EOVIECI HBEERMRISEIRE \Vol.45, No.5
2016 4F 5H RARE METAL MATERIALS AND ENGINEERING May 2016

815 B 55 % TN 73 SR 4R 1T

RIE, HREL, B, KER, BEE

CREF R LR 2BE, dbai 100072)

7 F: 0 T REAORLE AT W R SARE, AR T RT Paris A RIS R A di TN AR YA T A A FLIR Y
I 57 U R A TR Y, 45 & il A o< e Jm A RHEE v I 55 AT 9 B RIS i, X 2 o B RS Y 3 ZE AT 0 AT
SERFH, BT AR T R BN HER, . T AT Paris AXNIRLY R Ay TR, FL 10 BE bt 25 % 57
75 fir K 0T e AU, BV A R 2L SR B 0 2 B R B 55 2R B0 B o 48 55 T A B KR o AEBLIEA B, SR TR R A
57 73 i RO BT ST 160« 355 R SUIK A AR ML, R i A 2R SR T A AT A B A AR ) SE A PRI s S SRR A
giagmit ¥ I, VLRI IR 2 e VE AN W] S P g BE 0t R 0 PRAN R oo S R 0T AR

KR MEAES; HaBil; WO, TR ZE
FEESES: TG115.5'7 HERFRIRED: A

X EHS: 1002-185X(2016)05-1203-06

20 40 80 HFEACLAK, 4% [ 2 35 X 2 Al K 9%
FYEREHEATHE S, BRI AT 10° R A1 3R IS
M RAN ST W RIS, WIRITHAE G AL, BHTE
J T AT BRI T AT ——if 7 - B 21 e
MIBIR, VF 2wkt & (0 IR e ik 2] 1 B IR 75 A
PP, SRS AR 2 e F] FEVE R A RIE. 4, FEDL
RIS, VF 2 TR F ) B ZORBENS K 52 ik
TICAEIR R B 22 A B AT, AR R RALRE T 8 v el
TR TR RE R S 53— J7 T, B EOR R O
ek e A 5 F T AR T U0 S AT AT 6 Uy B, K
TARBARTIE 20 kHz, fif ok 1% BB 57 i AL T AR 43
FAR, B A A 5e 2 ] B 53 SE R B

PR 57 73 i IR R 3R AR, Al (10 TN 77 9%

F AT, J T RO B e A i J8 % 57 75 fi TG0 AT 7
WAS 7 — e it e, E ML A v A 3 55 A7 o Y LAY
TS FEA FHRNRDS o AW T 5 Jm AR &
W55 W VT SURFAE, A4l T 5 TR G e B ML i
AR R YR A A TN U5 ik, I 48 G A E AR T AT
Kol X PRN A A W VA AT AR ZE ST

1 BE A D45 1E

KRR 2 MM 1 T DU 39007, 7 LA B
JEL 255 1 U B 0 0K T AN TE R B, MR Mt &

It HEA: 2015-05-08

KRAERPERI . B 145 18 & A% 57 R 80 A
TR R T I BT RS . 3R T SO B R R S S AR
5 5 R ROY S B AT AR LR AE s T P R
9 57 W B 3 2 B IR AE, I B IR rhot A A
B FR I A, S AW L FE G o B R T 9 BRI,
I X 18, 7E Murakamit®!, Shiozawa™ ., Sakai™?, Tanaka!*®
A1 Ochil™® 2 A R 7t b 43 53 4 /iy 4 4 ODA (optically
dark region). GBF (granular bright facet ). FGA (fine
granular area). FCT (facet) fl RSA (rough surface area) .
REFFRY, PWERIHIRE —BAE 20 ~ 200 um
JUHE A, JIF H5 9 97 50 B DR G B R &y SRR IR
B 5 IR H AR LB AE 0.5~0.6 2 [8], B f R (1 4h 2% K
% 5k AR T,

2 Paris YUY RFa FUN 75 0%

e B SN I 57 B4 B0 (R T R ) PEAR T AKyns
X3 A AR R A JR 24 R R Tk B Ko I, b
BRI, TR AKps ~ Ko XIRIA, 95 55 244010
A2 Paris AR, WK 2 LR, (HEF
X AR 5 JE R 9547 A, Murakami Z03205) y, 78
AT 1 2 7 9 P R T 4 [X 3 P 8 55 4 80 o R P
J&, FRZNNBLY IR, I ARSI A i AT S
KRKINIE T /NGy, Hoy AN L Paris 2
R WERGH AT RS ML W 2 B

HEEWH: ERE SR KB (2011CB013405); EZE AN HFR %4 (51125023)
{E& Ay RIF, B, 1987 4, 4R, 28 H R TS 026 & Flis HoR [ B R m stie =, Jbat 100072, Hif: 010-66718475,

E-mail: songyanan001216@163.com



+ 1204 -

WA ERMES TR

a

ac

K1

Fios. dE— BB, A R R Lk sh 7117
T, NRELUNY R RS KRG R R R KM,
Kl 3 s, REHEK N a; A BN R AL I N KR L,
FEAT AL TN R R TIHEE R x 54k, MR
IR/ANC= 0)F, x Bl KAl 35 24 f R (> 0.8)HT,
x BU AP, 3F AL, IR EE RS a LIRS SUR ST ag
/N 3%~10%, Tfi &% o E I KT 3. MR 45 SCHik[21-24],
AYiH x=3, a=100, aj,=0.94 ag.

T IOR R Y Je e e, Fr Rk R 9% 57

FAr N N :
|:1.2+26 % _ i} (D
Va ~ “a

nE?
2 (Aa)z

TS T 26 [ 8 R 2R S0, A4 RT3 2% RO 95 57

Ffir Ng A :

2
N, = i2{1.2+26\/§—27\/§} (2)
T[(AO') ai ac

2 =

Surface crack
(m,, C.)

¢ Intemnal crack

Surface crack (m;, C)

(ms, Cso)

Crack Propagation Rate, da/dN

. o
- ot
o

Internal crack
("?m: Cu:-]

AKE:; AK‘],;
Stress Intensity Rang, AK
K2 57 RAMY R
Fig.2 Fatigue crack propagation law of surface and internal

cracks!”!

Surface

45 %
_ 2a, b
zLﬁ
/ 2a,
ODA Inclusion
\ ine . Fish-eye

SRS T A 7 R B8 5 % i A B T T B i A

Fig.1 Schematic illustration of fracture surface with crack initiating at surface (a) and internal inclusion (b

)[17,18]

m

logda/dN

b/x3
x
int o
log —
Vb
3 WHMRGGKALNT BTN

Fig.3 Diagram of relative fatigue crack growth behavior for

small and long cracks™®!

3 ET{IRREE TN

9% 57 W 4 (0 2R RO PR R S BUA% L N REY T
KLY B LR R 4 AN B, K 4 s, &
ANB B RS B 5 o 5 77 i VAl R A RLR 55 2 i TI0I 174
AP, KEHFAPOTIRY, HOES IR T M
o R S A S A i 90% A b BRI, g 5F i
A= 75 i TRDRE 6 PP Ak A2 A 1R v 9 55 77 i TN 1) %

Tanaka A1 Mura®R 4 fir 55 B AR 32 T [R5 A1 R
BP9 55 B0 HE T A

AW

Nizm (3)
Horb, A SRR B R 1 A 24 SRR O 1 R A,
MR SCHR[30], W Zdaeal il T Uik AR F)



%5 W

RV R A R e SR 57 A i BN T R

+ 1205 -

Crack nucleation
Unstable fracture
le————— - - >
Small crack Long crack
|

’ growth | growth

Fatigue fracture

B4 % 55 B80T R4 Rk o o 7 1 )
Fig.4 A schematic of the crack path and different phases
of the fatigue life!?®!

W, AKL

2E

Wang % BHi@ i B0 1 545 9 57 R BUR i A 5
LN WS

_ 9x10° G AK?

' 2E(Ao-0a,) a,

Xt P U R, AR SCIT AN 9 RS0 A A7 i Bl

L 35 47

4 Fap UM UE S XS EE 4

G TR B B T2 5240, IRt 2 A A oy T A
REPRZ#AT U, HHARER LR 25H. R
Hs Nexp AIREE L BRAE, Ne AT Ns 73531 K I 22 (1) F1(2)
AR, NRAAKXEG)HHEAE],

X AN [ 75 i B B 2 22 T SR 45 ARG AT 0 A, i
5 Fime AILAAHL, BT A0 IR ) A7 iy T A R A
HER, A A R A X, R E
AHRAEH0% 2 (8], H5 5305 T P4 B RS0 A= 2k Rt sCBL
Fe 2<10° 1 FR F U LA L 1009 57 R 280, L TN
M2 Paris 23 2K ALY & 73 iy TR , HLF0i %
W5 AFmARKKR R, EmABo B, Hix
ZE B AR AE #1092 [8], 1768 = JE B B, R ZE AR
FE-10%LA L, JF H F0UINAE B2 Rl 5 % 5 77 i ) 8 in i e
e HISETT L, 55 SR G A il 72 2 v A 55 A
(K3 2B BL, I HULBr BOARE 2 Paris Ao 534k, 2

4

(5

o P00 AE 2R 50 28 T 2R ST 2R A FS SR EUHA AR 2 R Rk Ak
2B AR, W LR 57 W R RO RE A
T A 8 57 B BRI = 1 982 57 i B ARALLE
Bl 6 45 T R R AR 2 SURT X PR RS B 0 3%
ZERISZ R . TR, B A PR 1 73 i TN
PR, LA R 2 S AR AT B A X T RO
73 N R, 24 ag > 10 um N, FCFTI IR Z R A%
ARKBM: 2 ap < 10 um B, L HIKE EIR % .
X AE T AR N R B A O 5T RS R R
PRI 57 75t I 45 K4y, Paris AR AFEH .
20
10t -,

Error/%
AR
o
>
o
>

30} 4Fr, 4k °

o ErFl o EI’Fz

Nexp /cycle

KI5 2 RS2 £ AN [ 9 55 75 i B FR) 9000 43¢ 22
Fig.5 Prediction errors of the two modes in high cycle fatigue

range and very high cycle fatigue range

20

A
A
10 B o A .
O .’o Y ; 2a A. ° A A
(=} ® A.A a
% 10} o A A o
£ 20 85 0 e e
w T 8 o A
30t % g A Er,  AFEr,
-40 ° OEr, o Er,
0 10 20 30 40 50 60 70
a,/um

6 2 PR TN iR 22 5 YR REUR N IR &
Fig.6 Relationship between prediction errors of the two modes

and initial crack sizes

R MRABRYEEE KRR F @ TUNIRE ST

Table 1  Error analysis of fatigue life estimation with internal inclusion

Ao Nexp a a; a AKip? ow N; Ere:/% Ere:%/%
JIS SUJ2 (E=204.8 GPa) (G=78.8 GPa), R=-1, f= 50 Hz, H,=7.73 GPa (Ref. [12])

900 1.94x10° 9.3 19.7 95.6 8.66x10° 6.3 873" 1.03x10° - 28.36 8.75
50Crv4 (E=206.0 GPa) (G=79.8 GPa), R= -1, f=20 kHz, Hy=5.19 GPa (Ref. [32])

800 6.5610" 3.7 19.0 370.0° 1.04x10° 3.3 729° 1.01x10° - 23.03 2.42

740 1.48x10° 5.2 21.6 520.0° 1.37x10° 3.7 688¢ 1.74x10° - 24.88 0.86
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gk 1
54SiCrV6 (E=208.7 GPa) (G=80.8 GPa), R= — 1, =20 kHz, H,=5.15 GPa (Refs. [32, 33])
825 1.24x107 7.6 17.4 760.0° 1.58x10° 4.2 642° 1.20%107 ~12.62 -0.18
775 7.56x107 5.2 19.7 520.0° 1.35%10° 3.7 6841 5.52x107 -22.19 ~1.74
725 7.31x10° 48 22.2 480.0° 1.38x10° 3.6 693¢ 4.66>10° -30.74 -2.20
SAF 2507 (E=200.0 GPa) (G=77.0 GPa), R=0, f = 150 Hz, H,=3.09 GPa (Ref. [34])
325 1.48x10° 24.4 60.5 2440.0°  8.93x10° 4.2 299¢ 1.82x10° -14.93 1.10
305 2.43x10° 36.2 53.4 3620.0°  1.43x10’ 48 280" 1.72x10° ~14.99 -1.78
JIS SCM435 (E=195.0 GPa) (G=75.5 GPa), R= —1, f=1000 Hz, H,=5.62 GPa (Ref. [35])
704 3.90x10° 18.6 24.8 1860.0°  2.53x10° 6.1 340 2.59x10° -2.84 ~-2.69
448 8.68x10’ 16.4 33.9 1640.0°  4.94x10° 5.8 340 3.07x107 - 15.69 —5.68
0.46% carbon steel (E=210.0 GPa) (G=82.7 GPa), R= -1, f=80 Hz, H,=6.55 GPa (Ref. [36])
666 3.83x10° 33.5 61.1" 170.0° 1.32x10° 8.4 480 1.07x10" -7.02 6.79
608 2.05x107 44.7 73.3 1783.3¢  3.23x10° 9.2 480 2.06x107 -10.98 0.02
529 8.97x10’ 34.0 96.9' 233.3¢ 1.56%10° 8.4 480 1.54%10° -22.13 2.94
SAE 8620 (E=204.8 GPa) (G=79.4 GPa), f=20 kHz, R= -1, H,=3.02 GPa (Ref. [37])
310 4.39x10° 9.2 133.0' 133.0 6.42x10° 3.0 280 1.85%10° —32.80 —4.34
290 2.31x10° 55 257.8 423.0 1.50x10° 2.5 280 1.98x10° —34.03 -0.72
285 9.55x10° 17.3 183f 183.0 7.24x10° 3.7 280 5.40%10° —41.29 -248
a9 AK, = 277 x 107 (100H, + 120) (V7 &) ; g a =d_/06:
b: Er, =100%(logN, —logN,,, )/ 1ogN,,, ; c: Er,=100%(logN; —logN,,, ) /logN,,, ;
A g, = 156 [(1-R)/2] ™" (100H, +120)/ (Vra, ) ; ¢ a =100a,;
f%; 4 B=620 x 10°/(Ac’0,°*"), # a,<B<a, M a =B, # B<a,, Ma =a,, # Bxa, Nlla=a
x2 MRRERIAFELYERNESEGTUWRE ST
Table 2 Error analysis of fatigue life estimation with surface initiation
Ac Nexp ap a ac Ns AKqg? ow’ N Ers:"/% Ers:%/1%
JIS SUJ2 (E=204.8 GPa) (G=78.8 GPa), R= —1, f=27~100 Hz, H,=7.00 GPa (Ref. [38])
763 441107 18.2 45.3 1820.0°  1.70x10° 8.6 657 6.31x10° -18.51 2.03
722 4.89%10’ 15.5 35.5 1550.0° 1.98x10° 8.2 675 3.38x10° -18.11 10.92
SAE 8620 (E=204.8 GPa) (G=79.4 GPa), f=20 kHz, R= -1, H,=3.02 GPa (Ref. [37])
295 1.18x10° 48.0 249.11 970 5.00x10° 6.1 288 2.59x10° -17.01 16.62
305 1.49x10° 63.0 233.0f 1030 5.69x10° 6.7 275 1.38x10° -17.35 -0.39
295 7.12x10° 54.0 249.1f 682 4.32x10° 6.4 282 7.95x10° —25.04 0.54
D38MSV5S (E=208.3 GPa) (G=80.7 GPa), =20 kHz, R= — 1, H,=2.46 GPa (Refs. [37, 39])
341 2.88x10" 27.6 175.0° 1131 4.28x10° 4.4 274 2.72x10° -11.10 -0.33
351 3.48x10’ 23.8 165.2° 544 3.00x10° 4.2 281 2.61x107 ~14.12 -1.66
D38MSV5S (E=208.3 GPa) (G=80.7 GPa), f=20 kHz, R=0.1, H,=2.46 GPa (Refs. [37, 39])
650 1.48x10° 33.6 48.2f 523 2.59x10° 47 182 5.26x10° 3.95 -7.28
550 1.71x10° 13.2 67.3f 795 2.08x10° 3.5 212 1.38x10° 1.37 -1.48
620 2.04x10° 18.7 52.9° 1040 2.31x10° 3.9 200 7.97x10° 0.86 - 6.47
515 3.66x10° 16.1 76.7" 575 2.2110° 3.7 205 1.54x10° -3.34 -5.73
650 5.02x10° 13.3 48.2f 357 1.56x10° 35 212 8.20x10° —-7.59 ~11.75
100C6 martensitic steel (E=210.0 GPa) (G=81.3 GPa), f=30 Hz, R= -1, H,=7.78 GPa (Ref. [37])
950 1.47x10° 26.0 26.0' 612 1.66%10° 10.6 678 1.02x107 0.86 13.67

a*: AK,, =3.3x107(100H, +120)<\/;a0 )Ud ;

b: Er, =100%(logNs —logN,, )/logN
d®: 6, =143[(1 - R) / 2]

exp ! exp !

0.226 + Hv x 10™ (

c: Er, =100% (logN; —logN,, )/logN
100Hv + 120)/(Vr a,) ;e &, =100a,;

f¥%: 4 B=620 x 10°/(Ad’0,***), #ia,<B<a,, Wa =B, # B<a,, lla=a,, #B=xa,, Ma-=a
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Nomenclature

ac Radius of a fish-eye area (um) ai Radius of an ODA area (um)

ao Radius of an initial crack (um) Aint Size of an inclusion or defect (um)
inc Depth of an inclusion or defect (um) E Elasticity modulus (GPa)
Ws Fracture energy for material Hy Vichers’ hardness (GPa)

G Shear modulus (GPa) oy Yield strength for material (MPa)

b Burgers vector ow Fatigue limit for infinite life (MPa)

Ao Applied fatigue stress amplitude (MPa) f Load frequency (Hz)

R Stress ratio 7 Frictional stress (MPa)
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Life Prediction Models in very High Cycle Fatigue Regime

Song Yanan, Xu Binshi, Wang Haidou, Zhang Yubo, Xing Zhiguo
(Academy of Armored Forces Engineering, Beijing 100072, China)

Abstract: The characteristics of fracture surface in very high cycle fatigue regime were analyzed. The fatigue lifetime prediction models
based on crack growth and dislocation theory were introduced. On the basis of the numerical data of previous researches on very high cycle
fatigue, the prediction errors of the two modes were analyzed. The results indicate that the model based on dislocation theory has better
prediction ability. The prediction accuracy based on crack growth decreases with the increment of fatigue lifetime, i.e. the fatigue crack
initiation consumes the main fraction of total life. Finally, some possible and prospective topics of future researches on fatigue lifetime
prediction in very high cycle fatigue regime are proposed: the competing failure mechanism of surface/internal fatigue fracture modes. The
lifetime in very high cycle fatigue regime could be predicted based on statistical methods by establishing large samples data and service
safety of engineering components.

Key words: very high cycle fatigue; lifetime prediction; fracture surface; prediction error
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