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Numerical simulation of hybrid additive and subtractive manufacturing
and evolution behavior of stress and deformation

CHEN Shujunl, NI Qingmianl, LIU Haibin', CHEN Pingpingl, YAN Chaoyangl, XIE Ruishan"”’
(1. School of Mechanical and Energy Engineering, Beijing University of Technology, Beijing, 100124, China; 2. The Chongqing
Research Institute of Beijing University of Technology, Chongqing, 401151, China)

Abstract: The final forming accuracy of additive manufacturing components depends not only on the stress accumulation and
deformation during the additive manufacturing process, but also on the stress release and redistribution during milling. Therefore, a
joint simulation method of hybrid additive and subtractive manufacturing was established, and the stress accumulation behavior in
the process of additive manufacturing and its stress release and secondary deformation law in the subsequent material removal
process were expounded. The results show that, in the process of arc additive manufacturing, there is a three-dimensional tensile
stress at the interface between the part and the substrate in the first few layers and the final cooling stage. In the process of milling
additive manufacturing, the residual stress is gradually released and redistributed, and the position of the maximum residual stress
changes and the tensile stress decreases. At the same time, in the process of milling, the part undergoes secondary deformation, with
large deformation at both ends and small deformation in the middle. The joint simulation method of hybrid additive and subtractive

manufacturing proposed in this paper provides theoretical guidance for the deformation control of the final formed part.

Highlights: (1) Simulation method of hybrid additive and subtractive manufacturing was established.
(2) The evolution of stress and deformation during the hybrid process was revealed.

Key words: additive manufacturing; milling; hybrid additive and subtractive manufacturing; residual stress; deformation

Y BHA: 2024 - 01 - 31
HE&WE . F AR H (JCKY2022405C002); FFETZS £24r (20240011075001); K AR AL A W BITH H (52275299); KT [ /P2 dE 4
(CSTB2023NSCQ-MSX0701)



2 B

S & 46 &

0 fF&

HEWA AN T B AR — Bk 3G A i i 5 0k
oA T AR TR AR A o i R P LR
B GRS, FFE XA R A R AR, B A
PR = AR SRS A AN T, D8 ol ik DU X B 2
PEATBEM) . 75 R — A 84 b 52 bt i T, AT L
P2 1 R RN A P AROR,, R A B G i
HC L) 12T, (HHARE R ZH AR MESUA £F
i R 3 RA T i o AR R S A 2R P
1, FEJG LB HII AL T, B AR R R SR
BOEER A 7 03B 43 BRI A0 A6, 5 Al
AT, R I, A B B A R R AU
TR LR R G R ) R AR, T HL S
bR B RS M A A .

FEXGRA il v, AT THE G A BRIT o P2 2R A AN
6 78 ZE A B A ) s o AR TP DS I 22 AT B R
TFEB DING 25 A\ 1 T = 4 paip v v
BRI LT = ARSI T B, A 2y itk
TIHE R, I HARS BRI BRI AT R AL F A 14
(9362 5 %7 7137 ; DENLINGER % A\ #F 5% 7 il i
HABF il v T2 A pY RIS AR T il AR,
T B A A PR TTAABL B TE 1 728 T2 400 ol 5 ek 10 A8 301
SUN 25 AU S 3o BB 00000 T 452 4 i I 1
HRER AR I I A R, A5 3 T E IR 2 2 TR
J5 FAE L FR A 143 A B HUANG 28 A1 LI
s 2 VAR5 45 ) 19 ey TR 55 K Mg 451), ST T B4R
TR ARG, WE5T T PR Rh R S5 R 5% A 1 T 1Y
O3 AR RRAE . R SRk R B, Uy R A SR s A 1
SR RN R Bk R R R ) e
FRTRTFE A B8 LI 1 i 07 R g4 b
il 3 BT HE A ) L

FEAL G M 1 R, BEE ARG B, &5
ARG 5% AR 0 T R4 A, H AT X4
IR 2 A il 1 R FR B B4 /D SALONITIS 4%
U AT T BOG A TE BE b R 52 I R 1 A
TW—N JIBCA BUE G B, & BRI R eI 1B 28
T, R A BRI AR TR A T IIAEAE 5 B8 0
i NI B RS ER ST T b 42 4 1 0 5
Hh b T A A AL A T 4 17 7R 2 1
4R ; SUNNY 25 A BIFSE 1 5 1o 35T R i 7o e 2 1

I, PIOASTE] T BB AS I T, Z4F A5 AN 1
FVARIEAFAE 225, IF HATURER A R 16} 5 S2 8 1
T A R A N RS TE 23 7= HE 52 i) ; WEBER 4§
VBRSO R He T AE A P) aod
T, IR ARFR N ER A N AR S 175 T 0 ik A
I8 I3 A AR B0 ; LANDWEHR S A 3 it
— T B0 T A TR T 5 AT S s R R A
I T ER AN 15 B ASTE, 7R T BEZ Y
ARTE TR DAL R4 SCHRAIF 9 T B I 6 % 43 1
DS &ISIA )AL IRE(EPEY O wi b W =Rl | N Biedes
BRI 1 BT 0 7 A i A DR R A T 1 22 1)
A .

AW RE 2 A i 1 FA A 1 B 2 RO RS BE AN
T B R T AR A0 R 3 R B AR T RN )
SR, g EH A A AR R R B S T IRASIE A
EEAYOCER . YRGB M F ) AT 5 v b T
Y BE, AR E BRI R 2, — )i
FREERIAIT T A . SCrhd i e~ it I b 52 45 ol
1 5 BRI A B vk, wF o 38kt &2 5 il
T AN 5 AR AR FUEE, AR A R E
S

1 EEMEaHERRTRE

1.1 R HIERI

S 32 A ST S b S R A N ) S AR I i AR
R, Szt B T T ARk, 28 T G A
F T RE H LA MRS ARG AR R A T Y
7 A U PR TR | AR A A AN 1 9,
PSRRI T A (R 4 A 2 5 N o3 =X R
SIRIEARA 5 FH A SO BR AR AR AR B
6V3IPfi ( C Y —Si),x>0

X
32 _32
nVna,be P ai> b2 2
(1

q1(x,y,2) =

6~37P 2 2 2
oy =L o _3x__3y__3z_),x>o
n\nabe a? br 2
(2
f] +f2 =20 (3)

e qr,qo JRTFE I A0 0 0 W R P 2 5 5
P IR g WA s nP AT R fi, fo o B
TEHI G PR 2 (8] 649 FL )5 a, b, ¢ U BRI AR



%54

BRAE, 3 SO A A R RR R 5 R E R A 3

HL I B BB FUL T 3 A 3 B A A
PERES R Z AL | I T R R USSR
K AR AR A [5] E FE JAL A A S R 5 2
B TSR EREE 2 (R e o LA phy 2t

JE R IR, T SR g AR o B0 08 B R 2% = E A
iR, B

qc = —he (Ts —Top) (4)

qr = —SO'(TS4—T04) (5)

s g M TEECR R B he XTI AL g H
RETHN; e MR BTR o R # IS B IR 25 2 W A
Ts M8 E AR ; To MWIABEIRE.

PERGEN &y poR L SRS YNAPE 2 L IV =
IMEIEER. B, i RAs | B AR | SN AR
RS 5 ) A 26 R R A A 5 U, AR AR SR
W E RE A, IR M 1 BT R A2 R 25 R0 3 ph sk L
ARRE IO {4 53 187 3 B I, JOE 3 AR T A A5 9
PERIE, BN

Etotal = Ee +Ep + & (6)
N o AR 5 e AHRIERAL 5 £, M EBPEN AL
s NIV,

AU 25 I8 1 A4 kA 2% T BE 32 TRLE A2 TR 1Y

S, SO 17,

£ 1 606145 ESH

Table 1 Material properties of 6061 aluminum alloy

i LI 3% gk Z AL R AL A ZREL
K c/(Ikg'eC™ MW-m -eC™ a/10 "K' E/GPa R/MPa
293 728 176 2.22 71 300
373 795 180 2.38 65 284
573 963 188 2.53 49 100
773 1290 198 2.69 40 30
973 1580 200 3.02 28 10
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Table 2 Johnson-Cook plasticity model parameters for 6061 alumimum alloy
Je Pt WAL AT e T EiR
Ry/MPa ¢/MPa ¢ " To/K /K
324 114 0.0128 0.42 1.34 1 893 293
% 3 6061 $REE J-CRFERSH
Table 3 Johnson-Cook damage model parameters for 6061 aluminum alloy
d) d> d3 dy ds &0 [~y T/K FEIRT/K
—0.77 1.45 -0.47 0 1.6 1 893 293
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