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Abstract: Experiments were conducted to investigate the overload retardation behavior of fatigue crack
growth in FGH96 powder superalloy at 500 ‘C and 700 °C under different overload ratios. The effects of test
temperature and overload ratio on the crack growth overload retardation behavior of FGH96 alloy were
analyzed, and the fatigue crack growth overload retardation behavior of FGH96 was predicted and analyzed.
The results show that for FGH96 superalloy, the greater the overload ratio, the more pronounced the
overload retardation effect. At the same overload ratio, the overload retardation effect at 700 °C is more
pronounced than at 500 “C. When the overload ratios are 1.2 and 1.4, the overload retardation effect is not
significant, and there is little difference between the predictions of the generalized Willenborg model, the
modified generalized Willenborg model, and the modified Willenborg model, as well as the experimental
results. When the overload ratio is 1.6, the overload retardation effect is significant. The prediction results of
the modified Willenborg model for the crack growth curve are in good agreement with the experimental

results, with a crack growth lifetime prediction error of less than 10%. The predictions of the generalized
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Willenborg model and the modified generalized Willenborg model for the crack growth curve are similar and

differ significantly from the experimental results, leading to larger differences in crack growth lifetime

predictions compared to the experimental results.
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1.2 1
700 0.5 10 1.4 8 1
1.6 1
1.2 1
500 0.5 10 1.4 8 1
1.6 1




74 MO OM % MK Kk % % i

56 %

TE 23R 5 H R 0 2 B A S e 25, S B e
T 2 B A A K R — 30, 700 CT 4t RS
/N 500 CR K 7E—E B E B/ T 82
V) 11 3o 2 5% i i ) 2 B
1.4 KWER

& 4(a~c) 4 T 700 ‘CF FGHO6 18 3% 55 4%,
o v H BAS [ R B ok 2k A ) 9 57 24 B0 T il 2Rt
R, A LLE M, 700 CF &t oA 1.2 B,
FGHO6 9% 55 1 28R i LA KW i, b 26 1k oy
1.4 B 30— s A 1) 98 9 b R A, o 3R e
Sk 1.6 BF, 95 57 2o R g AN AR B, 280 67 585
T8 I Wk A2 28 5k 3k AR A KT L 3 305 10 9% 57 24
oy R LT

B 4(d~f) % T 500 °CF FGH96 7F 3% 55 3%
o v H BAS [ 2 B ok 2k i ) 9 57 4 B0 il 2Rt
/e, BWalg, i Ttk 1.2/ 1.4 1005
K &L T LA Y, 500 CCH Y 9% 55 2L e it

2 R W % R B 55 F 700 °CL, 500 C R #k b o 1.2
BF, JL-F- 1% A W42 21 B 8 19 9% 57 3 #OR W L 4 L o
B R 1AW RS A — s 97 3 OB W O o 1 4R
L A 1.6 B9 55 2o 28038 s 0 i PR i, (HL 55 F 700 °C,
HE A 16 MR AL, 700 CTFELTEL
9 5506 0 5 2L B0y R HUOR A BRI & B 3 3R A
17K o

BIS T Bk WA T~ FGHI6 AN [R] i 2k
LU B (8 9% 57 S 09 Jo sl 008 PR B th Ze ik L . (8]
5 % 57 41 20 M 2 R SR 8 30K ok R 52 ) B
Zrfa e R o MRS ] L EU A A TRl o 2 4k 1
T 700 “CF 1 3 2R A R i 2K F 500 C L X 328
S th T WA IR B TN FGHO6 [ S ARk 5 7 LA i 28
FEAE 22 BT S0, 700 °CTF i AR 58 82 AR 6 3405 , A8 [ 9%
AR 2 A M T 3k 28 ik 7 A AR X B K 1 2 A%
PE X, 15 )5 28 9% 55 R a0y e &2 3 1Y 52 e A Xt
R

18 20 22
£ 16 2187 21
Ny ~ S 18}
g 14} 16 > 16F
R b i
P & 14t Mgt
® o) R 5
12} & 12}
10 L L L 10 ) | L 10 )
0.0 0.5 10 15 0.0 2.0 4.0 6.0 80 00 2.0 4.0
s/ 10 TEIEL/ 10 TEHHL/ 10
(a) Overload ratio 1.2 under 700 C(F,, =9 kN) (b) Overload ratio 1.2 under 500 ‘C(F,, =9 kN) (c) Overload ratio 1.4 under 700 ‘C(F,, =8 kN)
26 26 26
24 24t 241
E 2} E 2t 522-
Z 20} Z 20f Sl 29317
=g 18] % 18}
i R
& 16 X 16¢ K16
& 14 & 14| Rl
12 12t 12 /QB
10 . ) ; 10 ! 1 10 L L L L
0.0 0.5 1.0 15 0.0 4.0 8.0 2o 00 20 40 60 80 100
EHE 10 TEH %L/ 10° TEHH / 10°

(d) Overload ratio 1.4 under 500 ‘C(F,,=8 kN) (e) Overload ratio 1.6 under 700 ‘C(F,,=10 kN) (f) Overload ratio 1.6 under 500 ‘C(F,, =12 kN)

14F""500 'C &L 1.2
---500 C,iF# k1.2

12.0F — 700 Cid#k k1.4
---500 C,id# 1.4

é T 11.8F
Z E 1.6}
M =
% 12 B 114}
% §11.2
11 " 1.0}
0.8 1.0 12 2.5 3.0

TER L/ 10

fEF %/ 10°
(h) Enlarged overload ratio 1.4

(g) Enlarged overload ratio 1.2
4 700 "CHI500 ‘CF FGHI6 AN [ 12 28 L ik 1) 95 557 24 804 Jie th e ik 4 45 2R
Fig.4 Experimental results of fatigue crack growth curves for FGH96 under different overload ratios at 700 °C and 500 “C



551 BHTT, % FGHI6 & &% 57 B Oy R it R Wi T A5t 75
107 o » RO.STH BLY JRE R
° = ROSPE 5 Y R iR S 107 A HRAY R
%lw_ S HORE R % ° .
é 10’4_ g 10 r.l.l.a A“Aé: Remm——
=~ "'ﬁ e mmmEEEEEEEEREER *:;I- i AA K
gwﬁ | w10 4
B a?ﬁﬁ 4 At
= 10k it ? 10° 4 29317
& , 3 .
& 107 - " R . P .
0.0 4.0 8.0 2.0 4.0 6.0 8.0
TEAXEL/ 10 TESRH/ 10°
_ (a) Overload ratio 1.4 under 500 ‘C(F,,.=8 kN) (b) Overload ratio 1.6 under 500 C(F,, =12 kN)
o —— 107 —=1 o 10° [ ROSEFERST REE
 RO.STES ALY e | o « ROSEIRGY REE | 2 10
5, OtiEmrREE |3 OtdEmr ek | 5| ERERTRER f“”ﬁ
1.6x10°F L ee o107t S 107 e A
[] h H w " ° 4 4
E LI P & oL ieeensned B0t A .
\\-/ :: glo - = ® -1 ‘tA §/ ; i‘A‘A ‘A
. % 107 i 07w
m 8107 L B §§ 107} o o
o B Y1 ® 07t g 100 =
& P2 & . 10°F 67585"
Wg L il L gé 1077 - gé -9
0.8 1.6 0.0 20 407 107555 4.0 8.0 12.0
TEHHL/ 10 TEHEL / 10° TEHHL /10

(c) Overload ratio 1.2 under 700 ‘C(F,,=9 kN) (d) Overload ratio 1.4 under 700 ‘C(F,,=8 kN) (e) Overload ratio 1.6 under 700 ‘C(F,,=10 kN)
KI5 700 ‘CHI500 ‘CF FGHI6 £ % A A ) 7 B2 o R N 02 55 4 509 i 3 3l 4R 9 X L
Fig.5 Comparison of fatigue crack growth rate curves of FGH96 under different degrees of overload at 700 °C and 500 ‘C

2 SR R EHE TN

S

AR ICHEF T X Willenborg BE % (General Wil-
lenborg, GW) .MGW #i %I D)} & IE Willenborg 15
1l (Modified Willenborg, MW ) , X i 56 I 28 7 45 (19
FGHY6 %% 55 % 804" i i 2808 Wi 47 2 2E 47 23 A A
.

2.1 SBHRHBEEXEE
AR 758 B PR KA 3K 8l 2880, 2o 808 i &%

I M 5 B0 e R RS B AR AT LA SRAE Sy N ) i
PR i s b i 2R 804 s 98 M IXORUSE Y 224k ik
A BN 5 R DR LA RO I R o R R
TR 6 TR« # 2HiEARIBE X RF /N T
B BRI XORSE, W gst /N 19 87 g B2 PR DR OE,
Az ik R 5 — B5ET I RS R 480
DX, EH T A A 8 3 (R e B K R PE IXORST ) U
ANBYNE T R IR AR R TE i BRI A

DE—

\
S

Aa

N —

ap

Aoy ————>|

6 BRI

Fig.6 Crack tip plastic zone'”

ARSCIFIR AN 3 Fof ik 238 il A 2

(1) GW Hi 7Y
GW 6 T4 RN g 5 JE K 55 4 8808 1 HE Y
FikA N
Kr:\fafx: Kmax - Kred
K;EL:I[{{é?}n_Krcd (3)
Ry= :‘[n
K“\ZIX

AP Ko a0 0 Ko O S IR 3R f R0
SR T L K . o IR — UG B3N A B N 5
T, Aa ol A LK R i R a0y e i, 2, o il id
B BPEIX RN, R ULS(5) L R AR KL

1
Aa \?
Kred:¢ Kmax,ol<1) 7Kmax (4)

ol

[ Ko ’
ZOIS(M) (5)
A o, ARG e R 5 BE
T GWELAL 44
AKth
45(1 AK )/RS()l) (6)

P - AK, O B 7 58 DR 7 9 BT A (B s AK O 2
BT A 21 L 7 58 8 D] 5 W AEL 5 Rso 0 CIE B T 1, —
W20 2~3. A RN 155 JEE [N 5~ T [

eff eff eff
{Kmax_Kmm K \X/O

AK&I[: (7)

0 Kl <<0
(2) MGW #i#1
MGW Fl GW $ 8 iy e [m5] 2 kb7 F — F 1A A



76 3]

TSI NI NI -

56 %

SR 1 JEE TN -5 A S0 T H B 28 SR IR 368 4
R W A PRI . MGW BB ¢ 5 S
2.523¢,/(1.0 + 3.5(0.25 — R,)™)

¢: Rul:Kul/Krrmx,ul<O-25 (8)

1.0
Rul ul/Knnx ol > O 2’:)

A .
P(Ky— Ko ) 1—761 Aa = yra,
ACrg — T )

Xrol ‘
] m1x 1 -
PR ){ X(rol—rmax)}

Kred -

A s e 2 A DX RS g A I 284 DRS00
B E XM

(10)

2
. 1 KI“EIX
Pmax — 2 O_\THX

HROY S ARAE O R yr o Z B, Koo BN
AEEAE ; BEE REOZ WY, Ko B WD,
E@J?“X?ﬁ%i R T ACrg — raw ), OB Koo B/
N0, 32 BB BN T K il[l[%l?ﬁﬁmo B
i (LU S 480) 1) 20 Ji T 30 7 2 2 S PR T e
Ja B TR B IE R R

K.~

Xy 1(" —rm) Aa
K7 BIER Willenborg 38 i B Y v B0 9 3 22 X
Fig.7 Physical meaning of constants in the modified Willen-

borg retardation model

infir i () PR BRI S B L TR, K8
FIEN 9 &t T B 2 R Bl o G e B S A R

lﬁﬁﬁ% .......-

~ 1¢aﬁ%ﬁéf, oE St
.‘” Aa=0 : 1 Aa=Ar v,
= 10* \'-I
5 T
= F]
T

MR "

Aa=xry —1™ )

0 20 .40 60
t/10°s

[E'8 i & 15 IF i Willenborg #5575 2 80  #1 2
Fig.8 Determination of the modified Willenborg model co-

efficients y and A

Krp Ky il —ik
(3) MW #i 1
SCHRL 12 148 i MW BT 75 22 A 3R S5

XA F o, Forb o F A F T RAFE X 2492 %8 1 X 11 4

R B, Y e B R SR A G, ¢ R o PR

FH VA TR 8020 1) 107 75 5 T K o

HG ) Koy po FAETIS R

Aa+/1rmax</1rol
(9)
0<< Aa<<yr,

(i) g i Pl e AR Wi ke A S TR T A
B b B E R B AL TS R (9) AE BUN Hh AR bR
R FHATR PG B8 2B P o, H IR IZIR
R 81 1E Willenborg 353 75 1 41 R 2 %0

2.0

slope=p

0.58 0.60 0.62 0.64 0.66
14/ QX (ryTw))

B9 #fiE B IE R Willenborg #7 Z 44 ¢ Al o
Fig.9 Determination of the modified Willenborg model co-

efficients ¢ and p

Fe F A S 6 B 43 0 #LA 700 “CHIT500 °C
NG P 2 R R Y a3 GR R S 8, n 3k 3.4
FIF 7R .

®3 700 CEFEHBHFERYUESSH
Table 3 700 C fatigue overload model fitting coefficients

X A ¢ 14

0.266 1.683 1.821 0.316

F4 500 CEFIHREMNSRY
Table 4 500 ‘C fatigue overload model fitting coefficients

X A ¢ 0

0.160 1.792 1.884 0.780

2.2 FERTFIT AN SR LE XL 454

BT b AT BRAT G 3 Aok B U8 VA R
FGHI6 4 45 700 “CHI 500 CF AS [\ 3 2 b F /9 3
OB AT S AT 0I FNS LE 23 B o



%13

BT, S FGHI6 & G % 55 2480 e ad #aBR i 47  Wh5E

77

FE T 4347 FGHO6 4 42 98 95 R a0y R A A
K Walker B8 DL (11) , B8 S B WL 4 5.

x5 EFHYY E Walker R R &
Table 5 Walker model coefficients for fatigue crack
growth
EE/C
700

C m n

2.444

6.95x 10" 0.603

500 2.30X 10" 0.796 2.615

kA i BB R AKL R B oy X (12) R

d n
. _C(Achl'(l_Rcff)”lil) (12)

dN

10 F1 11 43 51 24 700 C A1 500 “CF A ] 1 2%
B il £ 45 0 lh 2k o L PR, Herh o g ol 1.6
I} 24 80P e 3 3 o N g 5 B R AR Ak il R T LLR
A E AR TR A L2 b 140,
T ik BN X R BT R A A 0 R e O AN 3L
I 2L 80 J TS i 2k 54k 56 i 2 A X 8O B2
PE A 1.6 B bR T S A e B B AR R ALY R A A
5 AR, GW LA 5 MGW 5% 2 % 24 40 i e
{10 0 25 SR 5 0 06 5 B I A R i MW A

14

By AR R IR B S B R 2 O 45 SR O 4% R
da "
—=C(AK(1—R)" ") (11) WG .
dN
0.012 8 — i 0,016 — R
—= MWL CoOWERE ~
0.012 4 |- —a— ook st 4 0.015 ——MGWIEA o
g g T MwiRn S 107} " pemialaslioal
~ 00120 < 0.014F == AEEiTEH o 1L e ]
3 e LT Jﬁ 0.013} g
& 0.0116 & 0.012 = " RBNUR
& & = - e
0.0112 Gl 3 10° ) Iﬁ%‘%ﬂ
0.010 R A —— AEREH
0010855 4.0 8.0 10.0 0 1 2 3 4 5 6 13 ‘
TEFRE/10° TEERE /10t AK/(MPa * m?)
(a) Model comparison of overload ratio 1.2 under 700 C (b) Model comparison of overload ratio 1.4 under 700 C
——RIGHAR- - -- GWHLE ——MGWAEE!
0.0241 ! ~10°F
= o020l 1071
= £
P <10°
£0.016f 5 . RIS
=4 2 ---- GWHLA!
0.012 10T ! e
. I MWHERY . —— MW "
HRRAL | FEER 10"t . —~— AR
00 20 40 60 80 100 120 15 20
TEHH /100 AK/(MPa * m?)

(c) Model comparison of overload ratio 1.6 under 700 ‘C
FEI10 700 CAN IR b 4 bb T 06 4 i il £k -5 100 il 26 % Lb

Fig.10 Comparison of test growth curves with prediction curves under different overload ratios at 700 ‘C
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Table 6 Comparison of fatigue cycle calculation results

and experiments considering overload effects

500 °C 700 °C
H T
R,=1.6 Ry=1.4 R,=1.6 Ry=1.4 R,=1.2
GW 1.17 .02 1.61 1.02
MGW 1.27 1.02 155 1.02
MW 1.02 1.01 1.06 1.01 1.01
AEESH 049 069  0.31 0.75  0.92
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Fig.12 Sensitivity analysis of GW model to cut-off over-

load ratio
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