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Fig. 2 Finite element diagram of biaxial specimen
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(a) Biaxial specimen size
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(b) Biaxial specimen stress field
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Fig. 3 Finite element diagram of biaxial specimen
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Fig.5 Biaxial strain gauge measurement diagram

6 i A LRS R E-5 1 ) i (PR O &R

Fig. 6 Relation between the input displacement ampli-

AAZ L BEIR S A E . 2 RS A PO TR L 4R AR
ARG R B IH I S 36 5 1.

tude and the stress amplitude



TERKCEEAE . U 25 8 75 8 07 S 9 T vk < 729 -

F1 TC4ILERS

Table 1  Chemical composition of TC4 titanium alloy

A= -5T% Al A% Fe Ti

wt( %) 5.98 4.25 0.23 AE

7 TC4 RO LK

Fig. 7 Microstructure diagram of TC4 material

2.1 S-Np%

BT BT A AU A A S Uy i AR
Wit A SO R T TCA BhA 4 9% 57 WU S il 9% 57 1
AE 0 32K, -4 XUk 25 ot e SR 07 SR A R
T K 2 1Y [) A 228 0 75 2 57 o 430 7 B el 25 i 8 57 1) 4%
REAT TR .

Pl 8 e Ay XU 25 ity 98¢ 55 F0AH ) 64 4 L AH [R] i 2
AT 1 PR 2t g O E B S RS R A T
TCA BRA & Je — P LB (9 BR5 48 7 h » L0 e P fiE
e o PR SR T T 2528 SCHR v o Bl T 75 % 57 1Y)
SERIEAT X AT e rp2r o il 2R Sk XU Sl 9 57
PEREUL A i 2k Bk B il 7 M RE L G it £
AR PR R o o7 M se L A i kLl TR
TCiE &1 b S B Hs 41 Bl R S Bl . TC4 Bk
B 4 10 R (e 13 T 34 S A7 AR 98 57 A B #0 5 B A 0%
SRR BLA BRI R 9% 57 PERBZE 10° W TT
ZHI AT Al Y. 3 2 PRy A R TR ) e R BE
I BRh R 57 R 1 A S T 2K 32 A [
IK V- BTG B 2877 v £ 17 25 % 07 RN AE R R
T -5 5 AR 25 AR T ) P S 52 R Ak LA A () 18 4
B, Bt A 107 3 7R JEE B 7 1] ) 0 B A 25 il iR 1
B A A 1 N g 1 /N T B RO gL AR A 9 5 T 2R
JIT AR A ) O % e B R 3 R[] 1) e K )
WRAEL S SR bR 98 57 AR TS e 97 A oy Kk E

57 W 8. T AE 10° YRI5 Z 0 » RO |y 7 e A 8
RS HE B BEY A i o T B AR 9920 LA Y
DR G A0 B 458 07 1140 1 28 B JEE A% A SRR 55 7 i 19 52 )
S0 B . A S A AR R bl T T R T AL I AT
FE VIR A7 WA . AR 9% 55 B A0 57 B0 A 1 R
DI A7 A T O B AR . DD T 2 SR A R Y
AN 8l . T BUR AR RO BRI 1) RN e A
PEIE 557 BLECAERPRE o B i A AL R Al 2
AL s 847 7E 1V 77 53 A BB 7 ARZS AR 9. AE
A 2T VR R bR SR T T R T X e R 2
S5 KA N 3 R R 7 [ B 7 33K 2 X3 25 A7 A
0L DA IS NTTI= R U A 5 = R il NP 4R S =
T 732 1) 2 249 50 9 L B8O R 7w B N ) AT RE /N B
HAAEAE NI BT 2 b 57 Pk BB AR T 47 1 % 57
A 0. X6 L OUSUfh 75 A0 B4 25y S rl DL A A SC 28
MR E R S H R=—1 1 . I & B T a3 dkin. =
XU 25 T P9 2 55 8 8 D0 T A 5 A 25 il A T 119
PERE. X — 22 5 WO RS iy 74 Bl 77 180 149 1 77 U AR
oy 1. 08, S ECPI AL Ty Ko A A X 3 5T Pt
AR A O 9 A1 B DD 7 28/ T B 2 iR B PR ER )
JS2 3 32 i A A R 07 Pk RE S 4. R TG
I3 BCE AUH B EAS SCHR H 110 US55 g 57 5
7 5 » WU I A3 EE X 02 5 P R ) S o R o 2 ik
— L IF BT,

o R=—1H%%
200 ’ o R=—1HHE
R=—1 35 iy
800 °
|~ Y=1907.39x "
<
S 700t .
:,, Y=3689.96X "
600
=
R oseof 0 s ® %o
A Y=669.57X"" o . 3
400} °
9
3001 °
10 10° 10° 10 10° 10°
FHAIN,

B8 SN RS bl - CRL Al 2 il o | B i R R R A
i ey ] R e 9 55
Fig. 8 S-N curves comparison: (uniaxial bending fa-

[19]

tiguel™®!, uniaxial tensile-compression fatigue™!

and biaxial bending fatigue)



+ 730 - W g 22 4l

2024 4E4 45 %

2.2 REFRHR

KU 25 i % 55 55 5 0 57 257 b ) 22 S A AU
TEJE 57 75 i i 26 _E s i TR IR AN ], R80T
JEALAS[A] T Bl 25 i 5 5 T 4 BR] B B SR R
AR AR 9 PR, KU S R 57 A0 R AR A B
H R 0 Ul SR S0 R R AL S ABL T AR G B XU
R 1T XU o Y RS0 R R AR 0 AR Y
SO AS 1973 A7 BUEE  m] R DU 25 il 9 2R SO 2550
“H BT RLGUMTY RTREL

b B

(o7} 4\; 02 () [}
—— —_— —— —_—

I o

(a) “H” &L (b) “Y” HEZ
(a) “H” crack (b) “Y” crack

B9 XUl il 3257 01 5 RGOS 1

Fig.9 Biaxial bending principal stress and crack orientation

MR Griffich W 28 0. R T 37 1 6E B 37 A
FE 3BT 2 RSO AR TR 1 0 A B B T 3
W R Bt T R RO K ER

B, A 2 00 0 AR EL A X 5 T R R RE L B
#AMRER B G M G, £/ T R8P &7
A5 22 18T E R BE v (G<<2y). IR Y 8L SR i
SEPITT ) b 3R g R R B N O — AN 5 R T
o5 3 7K 3 8 I [] 385 KT RE B R CR G ki
AR T 2B Y RE. B LS00 E ) 78 R0 2
B [ R A B 1) SREL T AE YRR IR
JEH 2B BERE R, BP0 A T 1) B R
SRPE N T AK, Al AK. B OR T R0y T M
AKy . PG YA 3202 J7 07 18] b (9 EG0AT DL 7 JF
JA IR T BORSUH AR iy 1 A2 D U R
3O OB 1) SR X i AL — ZR L A 3 XL 2R
SR AR 10 A R AE XU AN 38 2% 1R 1 Bl A
T AN 74 AR PR IO 3 AR 2853 AR 45 2R, 55 1 48 XU 9%
55 AN TR 42 o T e S B B X O 8 A K P A
B ST E A B

B 10 Sy UK 25y oA R SR ELY LS. AT LA
H o BB B ) SRR R AR R 2 BN B A IR AT
RE Y LR B 0 9 8 A0 K B/ B B AK B
ZIN A AR LY A SRR LA B S ) L 2
RO\ —Adh L E 2 55— A~ ORI T O
RLZE ST S ECROUY SRR AR A A T T AR R L

(a) ¢,=555MPa, N=1.3X10’

(b) ¢,=518 MPa, N,=5X10’

(¢) 6,=370 MPa, N=1.207X10°

(d) 6,=476 MPa, N,=1.46X10°

P10 AN [ R XU 2 il 2 0 A2 T JR 7 . o 1
Fig. 10 Biaxial bending crack path of four different samples



%6 4

TERKCEEAE . U 25 8 75 8 07 S 9 T vk - 731 -

B L RBE Y /0 s DR R s S 3 1 R 2
DU AR HINAE X 0T REE TS Y SRR B
I CFE AK, R AK, 30D #4547 5w 4 1 T K
- 25 HE Bl 2R SO i 2 5 oA T TR R BOR U
G LA AR X /N SRS J 32 D T (5 R T 3 6
BHRFERY 2. I R A Ja 2 R By i AR T, B
HRE R BCR G Y3 R, 5 1) R S0Z W AL WL 6]
HEr PR GUH L IR LI T - R8T R L
I B i) LB AR AT R Ji S KT A FE R H R B
SrcmpE 10Ca) (b (d) Frzn) 1 24 5 ) 280 — 4

95 10 05 JE 5 17 T LA BN X T 55— A7 1
BULCTT B B T TR BRI 4 LB Bt Y
5 L 10Ca)).

2.3 EO&H

U5 [ 1 288 A7 R AE [R)RE W] LA 7 11 8] v 3R 3
ok 11 S sUh A il i A (6, = 555 MPa, Ny =
1.3X107) 0 5l 25 iy i #F (6. = 555 MPa, Ny =
3.82X10°) 3T B A= DX 5k 14 1 4 oL B TE B0

B 11 g ss i D IE S () & (o) B i OB 5 0, =555 MPa, N;=3. 82X 10°; (b) &.(d) XLih 25

i B FTIE SR 6, =555 MPa, N;=1.3X 10’
Fig. 11

Bending fatigue [racture morphology: (a) & (c¢) uniaxial bending fracture morphology s, =555

MPa, N;=3.82X10%; (b) & (d) biaxial bending {racture morphology ¢, =555 MPa, N;=1. 3

X107

B 11 Ca) Ch) W] LA HY B Ak R0 8k 25° il 98¢ 57
WSR3k 2R TH TR0 0] 8 B O 1 . AR
o JEVIRE 57 28407 Mgt R A DX T 1T TG S A I
2475 3 R/ 20 1 B B E B 28 0 #
Be. HETT R I AP R AR R BB R. 5 TC4
SR G 4 PR R 5 R 1R 9 55 I E 28 AL AR AR

Ak DL/ Z TR T B B TCA B < 8 8 = Jl % 57 2K
i T B2 AR T A A BRI T {ER A ) T
LB 25 g S 5 U 25 R 57 /0 220 T TR B K L
TEY” J& 14 i v 32 22 Tl 16 9 52 . [ I XU 25
URE B WY A7 AE B 65 B A0AS (R 5 1) B % 55 2%
o0 A 11Cd) o AR @ Sk Prs.



- 732 - W g 22 4l

2024 4E4 45 %

B 1 5 2 il 2 B A 25 S Ah L AR SO B
XSUh 25y 6 P 55 1) W 11 ik -5 SR 4R 1 114 2
PR 4 i HE A5 UUR R 57 SR SU A= A 1) AR AH 2L 40
12, ] WA 2500 fife B0 20 1T 1) 9 8 T2 350 A XU
25 BRATAE T T 2 A5 1 i R SRR A A 2
8 B 2 i LIRS i B AT ) 5 2R
R NI R 2608 Z0 T A2 25 il AL T2 T fe S

(a) XU 8 RIE S
(a) Biaxial bending crack growth morphology

AT A 14 1 T 7K P B T U A TR EE 7 A R g K
S 3 AT B 2 i e B2 T AE P AT TR T 1) 2R
T3l BT PR 1A JS T 1A A BRI SCRRA N X
S U ey Jo 982 97 P R A ) DB 11 AR AR 3 T AS ST
T BTS2 9 T 1155 S g LS 1 55 b 22 il 380 T 9
PatEAeA T o — 2.

WD=20Smm  |Pbes ©0pA  Date §Nov2009  State Centre
EMT=2000kv  Signal A = SE1 PhotoNo =853 for Flights Safety
Stage # X + 42 0 Mag = 680K X aoe

561 mm  Stage at Y = 42 800 e "

(b) SEFRM F RHEY IR
(b) Morphology of actual blade crack growth"™”

Bl 12 Ry RIE A LA
Fig. 12 Comparison of crack growth morphology

M DL B TCA XUh 25 il 8 = J 9 57 3 0iF 55 3
FHT AR SCHE HE A B 6 P O R D T Y XU
il R P AR SRR B AT R T 2L B A9 07 1
B 0 UE WX P[] B 3 2 2 B IR A% 100 1) PR 85 2% Ak
40 R A A X R AR R — A
SCHE 1 U 5 gl R R i AR A AR R 1 — A e Ak
Jiti JIn ARG BN B B . AR A R R G R R K AR
AR5 A B A B L X AR H A A T T R R
PP A5 FRBE A T T RS2 0. (H LR 9 I 5 A R )
A TRk — 2 Foe.

RSO T3 A WU 25 R 57 1 1) o R 7
ARG IS A BRIT I A BT T RU S b 55 U
SR FH I A8 Ry R 3 e 0 4 F R 1 36 B ) 7 g A
AT 00 A VR e O 2 R i S T S B
WE T % L9 J5 35 1A Ak i X SN R
A o 2 B X T AU 257 gty R 25 gt R B 7 i

1 45 0 T BT 2 e PR ST 1 il PR B IR 11 A BT R B
T AR 5 B B XU 25 il 2804 T RS0 A AT AR
A R BRI 1 3 BT R AT o ST AR G WU
T 57 Y, H 1) 2 4 L 1) UL 1) R AR T AL TR T
“H 7R EEY BUREL

& & ik

[1]  Yang K, Zhong B, Huang Q, He C, Huang Z Y,
Wang Q. Liu Y J. Stress ratio effect on notched fa-
tigue behavior of a Ti-8Al-1Mo-1V alloy in the very
high cycle fatigue regime[ J]. International Journal of
Fatigue, 2018, 116 80-89.

[2]  Amoo L M. On the design and structural analysis of
jet engine fan blade structures[J]. Progress in Aero-
space Sciences, 2013, 60 1-11.

[3] Vahdati M, Sayma A, Marshall J, Imregun M.
Mechanisms and prediction methods for fan blade
stall flutter[J]. Journal of Propulsion and Power,

2001, 17(5): 1100-1108.



5 6 39

TERE S

KUl 25 i 748 P 8 57 S 9 U7 ¥ .

733 ¢

(4]

(5]

[6]

7]

[8]

9]

[10]

[11]

[12]

[13]

[14]

Wang B, Cheng L, Li D. Study on very high cycle
fatigue properties of forged TC4 titanium alloy trea-
ted by laser shock peening under three-point bending
Lyl
156. 106668.

Bigley R, Gibeling J, Stover S, Hazelwood S, Fyhrie

International Journal of Fatigue, 2022,

D, Martin R. Volume effects on fatigue life of equine
cortical bone[J]. Journal of Biomechanics, 2007, 40
(16): 3548-3554.

Jeddi D, Palin-Luc T. A review about the effects of
structural and operational factors on the gigacycle fa-
tigue of steels[J]. Fatigue & Fracture of Engineering
Materials &. Structures, 2018, 41(5): 969-990.

Leis B. Fatigue life prediction of complex structures
[J]. Journal of Mechanical Design, 1978, 100: 2-9.
Xu W, Chen X, Gao Z, Li Y, He Y, Tao C. Fatigue
behaviors of a titanium alloy in the VHCF regime
based on a vibration-based bending fatigue test[]J].
Fatigue & Fracture of Engincering Materials &
Structures, 2022, 45(9) . 2549-2562.

Jiao S, Gao C, Cheng L, Li X, Feng Y. A very high-
cycle fatigue test and fatigue properties of TC17 tita-
nium alloy[ J]. Journal of Materials Engineering and
Performance. 2016, 25: 1085-1093.

Rotvel F. Biaxial fatigue tests with zero mean stres-
ses using tubular specimens[J]. International Journal
of Mechanical Sciences, 1970, 12(7). 597-613.
Findley W N. A theory for the effect of mean stress
on fatigue of metals under combined torsion and axial
load or bending[J]. Journal of Engineering for Indus-
try, 1959, 81(4). 301-305.

Brown M W, Miller K. A theory for fatigue failure
under multiaxial stress-strain conditions[J]. Proceed-
ings of the Institution of Mechanical Engineers,
1973, 187(1) . 745-755.

Brown M, Miller K. Initiation and growth of cracks in
biaxial fatigue[ J]. Fatigue &. Fracture of Engineering
Materials & Structures, 1979, 1(2): 231-246.
ELRM, WA, RERR. 48 MR 2 0k 57 AR
PRe A o8 R L. ML R BE 2014, 36(4): 605-
613. (Xia Tianxiang, Yao Weixing, Ji Yingfeng. Re-
search progress of cumulative damage theory in multi-
Mechanical

axial fatigue of metal materials [ J .

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Strength, 2014, 36(4): 605-613. (in Chinese))

Liu Y, He C, Yang S, Wang Q. Study on an ultra-
sonic bending fatigue testing method for thin sheet
(11
154-157.

Lu Z, Zhao J-Y, Zhou C-Y, He X-H. Optimization

Journal of Sichuan University, 2012, 44.

design of a small-sized cruciform specimen for biaxial
fatigue testing[ J]. Metals, 2020, 10(9);: 1148.
Skinner T, Datta S, Chattopadhyay A, Hall A. Fa-
tigue damage behavior in carbon fiber polymer com-
posites under biaxial loading[ J]. Composites Part B:
Engineering, 2019, 174. 106942.

Abu-Farha F, Hector L., Khraisheh M. Cruciform-
shaped specimens for elevated temperature biaxial
testing of lightweight materials[J]. Jom, 2009, 61;
48-56.

Yang D, Tang S, Hu Y. Nikitin A, Wang Q, Liu
Y, LiL, HeC, Li Y, XuB. A novel model of ultra-
sonic fatigue test in pure bending [ J]. Materials,
2022, 15(14) . 4864.

Lage Y, Cachao H, Reis L., Fonte M, De Freitas M,
Ribeiro A. A damage parameter for HCF and VHCF
based on hysteretic damping[ J]. International Journal
of Fatigue, 2014, 62 2-9.

Su H, Liu X, Sun C, Hong Y. Nanograin layer for-
mation at crack initiation region for very-high-cycle
fatigue of a Ti-6Al-4V alloy[J]. Fatigue & Fracture
of Engineering Materials & Structures, 2017, 40
(6): 979-993.

Tanaka K. Fatigue crack propagation from a crack in-
clined to the cyclic tensile axis[J]. Engineering Frac-
ture Mechanics, 1974, 6(3) . 493-507.

Sadananda K, Vasudevan A. Fatigue crack growth
behavior of titanium alloys[]]. International Journal
of Fatigue, 2005, 27(10-12) . 1255-1266.

Paris P, Erdogan F. A critical analysis of crack propaga-
tion laws[ J]. Journal of Fuluids Engineering, 1963,
85: 528-533.

Zhao B, Xie L, Wang L, Hu Z, Zhou S, Bai X. A
new multiaxial fatigue life prediction model for air-
craft aluminum alloy[ J]. International Journal of Fa-
tigue, 2021, 143: 105993.

da Costa P R, Reis L, Montalvao D, Freitas M J 1]



c 734 - IE A Sy 2 2 4R 2024 4R 45 %

o F. A new method for ultrasonic fatigue testing of International Journal of Fatigue, 2019, 129: 105209.
equibiaxial and pure shear cruciform specimens[]J]. [29] LiuJ, LvX, Wei Y, Pan X, Jin Y. Wang Y. A no-
International Journal of Fatigue, 2021, 152: 106423. vel model for low-cycle multiaxial fatigue life predic-

[27] Ogawa F, Itoh T, Yamamoto T. Evaluation of mul- tion based on the critical plane-damage parameter[]J].
tiaxial low cycle fatigue cracks in Sn-8Zn-3Bi solder Science Progress, 2020, 103(3): 0036850420936220.
under non-proportional loading [ J ]. International [30] Shanyavskiy A, Nikitin I, Nikitin A. The in-service
Jour-nal of Fatigue, 2018, 110: 215-224. fatigue fracture mechanisms for the I-stage low-pres-

[28] Arora P, Gupta S K, Samal M, Chattopadhyay. De- sure compressor disk of the aircraft engine D30KU-
velopment of new critical plane model for assessment 154[J]. Fatigue & Fracture of Engineering Materials
of fatigue life under multi-axial loading conditions[]]. &. Structures, 2023, 46(2); 728-741.

Development of Ultrasonic Fatigue Test Method on Biaxial Bending

Xinyu Wang' Dongtong Yang' Sen Tang' Beihai Huang'
Bo Xu'"* Chong Wang'* Qingyuan Wang'*"*
(! Failure Mechanics and Engineering Disaster Prevention Key Laboratory of Sichuan Province ,
Sichuan University, Chengdu, 610065)
(*Key Laboratory of Deep Underground Science and Engineering , Sichuan University , Chengdu, 610065)
(*School o f Mechanical Engineering » Chengdu University , Chengdu, 610106)

Abstract Thin-walled metal components frequently undergo multiaxial bending fatigue during opera-
tion, necessitating an experimental method to replicate loading conditions for investigating material proper-
ties. In this study, a novel biaxial bending test method using ultrasonic fatigue technology was proposed.
The design involved a cruciform TC4 titanium alloy specimen tuned to a natural frequency of 20 kHz based
on the principle of harmonic vibration, featuring vertically superimposed fourth-order and third-order ben-
ding modes to ensure the maximum stress region remained in the test section. Arc transitions were utilized
in other regions to mitigate stress concentration. Finite element simulations and strain gauge tests were
conducted to calibrate stress amplitudes in the specimens. Analysis of S-N curves, crack propagation
paths, and fracture morphologies revealed the failure mechanisms of biaxial bending fatigue in the very
high cycle regime under varied loading conditions. It was found that TC4 titanium alloy exhibited no fa-
tigue limit in the very high cycle regime, showing a continuous downward trend. Owing to gradient stress
distribution, biaxial bending fatigue demonstrated significantly longer fatigue life compared to uniaxial ul-
trasonic fatigue. Meanwhile, crack propagation behavior resembled conventional biaxial fatigue, producing
H-shaped or Y-shaped cracks. Fracture surfaces exhibited a brittle characteristic in a large area of the crack
initiation zone, with morphology primarily characterized by facets and tearing ridges formed through facet
coalescence. In contrast to uniaxial bending fatigue, the facets in biaxial bending showed a batten pattern
akin to multiaxial fatigue failure.

Key words very high cycle fatigue, biaxial fatigue,bending fatigue, crack initiation, crack path





