 8 UL e £ AR L 9] BRS o i £ A

r=(1-

JE B 5 HLAEAS [R) A Fb A5 i 43 38 A 118 die L 28 Wi
AFTAE I o S5 2000 AR LS 1 X 3B K I F 9] B
SR AR B EOR.

FEF Ttoh 5 N Borodii & X & H B AL,
A Lo A BE 0 A OG 8 AT 225 18 1. WHE AR L)
N AR LR A 92 400 a8 A5 850 %
B L'h L sl 2k (B P B 200 1% B 42 F i de K
[ B A% Lo CE i 8D Hy 28007 72 (5) i E . B8
[F) AH A7 oA I R 8% A g o b SRH S B 197 2 %
BNy % AR RGN AR LT FE R X 3R ST
A 5% G SRy 8 X 18y 52 ) A 5 HG X B R L
] Bt hn s Ak B STk S 2 S X K ST AR A

1= yas (8

Ky TR ST — B = B BE R, TR 4%
Foh A LI o B AR, B8 B R Kk H
5] B0 o i A o e A Sy B B AR Lo o e KB B8 42 L
X R BERE T,

I, :J 42dS, 9

H—fLJE a1 @' h
o =11, (10)
Ry X G g i A A [ R S 80 B AR A ) 1Y
T 00 51 ASE R AT B AR L) BE e SR

o= /I 1D
KA 5L b 5E L 2% Borodii #R
S L.
= (1—2). S
O U W v

AP Arp WEER L TR KN ASTEE. S L H
WAL S, A Lo BUSAEAL Lh L KR,
HFRE AW (D).

Ay/ 3

K1 AR S A 2 n A
Fig.1 Schematic representation of an arbitrary path

and theenveloped line



320 it

¥

I IS LRI

T AT R PETE IR BR AR LU 2 R .
M-I B4R B FLE S AL S 0, b B X 4 SRS INRE R
A2 5 R FREAE R 1. e SCHRC2 ] iy 14 Bl ) Ee A A=l B i) i
2R 304 ANGEHA R 2 il % 57 150 B diE L 14 Fib
b3 FEARWE 3 Fin. xR 14 FOAS TR 42, R
3 PP TR AR He B CaRE E ) ) 3T A R
%1

=+ XX

Case 0 Case 1 Case 2 Case 3 Case 4

—/ o W— —

Case Case 6 Case 7 Case 8 Case 9

B2 1B R A T R )|/> 2% @
¢ RN

Fig. 2 Schematic representation of the cross path

and enveloped line Case 10 Case 11 Case 12 Case 13

Pl 3 L AR L ol R g A

3 gﬂ”‘- &% 5 fp D Fou | il Fig. 3 Proportional and nonproportional loading paths'?
S 5 B 5 B e B SOk 25 ] R T Y ®1 REFLOIEHITHER
ASME code case (2004) E”E Hﬁ @’U ﬁnﬁ%%&%& Table 1 Calculation results of different
o U P B 5 2 B Aescu (UL TR ) ASME non-proportionalities
NARYEED . R T 2w EE Rk ) I il e He s R T
(T 48 5 TR A5 8 T TR 92 BRI . L ik MEBE — 20 xmle] #x
itj\] X Case 0 0 0 0
Aepasme = ma){(m —ep)i+ %(VA — )’ T Case 1 0.34 0. 64 0.4244
(13) Case 2 0.34 0. 64 0. 4244
S enven 42 M AE H BB T R AT B AL B Case 3 0.39 0. 64 0.4244
B 20 Bl ) R AR 5 ya s v S DI AR BB T FE Case 4 0. 39 0. 64 0. 4244
2 RIS Aeaswie A 26 80 42 LT 1B A4 IX 3811 Case 5 0 0 0
BRSRR. Case 6 0.10 0.25 0.0153
B UL s T SCAIE LB B A2 T A A5 AR AR R
Ae., = (14 a®) Aersur (14) Case 7 0. 20 0. 36 0.0551
K o APRHGEE L 3 Ak R 5 B R R 9079 E Case 8 077 0. 44 0-3342
M #8255 Ta) AR 57 B A9 i 288 1) 102 7 e 22 BE A . X Case 9 0.77 0. 44 0.3342
TR M B o BBUEA R, G0 304 A 45 8 # K Case 10 0.77 0. 89 0.8024
a=0. 9}: ﬁjﬁﬂ\iz;; Fog e Case 11 0. 46 0. 69 0.3122
S JERE- AT 24 .
N B S M ey ve e
Ae m ) , L Case 13 0.77 0. 89 0. 8024
=5t =G @ND +€l2ND) (15)
S ot R RS 5 0 R i B2 LD 2 S04 BB HG S 2 55

PR boc A3 M 9 i 3 e g g vk gy TEREZHOREISCIRL26 ), W3k 2. RSO £ LA |
B E Sy bt Y Teoh BEEI F1 Borodii 5 811 fE g 4 1



2

Bl A L T AR B AR AR LE

4 22 il 57 7 i 190 321

Ttoh BHI2 Borodii £ 1M F1 A 3¢ fr 42 Hi A8 50
[ 7 i T 45 5 43 ) an &1 4~ & 6 .

®2 HHEBEFSEESHD

Table 2 Fatigue properties of the material(>

ot /MPa et b c E/MPa

807.824  0.04635 —0.09763 —0.3172 183000

I(]S:

10}

Calculated life/cycle

= Uniaxial loading

o Multiaxial loading
aaal

10° 10° 10¢ 10°
Experiment life/cycle

4 Troh HIHL™ 5 iy 751
Fig. 4 Fatigue life predictions by Itoh model*!

10°

10'}

Calculated life/cycle

= Uniaxial loading

- o Multiaxial loading
sl i A aaal

10° 10° 10° 10°
Experiment life/cycle

B 5  Borodii £ %M 5 i i
Fig.5 Fatigue life predictions by Borodii model***!

i &l 4~ & 6 A LA i, Troh #5271} JE L 4]
TR ARARG P59 57 75 fiw (g O 45 SR R 200 T 3 fi%5 4%
e A s Borodii #5828 fy 1 il 45 iR 25 8 K. H
T 235 R 5k TR S 5 AR SCRE TR 00 25 SR D) R 3 43
P F 2 F5 0 EoH LA N . R 20 i a2
5 43 By L Ab.

10° 3

10° |

Calculated life/cycle

= Uniaxial loading |
o Multiaxial loading

i aaaal i aaaaal MY
10° 1° 10* 10°
Experiment life/cycle

P 6 A ST R AR Y 4 7 i T
Fig. 6 Fatigue life predictions by the model presented

in this paper

5 & it

Fhy 38 A7 i R R AT 5 R T £
DI 3 LR 4518

1) A SCHR A — Rl AR L] B2 g AT LA iR
P17 e s i A 0 0 722 0 v Al b4 2R
123 A TR R .

2) FeT s SCHY I AS B AR AR e BE AR A T
— R Y 22 Bl 5 73 i 0 ASE A 2 AL O A 3E
P8 A L 8 2 e 07 L il T AR i AR
Fe A i 4 22 9 55

3) 5 TR A F i) Troh # AU A1 Borodii &
RUMH FE o I 4t 19 77 i LA X 304 S 85 A9 44 kY
T S A S5 R BT 2 A5 4 HCH LA

S 3 Wk

[ 1] Kanazawa K, Miller K, Brown M. Cyclic deformation of
1% Cr-Mo-V steel under out-of-phase loads[ ] ]. Fatigue

1R L A m]

and Fracture of Engineering Materials and Structures,
1979,2(2) .217-228.

[ 2] TItoh T, Sakane M, Socie D F, et al. Nonproportional low
cycle fatigue criterion for type 304 stainless steel[ J]. Jour-
nal of Engineering Materials and Technology, 1995, 117
(3):285-292.

[3] HEM. A%, Zr-4 G 4 B 57 17 2 B H 300 48 T #L
BT BUhE 55 A AT R[], 428 2% 4. 2000,36(9) : 913~
918.
XTAO Lin, BAT Juli. Biaxial fatigue behavior and micro-
scopic deformation mechanism of zircaloy-4: [ biaxial fa-
tigue deformation behavior of zircaloy-4. [J]. Acta Metal-
lurgica Sinica,2000,36(9):913-918. (in Chinese)

L4] TR, MK Ze-4 540 0 £ m =kt Bin 4



322

LRI

(7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

1655 B SR AL LT . 74 2 2838 K 2 % 4l . 2004, 38 (3) : 299-
302.

YU Liang, BAI Juli, XIAO Lin. Additional softening and
strengthening behavior of hydrided Zr-4 under biaxial out-
of-phase loading[J]. Journal of Xi'an Jiaotong University,
2004,38(3):299-302. (in Chinese)

] ISR R G o K 5. B T S A 43 BT e NS AR
JE B EELT]. 45 )8 4], 2003,39(7) : 715-720.

HE Guoqiu,CHEN Chengshu,GAO Qing, et al. Definition
of non-proportionality of strain path based on microstruc-
tures analysis[ J]. Acta Metallurgica Sinica,2003,39(7):
715-720. (in Chinese)

Socie D F. Multiaxial fatigue damage models[ J]. Journal of En-
gineering Materials and Technology ,1987,109(4) :293-298.

A ISR R G e K L AL R o 19 22 b Al LU ) 28 AR A 9
I3 HWEFE L], MUK TR 2% 41, 1999, 35(1) : 47-50.

HE Guoqiu, CHEN Chengshu, GAO Qing, et al. Study on
multiaxial low cycle fatigue under nonproportional loading
of 316L stainless steel[ J]. Chinese Journal of Mechanical
Engineering,1999,35(1) :47-50. (in Chinese)

Chen X,Xu S,Huang D. A critical plane-strain energy den-
sity criterion for multiaxial low-cycle fatigue life under
non-proportional loading[ J]. Fatigue and Fracture of Engi-
neering Materials and Structures,1999,22(8) :679-686.
SHANG Deguang, SUN Guogin, DENG Jing, et al. Mul-
tiaxial fatigue damage parameter and life prediction for me-
dium-carbon steel based on the critical plane approach[J].
International Journal of Fatigue,2007,29(12):2200-2207.
BEPEEE TR BR SR IE 55, . AR BT ALTSI-0. 3Mg
G 4 M PR RS P BOW AL FL LT ], 4 )8 % 4, 2009, 45(7) ¢
861-865.

MO Defeng, HE Guoqiu,ZHU Zhengyu,et al. Fatigue fea-
tures and mechanism of Al-7Si-0. 3Mg cast alloy under
nonproportional loadings [ J ]. Acta Metallurgica Sinica,
2009,45(7):861-865. (in Chinese)

WU Zhirong, HU Xuteng,SONG Yingdong. Multiaxial fa-
tigue life prediction for titanium alloy TC4 under propor-
tional and nonproportional loading[ J]. International Jour-
nal of Fatigue,2014,59(1):170-175.

Borodii M, Shukaev S. Additional cyclic strain hardening
and its relation to material structure, mechanical character-
istics,and lifetime [ J]. International Journal of Fatigue,
2007,29(6) :1184-1191.

Liu Y.Mahadevan S. Strain-based multiaxial fatigue dam-
age modelling [ J ]. Fatigue and Fracture of Engineering
Materials and Structures,2005,28(12) :1177-1189.
Borodii M, Strizhalo V. Analysis of the experimental data
on a low cycle fatigue under nonproportional straining[J].

International Journal of Fatigue,2000,22(4):275-282.

[15]

[16]

(171

(18]

(191

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Miller K J,Brown M W. A theory for fatigue failure under
multiaxial stress-strain conditions[ ] ]. Proceedings of the
Institution of Mechanical Engineers,1973,187(1) :745-755.
Brown M W, Miller K J. Biaxial cyclic deformation behav-
iour of steels[ J]. Fatigue and Fracture of Engineering Ma-
terials and Structures,1979,2(1):93-106.

Fatemi A,Socie D F. A critical plane approach to multiaxi-
al fatigue damage including out-of-phase loading[ J]. Fa-
tigue and Fracture of Engineering Materials and Struc-
tures,1988,11(3):149-165.

Kandil F A,Brown M W, Miller K J. Biaxial low-cycle fa-
tigue fracture of 316 stainless steel at elevated tempera-
tures M ]. London: the Metals Society,1982.
BRI L 7 € . 22 Bl IR R 0 97 B g IR LT ). g 4% 4%
1997,14(3) :238-241.

CHEN Xu, XU Shuangyan. Recent developments of mul-
tiaxial low cycle fatigue failure prediction [ J]. Pressure
Vessel,1997,14(3) :238-241. (in Chinese)

McDowell D. An experimental study of the structure of
constitutive equations for nonproportional cyclic plasticity
[J]. Journal of Engineering Materials and Technology,
1985,107(4) :307-315.

Ellyin F,Xia Z. A general fatigue theory and its application
to out-of-phase cyclic loading[ J]. Journal of Engineering
Materials and Technology,1993,115(4) :411-416.

Chen X,Gao Q,Sun X F. Low-cycle fatigue under non-pro-
portional loading[ J]. Fatigue and Fracture of Engineering
Materials and Structures,1996,19(7) :839-854.

T4 EFRERR 3 - B, EX6E LS. —Fh £ 4l 3E o] 2%
Fap IR A 98 55 75 i TN 77 ¥ [T 1. HLAR 3R 2, 2004, 26 (1)«
250-253.

YU Haisheng.Shukayev S N, WANG Xingguo, et al. Life
prediction method for multiaxial non-proportional loadings
[J7]. Journal of Mechanical Strength, 2004, 26 (1) 250-
253. (in Chinese)

PR AL Wi 75 TR T ). 2% BB A8 6 A% 1Y) 22 A R 9 57
A AL T]. TR J3%,2012,29(4) :84-89.

CHEN Jiaquan, CHEN Guojun, WEN Jieming. Multi-axial
low cycle fatigue life prediction model based on strain path
[J7. Engineering Mechanics,2012,29(4) :84-89. (in Chinese)
Itoh T, Yang T. Material dependence of multiaxial low cy-
cle fatigue lives under non-proportional loading[]J]. Inter-
national Journal of Fatigue,2011,33(8):1025-1031.

BRIB 2R, 57 5%, 45 A LU 84T T 304 A 85 99 A8 9% 55
5 m B LT, LA BE - 2001,23(3) :316-318.

CHEN Xu, AN Ke, QI Rong,et al. Low cycle fatigue life
prediction for 304 stainless steel under nonproportional
loadings[J]. Journal of Mechanical Strength,2001,23(3)
316-318. (in Chinese)

(m# .t )



