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Machining deformation control method for aerospace special-shaped
parts based on residual stress and energy field distribution matching
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Abstract: For the key issue of disordered secondary deformation caused by mismatched residual stress
distribution in thin-walled aerospace parts, the typical thin-walled aerospace special-shaped parts were
selected and a deformation suppression method based on the residual stress energy field model and the

evaluation index of feature matching degree was proposed. By using milling simulation to extract
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residual stresses of each parameter, the residual stresses were redistributed, and match through the

residual stresses of each feature were matched. It was found that there will be coupling superposition

and cancellation characteristics between adjacent and opposite features. Under the action of a single

residual stress field, the maximum deformation of the workpiece was significant. After using the multi-

residual stress field co-matching under high feature matching degree, the maximum deformation was

reduced by nearly 28.6%. Experimental data show that the optimized processing parameter system can

achieve dynamic balance between features, the actual deformation of the special-shaped parts is reduced

by the maximum 27.2%, and the roundness is reduced by the maximum 49.5%, which verifies the

effectiveness of this method. The research confirms that the stress distribution optimization strategy

based on the coordinated regulation of residual stress energy field and feature matching degree has

significant engineering value for the overall deformation control of aerospace thin-walled parts.
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deformation control

It 25 A0 2 2 A PERE TSR R e T g, Wi RE LS
P PR AR R CAT RS AR I HE S | ek 2R 50 4 e i
Srfg ot BRI AR N TR 2
T, WRAFZ TSN K2 5 MR
TASE A R — P2 B e R
1 5 20 T o o R o AT  RS k BE
HAPEEBRRE PR, BN TS ME R
55, TORRR A A5 R 0 TR AN AT B VR
T, A5 RAA, e A et ey
ARG W0 220 S TS 3, 3 W RE ™ T S b
(22 A MR IR A ™, B R A 2 3l e
AR S 2 — . G, EFRF AR T AR ep
W5 AL PR Z B, BRAY I 1 IR R
FE,

WM, T B b R Ay 1 1 3 A Ak
SHRE A ASIE R DR T, 2 B S8R AN I 1
PORIF T RGNS . Wang 5 5] AU AT 4%
BE 1 UM T3 AI R AR 1, 4T T 3R A3 167 J1 Fl
AT B I 475 . Zhang 26 g Sy iR RN T
SR TR R AN TR R, 4R T
SE TR BTN T 8L ST AR A 7 A A
T g RN R A IR T R B R
VIR TR A 1 5 B AR AE TG (A Stk T
SRR BRI, A A o A B A i T A
. sa s Y T ik B
fy 16 U0 IR S R AR I 7 B SRR, AN R A%
3 T IR R 22 R R A F bR, AR T —
R AAE . Jiang 251 S ST 5 D) T

7 HE B BR AN 1% T AR TR B, R BE L )
il 3 FE T LA 7E — R L AR A B 1 1 5 A
J3, PN AR ek 107 ) 4 M BE (RS T

BT MO T R A AL B T 1 2 4
Yang 251" ZE AR N T3t B v i 5 2 IR VS H AL
W, RAE ARSI O, R4 R
8T 25.1%, A T A9 AR T AT T 4 1 3%
fiF, WA T MV ; Wang &1 % i nhif
SRR TAE 3 ER A 11 BB, A T XU A
ot 28 100 2% % TR TR R 47 eI TR TN, O g gt
T — ] TR AL S ah i 28, AT (2%
g/ ME s Guo 41 3 B T 37 45 ) AL (SVR) Al
BALEE (GA), $1 T 3w S8 IE R BA TR AN I
3 AT 45 0 TAF AT 0 s X2 AU
HT AR AP HE A B O B BRI L, 4
BT T 380G H B BE -5 30 6 1) 4 5% A 157 1 43 A
Hr, LUR/NER A 1o B AR, AL T 8O B4t
I T 2%, L BFSE 8 1 4 2 B S0
VEEE T BRA N J1 9T B0 TN T AR, (HA T 4
T B A 1) 2 R AIE 225 10 5 5 S BB A L 3 43 T o
e 2 465 ) B R e

— BB TIF 5 5 VB 5% A% L 7 43 A1 I VR g T
L, LRI ER AR ) 097 Akl TP A,
TiE I T2 . Gameros 257 5@ 53 T4 Wi A4S T
$esfe AR FG A I 0 40 I S T B A R g
Fa T, RN TR s Jin 1Y SR R e
FEORAL I, A R R R R AR A N S f Rk
AR TE, W/ T ALK Zhang ™ 4 Xt



%1

759, A5 FETHRARNL S5 BE 770 A5 DT RC 00 2= S A n AL T4 ) 07 v 3

AL A RO BFTE R, 7 5 i g A AR T
W12 SR SBOT R EEREA ;. Wu %
I BR AL T, A S T R R
PRAYFRAIN ST 5 Ma 48P BT AL AR LR
Kk, o2 W BE BRI UG B AR N S 3 A, Al
T KRN STREAR 75.47%. BUA B 5% L B Se R 4%
O 77 - ) S5 TR BT, AEL i AR S — T ik
FUEBRARN 1A RS o R, R S AT DR
ZRHEIN TR AR T BT, LS B M RET 23
VRRECE N TASIE A e L A4 il

i LRTIR, ARSCHR T — R TR AR N ) fE B
DR, i T AR I g 2 R S S A
ANRFAETET ,  FFHCRHAE T BE B3 KN, KB AN
%5 4 S5 R ESEAT RE B S VI, M TTHEAT R AR
IS 3 o A U U & AR IR EEF ST, &
TE R 25 52 W RE R SR AT R ) o T AR i 2 8
P SR AR U5 0 5 R

1 REMESMRTE

11 MEREAERGESHESN

AR LA 25 40 38 52 2% Sk I 45 A 1 D T 5 R
G, BT AR LAY, e
TCA Bk, MIFMmHRBHIES . &R&MTH

15 mm| |

e JUAR R AR B 6 07 B9 T 25 R e S an
Bl 2 frs e Tt 5 20 B, Rk PRAE AR L Y
IR SRR, ASRIETER AR PRI 1/4 X%
Tl A BT R S B o N AR Al 3 B

(a) SHIBE B R

2.00 mm

(b) Mz S AN T B bR 5]
1 MESEGEEEMITER

Fig.1 Blank and processing target of aerospace special-shaped
parts
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Fig.2 Structure and processing sequence of aerospace special-shaped parts
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Fig.4 Finite element model of each feature surface of
aerospace special-shaped parts
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Tab.1 Main chemical compositions of TC4

%

Ti Al v Fe
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C N H HoAth
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Tab.2 Physical and mechanical properties of TC4
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Tab.3 Process parameters of machining simulation

INEIRA= oy FAEER vyt UL DI 960 ) HL A
LEMPEAE /(r -min~ /mm  /mm-z! /mm /mm
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1.3.4.6.7.9
C 10000 0.5 0.02 0.3 4
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Tab.4 Experimental program for group A and B
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Fig.5 Machining and test platform
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Fig.6 Residual stress cloud diagram and its residual stress volume
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Fig.11 Stepwise matching deformation results of residual stress
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Tab.5 The residual stress gradually matches the deformation results

VEELR I RHE A i K AR I it /mm X5 ) e KASI it /mm Y5 Tl e KAE I it /mm ZJ5 1) e RASTE it/ mm
1 8.05x10” 2.06x10° 1.86x10° 7.04x107
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Tab.6 Residual stress energy fields corresponding to each parameter for each structural characteristic
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Fig.12 Deformation cloud diagrams of thin-walled parts matched by features 1, 2, 8, and 9
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Tab.7 Matching degrees of characteristic energy fields and workpiece deformation of 1, 2, 8, and 9

VLR X7 T LA YJ7 I PR U/10” mm U/10” mm U/10” mm UJ/10” mm
1C2B 8B 9B 86.1% 78.0% 3.23 1.45 1.12 2.82
1C2B 8A 9C 90.0% 65.2% 3.51 1.29 1.02 3.06
1C2A 8A 9B 91.1% 68.7% 3.44 1.19 1.08 2.97
1C2B 8A 9B 98.3% 94.3% 2.65 1.32 1.08 2.47
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Fig.13 Deformation cloud diagram of thin-walled parts matched by features 3, 4, 5, 6, and 7
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Tab.8 Matching rates of characteristic energy fields of 3, 4, 5, 6, and 7 and deformation of the workpiece

VAL X7 T VSRR Y7 DE R U/10”* mm U/10”° mm U/10 " mm U/10”° mm
3B 7C 4C 5A 6C 80.6% 79.5% 5.24 2.22 1.26 4.02
3B 7B 4B 5B 6C 84.6% 99.0% 4.66 1.95 1.08 3.62
3B 7C 4C 5B 6C 86.1% 95.4% 4.60 1.76 1.28 3.51
3B 7B 4C 5B 6C 93.2% 88.3% 4.19 1.76 1.01 3.21
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Fig.14 Comparison of deformation under matching combination and single parameters

RKITLESHGEM TN TN, REMTHCER WP mEE . #5158 IR0 (5 BEFE AT I i DR 0 45

+6.110 x 102
+5.601 x 102
+5.091 x 107 _
+4.582 x 1029
+4.073 x 102
+3.563 x 102
+3.054 x 102
+2.546 x 102
+2.037 x 102
+1.527 x 102
+1.018 x 102
+5.091 x 10
0

WE 15 . HEATXT e, i 16 iR
%Tﬁ#%ﬁﬁe?{ﬂﬁlﬁ% SEZ E a2 S T H I 16 SEE g5 1 nT 15, X ARAN 155

PHARIE R Z B SR, M INT S8 TR BOBEEI i T 05 B — 3R I ) 35 2 BB i T A



12 o B TR 2 2 R

2026 4F 5 48 &

(b) A, BAIZHON T o8 T4F

B 15 MITEHRIHE

Fig.15 Processed workpiece
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Fig.16 Comparison of experimental processing accuracy between groups A and B
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