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Effect of cold extrusion of press-fit bushing
on residual stress distribution of lug hole

TAO Meisheng', HUANG Haihong', LIU Rujun®, YIN Chaochao', REN Yong', LIU Zhifeng'
(1. School of Mechanical Engineering, Hefei University of Technology. Hefei 230009, China; 2. State-owned Wuhu Machinery Factory,
Wuhu 241007, China)

Abstract: The 7050 aluminum alloy lug hole was subjected to extrusion strengthening through the
press-fit bushing cold extrusion process, and the residual stress was detected by the X-ray stress ana-
lyzer. The influence of cold extrusion strengthening on the residual stress distribution of the lug hole
was studied. The results showed that the press-fit bushing cold extrusion process generated significant
residual compressive stress in the lug hole and formed a residual compressive stress layer of a certain
depth along the hole wall radius. Under the same relative extrusion amount, the residual compressive
stress at the outlet end was significantly higher than that at the inlet end, and the residual compressive
stress increased with the increase of the relative extrusion amount., At a relative extrusion amount of
2.5%, the maximum residual compressive stress at the outlet end was —384. 2 MPa, and the residual
compressive stress layer was about 14 mm. The strengthened specimens were tested by microhardness
tester, and the results showed that the strengthened specimens formed an microstructure hardening
layer of about 4. 5 mm along the hole wall radius, and the maximum microhardness increased 18. 1%.
After cold extrusion strengthening, the hole wall formed residual compressive stress layer and micro-
structure hardening layer, thereby improving the fatigue resistance performance of the lug hole.

Key words: cold extrusion; press-fit bushing; relative extrusion amount; residual stress; microhard-

ness

5 B #5:2023-02-23 ;& @ B #A: 2023-03-20

E4WH: FEK AR EL T ORI H (U20A20295)

eI : B2l (1997—) , T3 B B N, A 8 Tolk K28 1A
TIPS (1980—) , Y, R R WA A IR Tk KAz 1 44 30, @ (5 /6 # . E-mail . huanghaihong@hfut. edu. cn;
X0 (1963—) , 53, BV RGN, B B IS ol K208 AR .



20 ARe Tk K AR AAF R

748 %

7050 BB JE TR IR AR A T AT
FERRRALBOT SR L T Iz R T ALR R
PLEZE R FLAFE 2R PRl . (H RALHLE Rl
FRA RIS A FLAE IR R 52 21 S AR i
VR By e FLBE B JA 1B BE H v, S 30H
FLH BUREL 9% 57 W 2 G B R 30 . Z AT B
FERW] R 575805 R R W 282 RBLAS M PRy 3=
BRBOBA A 7000 ~90 0 IHLIK S 2 R FL 45
PRGBS R B HE AL ES A 1 R AR A
JE N R B SR U0 o7 VERE AT B

UTARSR Ve B Hesi AL T 20 i T HAR A fag 20 al
FEvEsr B ASCR B R AR08 A, O 3 AL
AL 75 B Y 2R T B IR
TET I — 5 i B 8k e s AL L da £l
FLBE A A IR PEATE AT 5 AR e Wi T
PEERA RN RSB ALZE . WFE R 4L
AT LB fL A BB T 0 A 15 O » 3 v B A £L )
PURTT IR EE  AEM A A R SO AF 2N Z M

FUR » [ P23 0 12 AL BF e s A T 2 i
FERR AT EHEPEST I . SCHRLS J#H X% FGHO5
BRIE S G R LR BB AL A BLsRAL e 1)
FLBEAR 1) 1 B — 2 TR RE ISR AR T g J2 A2 4L
LIz A BRI 57 2 S0y J 34 s SCRRL9 M A
SHRLBT R 7 2O 8 A 4 B A T A S
SERFIIARAL 5 A BE R 2 I BB AR I A1 )2 4
U HEANY R AR S T H R PUs g rERE. b
RBFFEFRI  Zead v B e T 2090 A0 )5 05 55 53k BE A
B 25 BT o FLBE K] FE 5% AR T B 3 2 A
SEHUE T ISR T B R R

TEV B IEMIETE rp A LR BT IR s Ak 5 1
JRAL G TR L BE AT » 30 H 2o £L 2544 1A P
W53 PERE ™ A= 52 m  Jy Se R BB IRINE , 22 4 T
BERTE VR B RS ALHORN T Sk 13 1% I 4%
FER SRR T2 HEAT I $2 1 H AT 52
ARZAL . HERAE T LB E B B A iy T2
P B T BRI AEAL I i A R
55 AR ATy e L T B R s DTS WL PR A
FARAEVERE . O fifk PR b [, F 58 SR T
WHCARTE R A4 8 el i R B IR %
R TR E. SR W ER BT
FLritk — 25 42 T L 25 1 i % 057 M REV . Sk
L7 IR e~ 95 f5 e el 2 DA SR 4 0 5 A o
7050 A FYERERIRZ I R BUE G R B Al
FORRERE A AR R FLAS IR DT R

EIRBEFERIRE T BT R RE A G

TIPS T 32 = FLES A B2 55 PERE . (HOR
FEIIIFFEARRS 5% T A Xof T B AR I 3 3 A 4 52 0
[F] I XS ¥ 5% T 5 AL LBR IR 45 1 B 2347
BEASCLL 7050 85 < H A FLOABFTE X 4 R
BB B L2 B R fLFEAT 1% 5F o AL 52
Ko WFFE T REAS B0 H 7 FLERAY N 53 A5 1Y
RO A S AR P o s A FE F FLEEA A
IR AR JEE Ty T X S5 R A T i — 2 O #r

1 IRBMBRETE

1.1 SEIesrsl

H R FLIREER R 7050 5844 » b FRR
AR TTASL, At Bl bR ) [ AR T vE i
AR 0Cr13NiSMo2Al, BRI 5K Sk E
FER T RJEA 2 Re AR 1 g, B Lk
FEJLMT RSN 1 i, AR B N
58 mm, SME Ny 49 mm, AR B AR X BF R R RE

x1 7050 BEERESHENFMRE
brhisk  JEMRSR MR

ok HEL/N A
Ji/MPa  Jif/MPa  4t/GPa -
7050 B A4 510 11 70 0.32
0Cr13Ni8Mo2A1 1515 1415 210 0. 30
ry c)Q
o v
\?9 I
fa)
=
Y
100 L 38
LA mm

E1 BERALLERRERST

1.2 SRIHE

TR RS R ER SRR T ZX H AL
AR T IR AL B, 2R IR mIE 2 PR, B
JE 5 A S 56 B ARG BF T 8 5353 1. 7962, 094,
2.30.2.5%, pitAAHN.

7= (D —D,)/D,, X 100% (D
Horp D, OB S TAE X AR: Dy N RS 4T
BNt D HH A LB N,

Fe BBV 57 M 200 A 5 — S AL AH T R
R SRET A B NALALEE AT T4
IR R R s AL i FLALE R I TE K S B A A
BB VR o8 R BEA TR BY RS . SR B A
RHSEE FTI 2w E7 1 FT-200D B e



%1 3

MM A RSATE LSRR LR AR RS AW 21

FFN BB-30 RS A, S0 ) AR v AR A A G B R
EEPEAE I Y A e S RS A L S S A
EETH AL AL e B B 7 fLike .
ORI 28 i s B W B WAL S P 45 i
22 5 38 320 S THUNR PR 1) Fe A5 et 25 2t 1) 5 1] 19
BE R Sh 3R e S s il ot R AL EE ST
O ARG 5 42 8 H AL N BE A 1k YR B R 5K
IRaER,

AN FRAEFE A 1 B IR B R A g A [ 3
Fi7R

B
JYUEA

\ fuit
2 EAWERFERLIZTER

HRfLulkE

BRARN T LRIREEER
A A A

WA )
Ry 1

PRI
DT 1)

(a) RALFEFREETE

§|
< W7
ozl g Ji =,
< \-y |ooe { ]
s 0.5 mm
1 mm

(ORZZINFIL i (c) Ahs LR
B3 FRERMEEFRNRBRACERET R

HF AT ER B E T 2 b i 5 ALk
PET FLRE AR 1) 5% 4% 7 T 43 A 1% L, 2R F X1-640
T X G2 I 00 S SR 0 B L A i T AR A
N 77, G 3a iR, RSN CrKo $E, fiT 5
FRIE R (31D, B EH AN 2 mm, B KRN
20 KV EHL M 5 mA, K g5 43 A W&l 3b i
71N ASHI (BB Ry 1 oo, G 00 25 2R o I AR SR
1 SAEARZE RN F1 Kl gy ) S FLEEAR ) 5 55 4b
i ABAQUS F [RITESL I A A X G et 45

B R HIT AT 2. N Ir BN A4t
BB A 0 E R FLIRE VR L REAR 1] S fulc bl
ARk Sfek FH e U 80N B R FLBE Y 428 1) 1) 2
BURSER 20 mmX 15 mm X 15 mm 83, #6038
HORELA, B AR 3a R . 2888k TS Rt Ak
HE L HMV-2T 79 5 SR B 1 0 o 3% 1 i
[ 7o = W o 1 1 AR 1 = o 1 Y =
0. 5 mm, 3K S 43 A6 AN E 3¢ frw . Ik s 71k
500 g(HV, 5) AR HEBSTE] R 10 s,

2 KIGEERSTH

2.1 BRNAGH

1 B He i A0 T 203 i eSO AR 5 I i 2 240
e e FLEN R 5 A% T 0 3 L » DA THD 396 508 FL 45 #40 F)
PO SFVERE . 7Bt R rp AL BE K B 5 LA i i
ERIFRAR R I WA 4 FiR. B4 Hio, Ry
ST AE TR 75 o R 08 55 77 A I Bk 4% L
{E3S Howm 5 or BIEFLILGIRAN 1704

TijJT

fLiz

«—
|

EH

4 BRIBURRREASINGETEM

SR AR L3 AT AT ¥ 73 Al A it A R g S
BT ARG AL BN SRR B BRR
Je 2 3 %k 2R S0 45 A5 19 40 4 4 T RT R A I 1)
Goodman™" " IR . 75 ZWE HOW L LU T L 44
SRS 5 LI LR PG AR BN -

@:m@—ﬁi@) (2)

o
Horf oo, PSR 00 NN ST 500 SAPUHLIR
£, W) AT LU I8 57 9 B o, Bl 3G FR AR
FEIIMA or ZB KM s T HEFHEAE 09 55 P
A FEAIR T FLAE s IR S S5 458 0 1 R
2. 1.1 AFHEIELMNEALA RN H G
R HESRALET L 5 FLBEIT AR 0] 7 [n] 1) 5% AR 1
T A GO E 5 . MBS AT LUA i il
FEA AT ER SR T2 A G FLBER AR 0] J7 ] £A4E



22 ARe Tk K AR AAF R

748 %

W AR AR R I 7 » B R BRIV g S B 7 L B
R JEAE B 5 B e IO 3 {5 B G 48 R il N e
JE T PR TR T — & R BRIV
JZ . TR BYIRSER T BEAE FIX B BRI, £L
PR BESZ 3| s ST B 5 e AT A I P AR T I %
HHT AR I W SN e ALY — E TR AR AR
HR 1)z o VB e iU FLBER IR AR 22 K A (o]
SRR L T3 BORJZ BRI ) T . PR isk
AR T N (L2 1 B FLBER R SR AL B

100
o N A

&
S -100-
R el
20 200 ¢ o
&

=300~ \ ot _._gﬁpmg@

-400 \\/T/ | ! \_.—I EWPH ! ]

0 2 4 6 8 10 12 14 16 18
FLEEAR 7 5/mm

(a) HFHis
100~
o /’\/\-/"'\/\/'";.35
QEE /./
= /
R _100- o
= rd
& 4 .
D U N7
\/ —— LS
-300 | | | |

I I I I |
10 12 14 16 18

FLEERR [ 25 /mm

(b) A
B5 REFERLA.EILEEARRENSH

2. 1.2 AAXHEE A ERA B S 5 A6 %00

FUBE TR ) J7 ) 1A% 4% 1 g Bt AR s o
FARfE e R AN 6 s . ML 6 AT LIE i, B &
IR ERAR N ) KN S A3 A 5 AR 2 DDA
Ko FEE AR s 3G K 3R AR He L g W {0 )3
1) URBEHR R Z 38 A0 s Fir 7 A= 19 5% 4% Fs g 7 AT LA
HEIH ARASE L AR v i A i 28 A o AT A 54 T T B
H LB 55 PERE .

MREE A B 4 FelAFDGH B a2 T 5% HE ot o A
FHEHE & T 57 A £ AT R 1. 700,
2. 0 Yo} IREEBT Hh st FBT At i A% FE R g ) Bk
3 IRAEFLBERR 012 2 mm {37 &, H b B o o
W IR 435 S — 256. 4, — 313. 6 MPa, £ A Sk
H R RAB A 39l — 156, 8, —187. 9 MPa; 44 X%}

PR 2. 3% . 2. 5V i, it BB o Fn B
SR A% e 0 7 1) e KAB 53 53] 3 BRAE FLEE AR 1] £
3.2 mm [0 E H b S S5 R AE 4 i
—333.1,—384. 2 MPa., $ A i 5 K AL 5351
—233.4,—265. 6 MPa, AHXJHF R M 1. 7201
KEN 2. 5% 1 b B v, B AR R ) 2 TR B B
8 mmAEfHFE 14 mm,

1001~

AN
4

FE 42N J3/MPa
e
(=3
5
l\"\.\
R\
\
\
\W
Lt
[V A RN |
XX

-300(
L d
-400 x ‘
4 8 1 16
FLEEAR ) B 25/mm
(a) i
1001
./'/';;:?'
& pecg
2 v,
-
3
& ——1.7%
. —e—2.0%
——2.3%
«2.5%
300 I I I |
0 4 8 ) 12 16
FUREAR 1) 525 /mm

(b) N
B 6 FEBEMFEETHLZRAADERENSHE

SRS 72 B B B sk fbad
P FLEER I 48 2 R A S 8, R BOR AR
FIGYATANEY 5] 5 W 3 2ok % A o ) 2 A 9B M 3 8
AT B 4 8 J2 HE R, 2 4 )2 3 B HOR ik
JERISE , BV 1) S BBt R it A i ) B 22 186K
FEFT oty FLE 2 1™ AR 1) & B HER I R F A
Uity » S B e et B K, s B T i 4 e
7781 5 B R T A
2.1.3 BRERANGHATEER

ARG I E B A LR R
HEA YL R AR I B 5 5 15 3] 4 Bk X 5%
O0f A E B ALY ) B A N g 43 A s B i 7
JIE7R S U L RE A% 1) B IBOAN [ B 1 6 T 1 5k
RN ITEE AN 8 FR .

M 7. 8 T LAE . & A R B R B R
b5 FLRE B R L™ A T 56 F LR AR o3 A0 (R 5k
FEIV 77+ AR AR Fe 7 e 347 i B0 AE 55 o L i



% 1 H

B RSB AT RN T R LER RS 5 4R 23

DX, 4 FOREDX 5% s B I I B A s 7 0 5 {
FOM A RAIEAT — 5 2253 » B A A X BT i 5k
A% N 7 W ELAN 73 Afo i FE R IZ AT in . e B
Fr fLIRE IR BEJ5 I A AR Bk AR TR I T 23 A AN E 5 B
G AR B B i 5k A T 1 R 5 A .

ISV
(F19: 75%)
+1.914e+02
+1.514e+02
= +1.113e+02
+7.119e+01
+3.111e+01
-8.979e+00
-4.906e+01

-1.693e+02
-2.094e+02
-2.495e+02
-2.896e+02

(a) AHXHFEEL.7%

N J)

(FF19: 75%)

+2.113e+02
+1.659e+02
= +1.205e+02
-+ +7.505e+01
+2.963e+01
-1.579e+01
-6.121e+01
-1.066e+02
— -1.521e+02
—+ -1.975e+02
-2.429e+02
-2.883e+02
-3.337e+02

(b) AHXTHF e 2.0%

IS¥J]

(FF139: 75%)

+2.278e+02
+1.784e+02
+1.290e+02
+7.965e+01
+3.026e+01
-1.914e+01
-6.853e+01
-1.179e+02
-1.673e+02
-2.167e+02
-2.661e+02
-3.155e+02
-3.649e+02

(c) AT E2.3%

)y

(F49: 75%)

+2.569e+02
+1.989e+02
+1.409e+02
+8.293e+01
+2.494e+01
-3.305e+01
-9.104e+01
-1.490e+02
-2.070e+02
-2.650e+02
-3.230e+02
-3.810e+02
-4.390e+02

(d) FHXTHFER2.5%
B7 AEEMFEETERAVIBRRENSHRE

FRARTEI 1 b AR ok 1. 700, ek
BRAREN J1 2 — 289. 6 MPas 24 H X e 8 15
) 2. 5% , e KR AR HE N 138 i 51 — 439. 0 MPa,
25 L EE SRR I B SR AL RE A R0 R L BE L
Jeil BV 3 7 5001 5 FL AR AR R B A% e L ) 4%
A S RS el B B IR S 0 25 AL i A LA
AU — B0 S R TR R 7 B LR B - A7 A
—EMZES . XG0 Ea R AR R AL

LB AR ST SR A 1R 25 A K

200 B A
100+ a
A\-\-\
s 7 ‘
= -100-
R
42/ -200F
& —— 1.7%
= 23001 —e—2.0%
——2.3%
-400 o 25%
=500l . . . . . ,
0 2 6 10 14 18 22 26
FUEEAR 1] B 25 /mm

B8 AEEMFEETHLBREAKRENFEE

2.2 BMEESH

VB s AL T 5 FLBE AR 16] . fRORE 38 A
RHER A 9 FiR. M 9 i LG A B R R AL
Je FL A R Ao ) S AR 75 31— E R JEE Y 4R T
YA i Ay 2. 300 I 7EFLBE AT A2 18] U5 1) JE
SREEZ )y 3.5 mm HYRE AL JZ . 5 R BURE B2 i
] 180. 3 kN/mm? s A4 T oA 53 AL R 2 fol il 2
PRHGIELY A 9. 906, R RIG IR 12, 3%0. A0
X% He g 2 2. 500 I, 75 FLBE WY A2 6] J5 1] B
BCREEZ g A, 5 mm BUREALJZ 5 K SR 58 3%
Tz 189. 6 kN/mm® ; AT AR 58 AL 1A 2 A
BT HEIR LA 13, 906 e KIG IR 18. 106, W]
LA S B8 B He oAb J5 7E I REALBETE A T
—E TR I RE AL JZ s Bl FLRE 42 ) B 2 1)
SN S RIS R R A B B T i . R
B 5 RGBS — L

200
—=— AP
190- —e— MR 2.3%
~ 0\./‘\\ —— FRHE R 2.5%
g
£180
z
=
=170
=
g [
= 160 !
N I [}
150 ez | !
]
140 ! . R , ,
0 7

3 4 5
FUBEAR [ B 25 /mm
B9 BUAEEAERRREMEEE

BRI, IR A B B IR T2t Al
BATER A S T 7050 A A H LR A5
e e fikFLBE 32 2 A4 8 e A B PR AR T » HLB S
ERZ XA BBk, SEEEH RS HE



2 ARe Tk K AR AAF R

748 %

XHFLEE AV ARREALAE AT A T FLEEIE i — € IR
MR AR I ) J2 R GUREAL 12 A A T fL 34
PSR BLG b e T H R LU TP RE

3 & i

D EAHERFERAL T ZM 7050 #5454 4
HRFU™ AT LR A 5RAaR FEN J  H FLRE AR ) B
BT — R TR EE (R R AR I ) 2 o FLBR A% FE IV g i
E S B FLRER SR )Z

2) Bl A RE DO % He S A 3 K S F I 7 e gk
RN ZRERBE R, W —H R T 5
t SR A% F N T 3845 A i 1y B B K ARG 5 R
Ok 2. 500, B iR AR FE IV 1 —384. 2 MPa,
FFERL T 14 mm 24 FIBRAT RN J1)2

3 EEHER B R TEARIET T
J FELAA R P S Rt B, T i — 7 T B P ZHL 2 A b
2. MXTEFERN 2.5 %00 AR E Y 4. 5 mm
HIREALJZ L e K AR B 244 189. 6 kN/mm” 5 A
BT AR AR A B Y MR 2k 13. 920,
IR 18. 1%,

) B E AL T 25X B R FLBETE 08 1E i
AR LBV AR DR B T — 8 IR I 3R AR R
N E L E AL 2 A AR T FLI R ) 4
MG M 1T H R LT s e .

(& % x k]

(1] 5 B XBiz ke, JiHEiE. WAL BEXT 7050 4R-& 45 JFEAR A RHAH
21 MR SBRAN I 1 5% m [, vh A (0 4 )R 2 4l 2018,
28(7).1277-1283.

[2] KIMHK,CARLSON S S,STANFIELD M L, et al. Mitiga-
ting cutting-induced plasticity errors in the determination of
residual stress at cold expanded holes using the contour
method[ ] ]. Experimental Mechanics, 2022,62(1) ;3-18.

[3] KUMAR S A,BABU N C M. Effect of proximity hole on
induced residual stresses during cold expansion of adjacent
holes[ ] ]. Materials Today ( Proceedings), 2018, 5 (2).
5709-5715.

[4] WARNER J J,CLARK P N, HOEPPNER D W. Cold ex-
pansion effects on cracked fastener holes under constant
amplitude and spectrum loading in the 2024-T351 aluminum
alloy [ J ]. International Journal of Fatigue, 2014, 68;
209-216.

[5] YAN W Z, WANG X S,GAO H S, et al. Effect of split
sleeve cold expansion on cracking behaviors of titanium al-

loy TC4 holes[J]. Engineering Fracture Mechanics, 2012,

(6]

7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

88:79-89.
EMAMI G Z, CHAKHERLOU T N. Investigating the
effect of cold expansion process on the fatigue behavior of a-
luminum alloy 7075-T6 in double-lap shear joints[ ] ]. Pro-
ceedings of the Institution of Mechanical Engineers,Part L
Journal of Materials ( Design and Applications ), 2019,
233(8):1645-1660.
FU Y,GE E, SU H, et al. Cold expansion technology of
connection holes in aircraft structures:a review and pros-
pect[ J]. Chinese Journal of Aeronautics, 2015, 28 (4);
961-973.
TV B AR N B A S ALBT R xT FGHYS &4 % il
Lo o3 VERE A M L] 1. A2 i 35 $2 A, 2019, 62 (18)
76-82.
XNZERE ARk T R o 5. ALY R 7050 & 4 H R 4
R 57 Ve Re 0 5 [ 1. B ORE AL 327 4, 2021, 42 (5)
19-25.
FFER UL R0 55 SLBT SRR 2024 475 & 9% 55 M
ReRRZIR L. Aias BPRHE . 2020, 40(6) :45-51.
W R IR s XURE . FLBR X 7050 486 4 B AR I 1 43
AR LT . 02 i AR 2016,59(19) - 80-82.
WM, R, bR, B M I Z A R AN E L
A ALEE 1 2 5 R PR R 57 1 e iR W R L) . s o
AR ,2020,63(17):32-39,68.
EELT, =L 2R R. JFSERT BV £ R AP OR W 7 i
()] AR . 2021,46 (1) £ 1-9.
FHEALARA R o, S LT R AR R R 5 R
BT s #4%.2018,39(2) . 6-22.
FHAL T/ANTT A S GREROLTNIT S B B AL &Y
PR 5¢ 1k K% 55 A7 R wE R L) . R R, 2019,
48(9):336-345.
BOMBARDIER Y, LI G,RENAUD G. Fatigue life predic-
tion at cold expanded fastener holes with forcemate bush-
ings [ C]//International Committee on Aeronautical Fa-
tigue. Cham: Springer, 2019:658-673.
Fuik B B T EES R ERAS S 24
M99 55 PERELT ] BLAR TREBIRL, 2020, 44(7) : 46-50.
SEIFI R.ZOLFAGHARI M H, SHIRAZI A. Experimental
and numerical study of residual stresses caused by cold ex-
pansion of adjacent holes [ ] ]. Meccanica, 2014, 49:
687-706.
WANG Y,ZHU Y,HOU S, et al. Investigation on fatigue
performance of cold expansion holes of 6061-T6 aluminum
alloy[ ] . International Journal of Fatigue, 2017, 95:
216-228.
LR, FR AR BN, 2. FLBF R0 i A % TCL7 gk
G LA R SR I K 7 PERE RS MR L) . S s Bkt
24, 2021,41(4) . 75-82.

L = 50



