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Prediction of Fatigue Life of Hole Components Cold Expansion Strengthening
Based on Numerical Simulation

LIANG Yongnan, YANG Changyong, LIU Fei, HAN Dakang, WU Chaodi, SU Honghua
(College of Mechanical and Electrical Engineering, Nanjing University of Aeronautics & Astronautics,

Nanjing 210016, China)

Abstract: In order to study the fatigue gain of cold expansion-strengthening 7050 aluminum alloy hole
components of aircraft fuselage, a combination of numerical simulation and experimental study is used to
investigate the cold expansion strengthening process, fatigue loading process, fatigue crack initiation and
crack propagation process of hole components. The stress distribution and corresponding fatigue behavior of
hole components at different states of the dangerous cross-section are investigated by numerical simulation,
the influence of the residual stress field on the fatigue performance is analyzed, the intrinsic connection
between residual stress and fatigue crack initiation and crack propagation is explored, and a numerical
prediction model of the fatigue life of cold expansion-strengthening hole components is established. The
results show that the residual compressive stress introduced by hole cold expansion strengthening can reduce
the maximum tensile stress in the hole wall when hole components are loaded, change the location of fatigue
crack emergence, inhibit fatigue crack emergence and crack propagation, and improve the fatigue life of 7050
aluminum alloy hole components by nearly 2 times. And the error of the fatigue life numerical prediction
model is within 12%.

Key words: cold expansion strengthening; residual stress field; crack iitiation; crack propagation; fatigue

prediction

E S WA E AR HLH I TR A PO AU A4 5T H (COMAC-SFGS-607) ; YL 48 BHIF 5 92 B BB -4 5 B
(KYCX21_.0196).

Yo% B 8 :2022-06-23; €17 H#3: 2022-12-10

BIEEE . HKE, B, BI#, E-mail: yangchy@nuaa.edu.cn,

Sl ARSI, K, X0 & AF IR T RO A LA 1 5% 1 58 Al 53 A i B0 [ 7). B O 2 L K R~ 24l , 2023,
55(3):471-480. LIANG Yongnan, YANG Changyong, LIU Fei, et al. Prediction of fatigue life of hole components cold

expansion strengthening based on numerical simulation[J]. Journal of Nanjing University of Aeronautics &. Astronautics,
2023, 55(3):471-480.



472 [ =S S NI S

555 4%

TR h Z B AL G5 W 7R Z h A8 28 AR 3o, &
HLH 18 22 G540 1 e e o, 76 CHLAY R % AT (R
b3 BuN o Y S S R G B R I o]
2R R AL IR A% 39 ] i 32 6 1 A ) i 22—, KL
GER PR EER O RS S W R b il F
FL A 0l T 5 300 35 (R 55 4 W 4 2R O 5 B o R
DL Bl 25 b2 R K R BLAS W7 i R e
AE L X L 45 44 11 1 B 9 55 PR B R ) T B i Y
B 1 1 R I R A D5 s - o 2 < & et
P14 e o D D R T, B R A R AR R R N B
K, BB DR Z 4 T A 7, 31 3 S0 A7 1 458 25 BR 1 1
JEUIH AT BTy 1 R % R R R SRR B S R R A
PIRAIE CHLEE M Y e axbE T SRS Nk, % 4L
S5 R A AT 5 Ak RS B T 95 RLL T AR K
FEAm = — R E A A,

LB R A A S S wE B N BTz AL
sk T B, H AT LB He s Ak 1 B9 7 1) 2 SEAE )% 57
W g HLEE . BHRIEN SO R B R SR By BR AR N )
JE R S PERE Y B RS IF R T KA e
GE 0B TR IS LA E AT 9 55 1, SR 4 i
a4 AT 9 57 W 11, 45 L TR A e A I T LA
iz ik FLRE 1N g 4R v B B2 ), fe 15 B AL A O R
S5 WA S M ALEY B B AR E i X TC21 FLik
TP s w57 R AL B9, 3R T BF R J5 fLEE Y ik
AL 1 AT 45 5 BT TR B R FL it 9 o7 2L a0
AP BRI . Wang S5 LA R 57 A AT
P e O A ST SR R OT LR, AT T
A FUAb 9% 57 24800 W AR R R AT . ZAE AR
I8 ok X% TR S B R AR R it 55 A, AR A5 OC B
BN g s )5 i 1 MSC.Fatigue #4 , 2k
FH SN oxh FLBE 3 J) 9% 97 75 a AT Ak 3 3l A R
TSR PR ARG G B B R TR 57 s ML

FLAG 55 e s Ak % 55 0 DL 22 95 3 =0k 32, 38
b AR BRI R i 9% 55 Bl L 45 5 SE T R R X4
F AR B9 57 47 R AT IR SE Al I . X R R
I 45 X SO TIE IE, A5 % I8 450 M
BRI T B R o 0 R SR 1 o o7
TOUIN AL 7R oy Shy G5 YR AR o Y 5 i T AR AR
T3 1 2 75 i P00 AR Y W 2R g 2 T o I AR A
A =3 B AR B0 A AT 9T, Je o R
PBELL Y R o W A7 e VAR . 5 R 9 5 T 5 T
2 FE 2 0 TAE B T 4 SO vk o
561 9% 97 24 80 A B L R AT LYY i
USRS AR T AT, BEEY RA
BRIC Y & J& S5 i 9 08 ROy TR AL ST . W
B E Y R A BT S M T B R R Sk
IOEAE5 /AN 7 S VAN e S S TN U il

2oy EBEHLB R . Wei %2R Y A FR ot vk
SR TR % 55 W AT Oy o LY R SR Ak T T
95 M a Y R A A A 42 Y Rahman ™42 1 T
TR R A B TR AL R T LA Y R R A7 AR AR AR
7 BT T WA ) 248 P2 . Mohan % i
5544 BRI 1 #l Willenborg #6551 T % 1 — Fh & 48
1 77 1 6 5 R i FL AT 2480y AL . bk
B P A 2 2 6 FL B S Ak AL B RN 45 44 1 9 57 T
5 T 4 B 5 2 B IO LA 1 % e i Ak 9% 57 3 45 B
B BT R B S 3L % R SR Ak S 9 55 B4
B A5 R 4 S0P R A T I X o B R AL AG 1 G 9% 5
PEREAT 58 K FE 0, R I AT 0 2 X6 LG 4 308 17 B 1 i
9% 57 75 1 T B 5%

AR H ABAQUS 2021 47 R 5T %k 4 3k 43 Br
FUAB 7 AS [RIIR 25T A& 6 8 04 12 g AR A8 4758
I FE-SAFE %% 95 43 Fr 144 3+ 58 % e o AL AT J=
AL 1 1 9 55 M IR R 55 S LW A A, SR T
ABAQUS H 218 35 53 #2051 3 e A B e
ML FLAA R 55 T AL W 5 M 8 el B, 5 X ok Ak
N 77 R 57 PR AR 0 N AE IR R AT R . R ALET
J 58 Ak X6 0L AS 9% 57 3K 50, 360 UE B0 (AR 400 vk
TEFLBF He 2 A0 9 55 75 i B 5 7 18D 1) TR 1

1 #HERU

1.1 BRETENZSH
111 =Z(kAMATtERE S

K ABAQUS 2021 #£47 7050 f2 & 4 fL A £
B He i Ak R 55 0 2 B AL, D 3RAT R SR A0 A
AR P AR AT L o R ) 3 43 A b LA 1 ) = 4R
T A0 A 3 50 v B 9 57 1R RS, 358 T 200 mm X
40 mm X4 mm B HIE M. oLl RN
12.35 mm, Hf K TAER A28 12.73 mm, % £L
R 3% Bt e m B R G, 5 AR B EALA 7 — i
B B AL E AR 12.7 mm. 1 LR 1 9 s g g
57 AT A5 B S35 50 B 45 R, A I 2R BUE 5% 0
2, R/ A1 W6 A I Y 0.7 A5 P hr s L W ) e R=
0.1, Tk # B A A17050-T 7451, H 77 2% 1k BE 0
JCARMBERI S M R LRI 2,

£1 Al7050-T7451 515 14 &
Table 1 Mechanical properties of A17050-T7451

PRSI EE /S i i/ A/

MPa MPa GPa E'ﬂ?%/% ‘ZE‘*’L} It

510 450 70.3 10 0.33

R B v = A BR TTASE Y A SR A 8 o 5 T i
T AR 5/ B8 5 e R R B O B NI, A%
W A 152 R S TR BT C3D8R, W ik 41 K



%3

RO, 4 R T BE AL A) FLAG P B T 5 A % 5 7 i T 473

£2 Al7050-T7451 89 J-C RS #
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Fig.2 Cloud diagram of stress distribution after expansion
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Fig.3 Simulation process of reaming removal of hole com-

ponents
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(b) After expansion hole components
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Fig.5 Comparison of stress distribution under fatigue load-
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Fig.7 Schematic diagram of fatigue failure of hole compo-

nents

RS A L — B

TE A RH A5 9 22 AR A v fLBE R g 4 Hh R
B FLAL BT AR SR A, B RS FLA 1 B0 AR
i 4 SR AN A 8 B 7, oA B T LA 14 1) 280 A 798 2
4 008 UK, i Jo i Az S 40 14 (07 5 7 AL BE v 8] = (1]
8(a) ) s £ e Jm FLAL F A4 2467 1 2R KA 7 4134,
TR S B AR 2R B0 A B T FLBE B A (B 8(b) ) o
300 AR B R A BF IR 3R AL 51 A 5 A R ST, i 7050
A LA R 57 280 A JF A i 194

lg(Life-repeats)
(Avg:75%)

+8.000e+00
+7.634e+00
+7.267e+00
+6.901e+00
+6.534e+00
+6.168e+00
+5.801e+00
+5.435¢+00
+5.068e+00
+4.702e+00
+4.336e+00
+3.969¢+00
+3.603e+00

(a) Unexpanded hole components

lg(Life-repeats)
AVg:75%)

+8.000e+00
+7.656e+00
+7.312e+00
+6.968e+00
+6.623e+00
+6.279¢+00
+5.935¢+00
+5.591e+00
+5.247¢+00
+4.903e+00
+4.558e+00
+4.214e+00
+3.870e+00

(b) After expansion hole components
8 LA R0 57 BEBCHT A A i o He

Fig.8 Comparison of fatigue crack initiation life of hole

components

T 2EB0HT A= B Be , 10 1V 1 5 05 45 2R R 5 4
SUET A AT A R R FLBY IR ST AR BR AN ) 2

it A5 L BE 52 2RI L g 4340 & A2 AR A8 TE S A F- 34
INE 3 BEEAR, 28 mr 496 P 4005 e e LA 453 0 SR Bk
AN BRI R BRI R T 45 R I IR, 24 80 AR
F A A B o
1.3 BZRGTESW

ABAQUS 2021 1 Standard Y 1 3% 1§ ¥F 2> B7
AR T — R O B R |, LLARAS 45 0 R 22
JEL 30 A A A ) S i 0, R TE A TE R S5 A R
AR JE 9 55 75, 455 97 ) A FR T (Extended finite
element method, XFEM) £ A , Bl 3k 15 20 0 P Jig
FFm o ST BT BRI L (AR R R 5T B Y
A FRICHLHL AN E 9 Fr s .

K9 AL 0 55 9 e AT IR T A
Fig.9 Low-—cycle fatigue extended finite element model of

hole components

Oy BT R B LA 1 9 55 24 80 e, ki ik s
AL7050-T7451 () b4 BHE 1, A% 3 & Sk 43 IX 385
AR (1475 A C3D8R M4 , #4424 W ) fif £k Je HLASE A
e L BN WA, 55 FL A 42 fk 1T 152 400 L % e
ELTiti 1 5% A5 () Fr A 2 AT, AE AL RE b 3% B crack
ST AT hy 440, BELL A i B AT D A% RS 1
1 mme X TH S 0 LA F R AL Y
J1 A BT AR B A T A R R LA 1 Y 4
VB, b B JC A5 B DA% T 1 o 6 LA 4 DL B H AT
TR R T3 3 B LA AR R 57 24 800 R, 43 T R 4 g
JI 9% 55 BE L0 R 52

A AE U RSO 20 76 A — o R 48
B 4 AL R R I IS 24 80 )R 5 R 7715 0 an 18l 10 B
Ro fHFH XFEM A48 24 809 & | I 200 % 54 80 2 vy
Do) A5 AT 00 28 0 R 2 A T R L B B A
PR, ABRITYS R BN, B TS FLAS 1 7 A [ 24
GURSE AH () 24 B0 IR R [R) 28 ar T, 2440 Jm) 3 1
I 01 FEA

Xof T 2R i 2 S R w2 o R e S ek, — i
1% 08 F % FH Paris 22809 @ A =1

da

ch(AK Y (5)
K om AR R R, B RLR, 2B 2~4;C H
WRLE R, AR s AK R 78 R IR TR

SLECH T R JE ) v g 5 B DR IR A AR R R
5 (A 2% 0k B, AK IR TR 16 B E B R a0 i
& AK B 26 0k BE J5 A ar P YR, R A KR
Wi % s IR N M ECE AR Y R . SF AR R X g 55 2



476 [ S S |/ S N - S SO 55 &
S,S,/MPa ABAQUS i 55 24 10 i A N e Lok
(Avg:75%) N

+1.326¢+03 —
e et @
v €
9915102 R e il e, KRS8 N KRR OB AG 2
il €
+7.688e+02 LY K B B SRE 25 TR SPE LSRR AL
+6.573¢+02 K
ot oy g
g € E
+3.228¢+02
+2.113e+02 fig %‘ﬁiﬁﬁl_iﬂf”é}(%%%?)‘%l:fﬂ%?}?%?i
+9.985¢+01 L .
L1 164001 Bl 48 Sty R . BAER8 1d Paris 23 20
(a) Unexpanded hole components i
5,5,/ 0P da
vg:75% s (AG ) (8)
+8.918+02 AN
, ﬁ:ggg:gg KA e fle, MRS E MEY RSB S5S50C,
+6.349¢+02 ;
+3.4920+02 m 5
+4.635¢+02 =C(E'")" (9)
+3.779e+02 "
+2.922e+02
+2.066e+02 = (10)
12096402 2
+g.gige+811 Bt 957 57 268 A A0 I 00 2%, B4 80 HF bR W FLAA 1R fa
~5.043e+
~1.361e+02 B LA R 8 W G X 8K B E AT R

(b) After expansion hole components
P10 AR 1 Pk S 480 g %) e
Fig.10 Comparison of loading stress of prefabricated cracks

in hole components

Sy R o M i 2 X, TR B R AL R SR
AR, o A LT IR A R A A R R
S, S, /MPa

(AVg:75%)
Max:+1.216e-04

BB 118 o BESLAS 3% 4538 40 AN sl /N, 24 4
Jry PR G R, MY R R W . A R oT
B 238 5 0 75 AR % He FLAR A4 58 4 W7 SR Ik 288 7 906 P T E
R 446 R, B R 5 LA 1 58 42 W R 2 Ao 1 PR IR EICH
1034k, 8y e B BRI 2.3 /% o AL RS
BRAIN 137 %5 2480 e i Bk B VR

S,S,/MPa

(Avg:75%)
Max:+9.116e+01

12}
S, S, /MPa S,S,/MPa
10 (Avg:75%) (Avg:75%)
g Max:+4.187e+03 Max:+3.725e+03
g 8r
= | s.,8,/MPa S, S, /MPa
6l (Avg:75%) (Avg:75%)
%‘( Max+2.894¢+03 Max-+1.794¢+03
& of
2 e RFETLH
" —— FEEALE
0 200 400 600 800 1000 1200
BATIEFRIREL

FLL AL 7 2B Ji I A2 Bl 280 1 1 37 45

Fig.11 Results of fatigue crack propagation length of hole components with load cycles
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Fig.15 Fatigue test device for hole components
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Fig.18 Fatigue fracture morphology after expansion hole

components
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Fig.19 Comparison of numerical prediction and test of fa-

tigue life of hole components
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