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ENHEAE DA L A7 DA N GE7aS
SR /GPa P /GPa TR /GPa
2.54 0.08 1.58

JERAIG, ikt G s e R R g 4
FEAESE I A RS SO A A7
Ko HilFL LTI E 54 YGS,
AN 12 mm, BE 1 N 40°, R £
g5, Ja Ak 120, WRhERE LIRS
Bl H B 8000 r/min 2N i
# 100 r/min ., 4l [7] #F 45 7t 0.20 mm.
R HIE DT F) 0 {0 A AR R A, X
CFRP H2 i 8 L 72 W AT PR oA A0
(RN L oA o

FH CFRP $2 i€ B £L 725 W A7 BR JT
LA 21 1) DI AR A R 55 X6 e
IR SE R B — b, DR Y
] 3 R 461, A7 FLAE 5 a0 45 R
XN & 4 iR 7R R EBE AL I R
Hf ) T BE N T A T S B
WK - ROE S - 2 N R AR AL
B mE 4 (a) . 40 TA[HE
0.5~1.5 s I}, b Fyafedi K, HAR b
EF L E I E 4 (b) FiR,
AT HE— A5 IR B TR B
SRENE., B4 (c) HRBAR

BT ENGELE] G e L)
SR /GPa B /GPa JRE /GPa
0.24 0.09 0.04

TG T VR4S B A B e 9 FL ik Rl v
e i, 5K 4 (b) M HLEL, Gl
T —E YT B TH] 1.2 s
J&, Bl 777 BIE AR E 7 452.50 N,
F R R 0 T B A il 1 g AR A A
TIE 5235 HL s/, e S2 X AN [a)n T
ST UIE 1 A8 AR 9 2 B B 4
XN T BRIt .

AR E B LR A i TRy
BT 105 B 3E, O 510 2
XTH, TIARRZ2E AF

F.. —F

AF = [he S

Fu‘i%

Xop, F OVIRBESE AL A i T
WU s i 5 B M, F oY)
HIl 3163 1

MR 2 207 ) TR E By B
m] 145 BEAE iR 22, AF= (381.68—
351.15)/381.68=8%.

JE I 3 F, AT R F, #0F, THEA
2, AR

(7)

20264E 5569 5810 - Hiar I EIA 45



- . .
—— Ix oru

Fr:,/sz-kFyz (8)

T CFRP B2 e B8 L 72 WA R
JOIERY, SR IE S5 T VI H 1284k
FIHEE, an3k 3 s

7£ CFRP 2 e gt fLid B b, B #%
B N Bt e kA v s 4 X T
Jifm R 2, K S (a) Fi(b)
B, 24 J1 B i R 60 t/min, il
k2 0.12 mm B, Bl T H B
AL 6000 t/min 34 %E 12000 r/min,

750 -
600 F |
(]
z 450 |
& \
E 300 |
= I
= 150 i |
o bl |
L
—~150 o 1 1 I
0 5 10 15 20
s [a]#/s
(a) il J7ia0(H
750 WL Tt FasE
BB mwe | e |

600 . .

—-150 : .
0 0.5 1.0 1.5 2.0

AR
(b) Jaahim 7 (4 (a) FPRREAERK )
800 - WIif 7t e
mrEr | mE | BE
600 |- i C
Z. : ]h“w”‘”\\“‘ \“f]i‘:&’y:‘;‘n ‘
7400 - I|H‘W““‘ull““|f !
“\ 1
=
& 200 |
i
O i . .
0 0.5 1.0 1.5 2.0
st [E] ¢/s

Ce) flma J3 Py EAH

4 BRESFLEREME NIKBES
TREEXTLL
Fig.4 Helical milling holes axial force
experimental and simulation

comparison results

46 MiAHNEBA - 20264F 55694 55 810]

BEEE I D0 R BE WS , A4 Ak v T e
B ny J1 BT R Sl o 5 )
bk N E R Sy N (17 % NP )L
TR B L 5 A G
mEs (c) fM(d) Frx, ¥I]HA

BEIE S 6000 r/min, il 45 1l
0.12 mm, JJ H/N 5 5538 i 60 r/min
14 2 120 r/min B, HL0A7E (] P9 AL R
EBREARSG N, J] B T AR [ R
BTt i g 5 ) b 3

x3 EUARTMHEELRR

Table 3 Orthogonal table of macro finite element simulation

45 AU n/ (remin') | ARHEHE n/ (romin') | flifdES i a/mm
1 6000 60 0.12
2 8000 80 0.16
3 10000 100 0.20
4 12000 120 0.24
800 - 260
—=— g KME
- 220 F e P
i M
180
Sw 500 |- S UN ] E
R ——FI{H R 140 |
E 350 1 e BRME = .
= — ., EE 100
200 \* 60 \\\'
50 1 1 1 ] 20 1 1 1 1
6000 8000 10000 12000 6000 8000 10000 12000

B4 En/ (r - min
Ca) G Xl a) 1 052

750
—— R AH
650 F  —e— FHy
550 N —Q—EEQ‘/J\ﬁ
« — e "
k450 -
R
= 350 -
250
150 -
*—/4*’/*’/4‘
50 1 1 1 |
60 80 100 120

/z}%ﬁﬁng/ (r+ min™)
(¢ ) KGR B Xt i) 7 B 520

00T gk
—e— léjﬁ
600 F
—a—ﬁ%/]\ﬁ
Z 500 F
[ -— e
R 400 +
=
#3000 ., 0 . e
200
—_—
100 1 1 1 1
0.12 0.16 0.20 0.24
b e 9E 45 fita/mm

Ce ) Bl 32 20 X ol 13 PO 52

5 PIHISHIIEIH

A #EEn/ (r - min™)
(b)) T & 7] 7 5

280 —
I AT
240 +HE'§/J\1E
Z 200 -
o
R 160 |
=
E 0
80
40 1 1 1
60 80 100 120

/Aﬁﬁﬁng/ (r+min")
(d) NEEHRE T ] m] 7 OS2
330

—— g RME
270 oM
z ——I/IME
210
=
= 150 /’
90 | /
30 1 1 1 ]
0.12 0.16 0.20 0.24
Hhm) gE2h B a/mm
(F) Bl gk 2s s 0E & [ g 52 e

sEAl)

Fig.5 Influence of cutting parameters on cutting force



Adaptive Machining EiﬁE‘UMI

K, I UTE AR e S A i
B IEADC, & 5Ce) )R,
7] H B %% 3k 6000 r/min, JJH
INEBEESH K 60 r/min, Fl W #E 25
0.12 mm ¢ % 0.24 mm B}, #HRF 5
IR, TR T H BT AR R,
B L BRAPRASIE T il 5 )
71 Bt 1) 2 2 S BTG A,
VIH 7 9728 A e 5l ) o 25 1 5t
IEAASE

Al 05 ) AR e S n
T ZHUEEHOC, A% CFRP 825E
AL st R = S A S o JZ B
R B AR, DAk B 1 g 5%
1 1 ek B, FEHEmN TR0%,
22 ETEVNERTERENKE

KEESH

TR AO SR HE S X R e Bt AL
Sy i S TRk T2 B
FRAAk, B RTH UL JE 2 82
NN RSV B D IS TN
A A R SR AR | 1R AR
RUBEATA GBI T 5. h TR e Bt
UM Tad #E v BoR B m 2 38
FLAE 11 A B3 J2 B 2 L
FE AL, FLA ) HLES 5™ 5 AR
T)E T, AT s S8 AR,
i AL IR 221, I TT HL
D51 & Wl N i 3 A ) AR
FREARA: = AR, P A PR R
Ub, XA TR] B 2 S N H sl 3
iy ) 2 4 T X 7 )l 1) g 5 ] g
T4 LA A TR A B, IR
535 2 F N FOF TR St FA HE
ARAAH L 1 e S I 2R H5ORT € ¢
R, AR R S5 G, 528
VNNl NS EAS R R

RN TR A SC LA )
J1 JE i S5 UTEIRCE AL B AR,
PEBU AR A KGR R 2 h S
R EARAT Il 5 R A, A58

max x, (k) —x, (k)
YR = x, () —min x (k)

A, i UBG kAR H R, BN G
) 7 JE 1) A 5 TR X, (k)R

(9)

JRIRES 5 v, (k) e AR e 135
A
HRAIE I R R , A% s
Fo Al s80a Jse R Sk ), U0 A%
0] LIS [R] CFRP A4} 25 Bk i
0 FoR , JHatBJ AN
0=1000xn,x . xa (10)
R RIS BN OO UTHI 33 3k
TTAb 3, 155
__ X (k) —min x, (k) 1
Q) max x, (k) —min x, (k) ()
FFC9) A1) Xl J7 .
Jal ) 3 SO EIRCR A TR AL B
HE A, ST 2R BERAEXT gk
SIS BN AR AR AL
E2 W
g

_ Amin+ p'Amax
AO,(k)+ p"Amax

K, A0, (k)=4, (k)—-A4, (k) 4
X2, Ay (k) ASFEEBN, A, (k) A
G E PN PARSRoIEES &2 iy hEL
JE A 5 e Oy 5 ) 0 AR 4 S e
B EAEE N1, B ZHINECN (1,
1,1] ; Amin=min AO; (k) Ni/N2,
Amax=max AO, (k) N KZE;p H
2B, IR Amax 35 KT S R 5%
FLIFHETROCHE R A R) 22 5 1) o 3
P2 E R 0.5,

THEAA T2 AR R B
(B, IC AR R, HATAARK P

_1N
Ri_n;é

B F) LA 18 28 204k B R
B ARC12), T EA RN T
SRl ) | JE ) 0 B U R
S 1) R 8 G IR R A Bl SR =2 AR
AK(13), ATRAF I TS 800 ik

(12)

(13)

3R K ORI . S5 R R

2 F Bl 12000 t/min, 2 i
TR 60 r/min B, BE £ 4 1] JF 45 5
0.24 mm, A] BRIEDTHIRCR B g, [RI
S ) 15 8 ) 1 KE R
T A7 AR A A5 3] B LT R R R
3 FH TR0 T , e LR CFRP 12

AL Z HAR Ak, il i 25
B EEN 0.24 mm AIE,

LE L RTR ST K AR GHIE oy
BT, K A8 DGR FE (BB =7, i 4L VT HI =
B A 35 R 5 AR H ) 4 B
Ufo UL, Lhm 7 8 ) A 5 T
ROR N AL H bR 2 it 2
BB R H I 12000 t/min, A%
5 60 r/min, i E45 HE 0.24 mm,

3 CFRP BBt ILRM AR

TTEESKRE XK
31 RHUERTEE
3.1.1 RVE & 5 W

A EE T IR BE LA R Y I FE
& 3 6000~12000 r/min, 2\ %% %
60~120 t/min XFYIHI 7] 25 £ VT B
IEZME R /N, R L T Z AT 7F
RVE FA v BB BEL nT 0k T HLY)
I I B A L3S B0, L) sk
JE S5 UIH] JIT— 589 77 1] 52 90°, 4N
K6 it W4 ff 0 2 LR
2T 2l [ W 7 225 U0 1 O )
Bt g A ez

A H T ABAQUS #4757
T AL RET 2 A RS K B A B2
TEBEALAONA BRIC O BLARY . o,
BL K RVE ALK RS2 64 pm x
16 pm x 64 um, Witk EL4EH 7 pm (1)
WeLF e, Fik— P m PR R
FH e A 4 Jry 20 AR AT Bl I 7 1, e
7 TR DA o AR A 4] 4, I AL B
JERSE R S pum, A BTS00 5
C3D8R, [ RVE FHI4H 70k )
FITERES RN 4 7R .
3.1.2 KMABER L ka0

R FROCA R R B, DL
BEXF R ET S W RS AR5 1T 3 ) R
A YA AT

(1) BRET4E,

W 2T 4 e XM R 1) 4% 1) [)
LR HPERD L, ARG B0 Sy

o, =E.z¢ (14)
K, op WEFYENL ST, e FEFYENZ
E LT VR

20264E 5569 581 - Mt G A 47



- . .
—— Ix oru

AR KR TN, SRR LT 4
JUAEAT TET7 [0 1) 2 107 7 068 i 5 A JHG
Ak 5 R 19 (L IR, 2% B0 B BEH 2
HRBOFMER . LHR R OB B &

A
2
rtf = (%} (0,,>0)

2
O,
rcf = (X_IC;] (0, <0)

(15)

BN A WA il B Ea i R R RIS
ARG X5 R XE oy AR T 4 4y
] AP A 5 B R AR 98 B 5 0y, SR 2T

TEACUIHIAT FROTCA R
C-CTfi
L BRI
| \

YT I 50

(2) REBEFEAA

V405 IR R AR i Sy B A P 45
[ [ PR, AR R A 45 3 0r
FIAAGRERIANEE 7 Ff s o 565 1 BBt
Hi s O 5 A, LR BrER B, B
FERTE HI R G 20 RN 1 — AR
LRAR M FS AN KRR . MR 4fE Von
Mises Jitt IR MEN], OA4 “hy 58P AE I By
Bz, BUBS I 3 e TR i S A AR N 7
o BRI B A5 RYSEROB RN AR
&' BC BB n Al B, st
J1IR B R RN B R 4R 020, &2

JIH c-C

6 CFRP ZiEstid R E L REE
Fig.6 Simplified schematic diagram of CFRP helical milling process

&4 RVEEREHSREEESH

Table 4 Performance parameters of each component material in RVE model

R e Sl 28 Hfe
W/ (geem?) 1.8
TR A /GPa E=235, E~E=14
THFA L V=02, v;=0.45
BT YY) /GPa G=G,;=28, G,=5.5
DR /GPa X=4.62, Y=15
JEAASR B /GPa X=3.96, Y=334
HYYIERE /GPa 1.5
BPEAS L /GPa 2.96
PRI AL 0.4
J IRt B /MPa 74.7
058 & /MPa 167.5
FIH By D)5 /MPa 25
WiZ4fE / (N - mm™) 0.05

48 Wi HLEBA - 20264F 55694 55810

SR AR R B SRR PR AR

RS d, SRR AZ €,
AR BUE R 0~1, 45 & ik
HIIEAR S n R K AL AT I
WIEE E,, ATHR=C( 16 ) THEL,

2
,L[M]
ne o"’“'o
d =1-e

TR B N

E.,=(0-d,)E,

(3)F.

16 A PR AL T AR AR S
Phazg] Sy B e BRI N R T
11007k A, i@ 5] A Cohesive
PATE R Ak £ 4 5 ) fis F A4 2 [8]
(Y SETAT, IR = S 5 s
X S AR A5 R R AT U o A 28T
YEHTR IZB T E et B v
FRAE, 24 5L 1 N 773k B B B E S
HITH BN R S, e T 30R
TR IR, 47 4k 534k 2 0] A4
FFE4 . K AU B Cohesive HLIT,

(16)

(17)

HARG AL Ry
t K, 0 0)fe,
=] 0 K 0 |jg t(18)
t 0 0 K )|leg

A, et A AU 1 S BT
T BN 15 K, K, K, XTI ]
IR BEAE s €, €, &, fCFAHRE B RAE
3.1.3 BARIEL ik

KR 213 W iR A,
SCjifi CFRP BREEE LIRS . 5 e
SR BFEEE 8000 r/min AN HE
60 r/min Fl[A] PELA 0.25 mm, 44T
k75 1) F L 90° B, JE 1) 145 LA S5
I 2094 173.01 NL191.51 N, —

7 RIBREEE AR

Fig.7 Constitutive model of resin matrix



Adaptive Machining E iﬁE‘ilMI

HiREZ M AF=(191.51-173.01)/
191.51=9.66% , i1 iA B KA .

DL A BAE S5 50 (8 2 (] ) 5%
25 F B TA BRI A R 3T
LRSI (AR RO R ITE V) S 5
JJ LTI T T 22 (8] 455 R EE SRR
KAEMRBL . BLAh B T Bk WA,
27 ) E — TR AR R
F SRS IE o

J T CFRP e &% fL i 2 5%
WA B TT A IR A CS), 4
CFRP #2521 3= 5l 77 1 5% 1k g Xt
N VTR R IE SRR AN ] 2
B A 1 JE 1) CROW) 5 58 4% 0 1
AT T 00T, W26 5 B

MR AEJT IR 4R 0 S 90°, YT ]
B 251 m/min, Y] H] J& B 0.015 mm
i, 3 3F CFRP B2 JiE B L fl U0 A5 Y
P2 JE 1) F3 (RO ) e shh 4%, el 8
FizR. 1E CFRP Mg fLid fEh, J]
LTI fb T AR 46 0 TR B, &
1] 77 (i 00 ) i e ) 348 - T 44 K,
G T TR A T4
i R e i T B, JE ) i #E 170 N
RSl W T EITE D i T
Kb % A Wi, bz J1 BT T
REs SRy s U R B JE e o ()
R R 0, WAR, 7EEML 107 s
BN TS ] PN, A T B 5 i 1
TR B U0 0 g e R AR
W s, RS i B 1) CREOW ) 114
e AR L 200 N,

9 S Ja 1] (RO ) 55 3% 4% i
FIEUI I AR AL 2. 24 bTH| R
i 0.015 mm ¥4 & 0.045 mm B, Bt
L4 7 1) £ R B SR 1) 1 (o) 5
B 4% IO 7 X3 U0 ) RS 3 198 5 o ot
Ko 3 T DI SRR, A7 B
[ AL BRI 22, JT B T AR
o ik v AP AR B A FH a3, ek
SRR 1) (O 558 AR 1 T
B4 1) J5 B3 A ) . 6=0° 15}, £ 4
SURNFEIR S g/, B2 2Rl
J7 2, BEHT VI E KT AR 4 g7 10
£ VI A, ) o (ROW) 5 5%

AN 2SS YU

10 A A 1 3 ol ) 558 4 1
1 Bt D) R R AR 2. Y
B 125 m/min 39 & 314 m/min I},
0 M 45°.90° 2 135° i 1m) 3 (B0 )
(PRI AR, 6=0° Y] 1)
T3 RO G LA 12 ) 8 91 Rl P
B d/IME, AL 10 Ca) iR ; S ifE)
i, DI 3 388 R 4 ) 5L
WOBH 22 BRAE 1, — 3% 1 fal sk ] 4
JEE {5 1 ARG, T A 21457 1) £ B 1R %
N VAR E Rl CER2I BT Ei TR %
Herfr 6=0° B} (BRI 725 DI HI
T PR R/ ME, W& 10 (b)
FiR. S5 Lk, e YIEEE 58]
1) B nfay A8 £k, 0=0° B B & 1) H
(FIOW) 58840 S e/
32 ETRUERTHERENKEX

BT

CFRP 12 e 4 FL 1 78 7= A= 19 5%
AL 1% A B S T oh o )
HEE L AR SCHE T ROMA R oA
LS PARSE S FN ALK A=
s, HE— 25 I FLRS B RN G L s
FETRLRE B R FH Bl 8 2O Ak
LSS e R AL 1E 5475 B 25 R BT AR Y
JE ) Sy 5 5R AR S A T AL B 2
FAC12) 115 A e o) itk 2
5 2 4k 5 1) A (oW 5
BRAXIN T35 M IR €6 B R 8, I
HRC13) A3 TS50 Fikdghz
B IR A SEBR | Fe B ARAS O I
HEILIn TS50, SCB 2 HARE 1k

FE T RO B BLA5 5, vT it
A B R 8 S B B K AE R 0.950
(6=0°, V1K 3 187 m/min, Y] 1] J5
¥ 0.025 mm ), iz /ME K 0.340 (6=
90°, ) il 3 J 125 m/min, ¥ I 5 1
0.035 mm ), H T KOS ERUK,
Xif g U1 I 2 50 P A 45 R 4
I, 2SI S 8 A R U e R
187 m/min .0=0° VI HI|JESE 0.025 mm
BF, JE 1) 7 (ROW ) 45 5% 4% 7 ) ] 4k
i /ME . % B ik RVE £
) DT) T TS B Ay BRI A 1 30 PR g 1)

x5 MUERTHEELRR
Table S Orthogonal table of micro finite

element simulation

gy Ry ’QJF}'UEE v/ | YIHIREEE
6/ (°) | (m/min) h/mm
1 0 125 0.015
2 45 187 0.025
3 90 251 0.035
4 135 314 0.045

300 -DI £ | Q

T B Bt G|
e

205 oyt
200 - Biree

F/N

150

S lmpi]

100

50

0 1x10° 2x10° 3x10° 4x10°
Fif (Al /s

B8 RNARELE =) 173k Bh th £
Fig.8 Circumferential force fluctuation
curve of microscopic model

300 -

. 6=0°
e (=45
2301 a0 6=90
2z 200) * 07135 .
|
R150F 4
E
E 100 | e
o-
OF gedninnns
O 1 1 1 ]
0.015 0.025 0.035 0.045
DI JE L h/mm

Ca) Jal 1] 3 BT SR A A8 A LA

160-""9:00
e 6=45° s
132 -4 6=90° -
%‘:‘ Swe 6=135°
< 104f .
48 o .
.’
20 I I I 1
0.015 0.025 0.035 0.045
VIHIJE S h/mm

(b)) GRAN ST BEUIHI G L AR AL ML

9 FmAS%RKNEARETIRIEER
TR
Fig.9 Variation law of circumferential force
and residual stress with cutting thickness

20264E 5569 5810 - HiaT IS EIA 49



- . .
—— Ix oru

VIR 110, =0 4) f(5) 15
PR B F R 14 22 YT 2800 A 4 5%
#8000 r/min, 2N FEEH 60 r/min, il
4 0.24 mm.,

FETF LA bk 72 AR Y 5 fou A
AU 2 BRI IE AT, 43 B 2 T 9
HTEBBIACA G, 14, A%
B 12000 r/min, 2 FE5EH# 60 t/min,

270 -

cme f=0° -4 0=90°
nsk 6=45° - »- =135
Z 180f a7 SRR s
o
R 135+
=
B 90f *ooee- L .
45 - IR s Eiiiiiiee
O 1 1 1 1 1
100 150 200 250 300 350
YIHI# Y (m » mint)
Ca ) Al J7 BT RE (4728 Al A
210 e 0=0°
e - f=45°
< 175 [ . -A - 0:900
Q—q AL e . )— o
S o R
b*- ----- -
R 105}
‘&1 * .
ﬁg 70F T -
e o T,
L A MY &
35} .- - .- .
0 1 1 1 1 1
100 150 200 250 300 350

VIR EZY (m - min™)

(b)) BRAYNL I BE DT A8 fe L
10 B A 55%RREAREYIRIEER
TLE
Fig.10 Variation law of circumferential
force and residual stress with cutting speed

(a) BWIASECT BA/H N TR BE X T

12
Fig.12

50

RLAs B EEA - 202641 55694 55 810]

TP E 024 mm 5 55 241. HFE
%9 8000 r/min, 2557 60 r/min,
B AR 0.24 mmo XTLLESH
B SR T BE ALK , R R PR
14 (#45- Sonatest Masterscan 380,
[ Sonatest /A F] ) 58 S b i (74
‘5 Dino-lite Digital Microscope, fij *%
AnMo Electronics Corporation /A ] )
Xof il LA 1 5 LB I R A A T
WS ST — 4R R,
XF LA A T AL, ANTET 11 Bz

HlFLI C, B EAARBERAE A

c -5 (19)

d

Ao, S, LB IRE AR, S, Sk
FLIATAH

F &1 12 B B 4549 IX S 50
RIGE R AT A, 5 OS5 2
2 2 H06F 10 FLBE HLRE B2 4 1.2 pm,
A A B FLAE R 22 4 0.005 mm,
AH R EEEE 535024 0.0035 mm 5

11 FFLIR R
Fig.11 Characterization of hole-making
damage

- .

T

(b) ZHIASECT BIALH TR T

0.0050 mm, JCoTJ2EkIG s 555 1 A%
WS EAEE AL, 56 2 BBl
BERLRE B PR T 19.36%  FLAE M 22
W/ T 12.10%, AT R EE 43531
P T 1031%.7.52%, 1/ A FR
) 25 50 60.89% .20.15%

4 45

IR SCTH [9) AN [R] £F 4 5 )
CFRP 2 &M, TF 7% / SO &5 & A
oL, 3 5 K 8 S B A AT 7 5 R 50 5
UER 7T, Je &3R5 T A B Ak A9 12
JREBEFL N T T 25 255, 30 i 24 1y 42
FET LR R AR AR
IR 2458

(1) 5, BEE RIS EON H
Tl 6000 r/min AR 60 r/min,
FRAF VT 1A Ak 5 i 0
R IEASE, IR DI &R
B ) 355 R e A58 e A
w4 0.24 mm,

(2) oWy e, S A8 AN R 4 4 5
] F EE(0°,45°.90°,135°) ¥ JE 1] g
(TOWL) 5 5% A% 0 7, Bl U1 1) 58 5
LI 3 A ] A AR Tl R 34, H
0=0° B BB IR 2 /N

(3) 4585 | HOMBEALSS S 5 4
IVYRER SR e = R et O e
SHGU R N TSP CFRP IR et fLZ
Hinflifl, AL T 22500 A %:
T3 8000 r/min . 2\ 5 7 K 60 r/min .

T

,“«\

ENER [ HRAUSHE TN / H O TERET

Comparison of inlet/outlet processing defects under macro/micro optimization parameters



Adaptive Machining EiﬁE‘ilﬂ]I

AL 0.24 mm,

(4)RIOLE R A LLAL 5 %2
A AR T7 5, R FH 2% 1 TOWES & 1)
CFRP et fLIL b =%k, Hil4LE
B IEZIG , FLEE SR TEDRLRS B A T
19.36% FLAE M2/ T 12.10%, A
F1 1T 18 B 43l B 8 1 10.31% Fl
7.52% , N T akBE(CER ST 2051
I8/D 60.89% F120.15%.

S £ X Bk

[ XURCT, Bk, BdiRd, 55, 550
PR H] CFRP/TC4 AR R4k LI it 50 AT
FE[I). fipas il HiR, 2025, 68(7): 92-99, 123.

LIU Fengyu, CHEN Tao, DUAN Zhenyan,
et al. Experimental study on variable-parameters
ultrasonic pecking drilling with different drilling
sequences for CFRP/TC4 stacks[J]. Aeronautical
Manufacturing Technology, 2025, 68(7): 92-99, 123.

[2] HShikiE, RER, kR0, % ETH
7 [ P RH 37 3 55 B CFRP 321 & W i )2
JELRE (0] Wiz iR, 2025, 68(9): 20-26.

MA Zhiyuan, SONG Xinmin, ZHANG
Tianxu, et al. Thickness measurement of resin-
rich layer solidified on CFRP based on ultrasonic
echo phase derivative spectrum[J]. Aeronautical
Manufacturing Technology, 2025, 68(9): 20-26.

[3] K, ARG, sk, 48 o
B 2T A4 9 25 BORE SRS 25 U R SN
JHII. O, 2024, 51(4): 9-30.

LI Xin, SONG Qimeng, ZHANG
Xueqiang, et al. Laser processing of carbon
fiber reinforced polymer composites and their
application in aerospace field[J]. Chinese
Journal of Lasers, 2024, 51(4): 9-30.

[4] JH=, ZETE BOtar, . T
TIBVR AT R IR G 4 SRE S FL DT ) ) HLARRE
AIFFE[I]. s AR, 2023, 66(14): 52-58.

ZHOU Lan, AN Guosheng, LI Guangqi,
et al. Research on mechanistic model of cutting
force in helical milling of titanium alloy based
on equivalent cutting edge vector method[J].
Aecronautical Manufacturing Technology, 2023,
66(14): 52-58.

[5] ZHOU L, ZHONG Y, AN G S, et
al. Unified plastic limit analysis of the cap
periphery formation in orbital drilling of
titanium alloy[J]. The International Journal of
Advanced Manufacturing Technology, 2024,
132(9): 4315-4328.

[6] THAKUR R K, SINGH K
K, KUMAR K. Investigation of milling
characteristics in graphene-embedded epoxy/
carbon fibre reinforced composite[J]. Materials
Today: Proceedings, 2020, 33: 5643-5648.

[7] LIU CL, RENJ X, ZHANG Y L,
et al. The effect of tool structure and milling
parameters on the milling quality of CFRP
based on 3D surface roughness[J]. International
Journal of Precision Engineering and
Manufacturing, 2023, 24(6): 931-944.

[8] ZHOU L, WANGY L, AN G S, et al.
Multi-objective grey correlation analysis based on
CFRP Helical Milling simulation model[J]. The
International Journal of Advanced Manufacturing
Technology, 2024, 135(3): 1565—1585.

[9] Wl SfisEl, TR BETK
0GRS AT ) CFRP/TICAI4V 5 21 HRHIZ e
BEAL T 2Bk, i dliE AR, 2019,
62(14): 90-95, 102.

GAO Yanfeng, PU Jingwei, FANG
Xiang’en. Multi-objective optimization of helical
milling process for CFRP/titanium alloy stacks
based on taguchi grey relational analysis[J].
Aeronautical Manufacturing Technology, 2019,
62(14): 90-95, 102.

[10] ANNADORAIM E, RAMAKRISHNA
M, JYOTHI Y. Effect on mechanical properties
in different fiber
orientations[J]. Interactions, 2024, 245(1): 198.

[11] BOHLAND F, HILLIGARDT A,
SCHULZE V. Analysis of subsurface damage
during milling of CFRP due to spatial fibre

of CFRP composites

cutting angle, tool geometry and cutting
parameters[J]. Composites Part B: Engineering,
2024, 281: 111533.

[12] KUMAR D, GURURAJA S.
Machining damage and surface integrity
evaluation during milling of UD-CFRP
laminates: Dry vs. cryogenic[J]. Composite
Structures, 2020, 247: 112504.

[13] R, AR, B, 5. B
Bl 9 CERP SO EI 7 -5 9230 05 E 0]
A MREAR, 2023, 40(1): 625-636.

LI Shujian, ZHOU Yongchao, CHEN
Rong, et al. Simulation and experimental study
of CFRP micro cutting considering voids
defects[J]. Acta Materiae Compositae Sinica,
2023, 40(1): 625-636.

[14] Toff, M4, SRILD, 45
CFRP BRBEBLHI Ty B[] M2, 2021,
42(10): 524134.

WAN Min, DU Yuxuan, ZHANG
Weihong, et al. Cutting force modeling in helical
milling process of unidirectional CFRP[J].
Acta Aeronautica et Astronautica Sinica, 2021,
42(10): 524134.

[15] HAN L, ZHANG J J, LIU Y, et al.
Finite element investigation on pretreatment
temperature-dependent orthogonal cutting of
unidirectional CFRP[J]. Composite Structures,
2021, 278: 114678.

[16] HUI XY, XU Y J, ZHANG W H.
An integrated modeling of the curing process
and transverse tensile damage of unidirectional
CFRP composites[J]. Composite Structures,
2021, 263: 113681.

[17] FU Q, WU S J, LI C H, et al
Delamination and chip breaking mechanism of
orthogonal cutting CFRP/Ti6Al4V composite[J].
Journal of Manufacturing Processes, 2022, 73:
183-196.

[18] KHATIR A, CAPOZUCCA R,
KHATIR S, et al. A new hybrid PSO-YUKI for
double cracks identification in CFRP cantilever
beam[J]. Composite Structures, 2023, 311: 116803.

[19] KAWARE K, KOTAMBKAR M,
SONTAKKEY A, et al. Finite element analysis
of CFRP composite under low velocity impact
to improve the impact strength[J]. International
Journal of Crashworthiness, 2023, 28(6): 717-731.

[20] MAO C J, LIU K Y, CEPERO-
MEIJIAS F, et al. Numerical investigation on
milling performance and damage response of
UD-CFRP laminates[J]. Mechanics of Advanced
Materials and Structures, 2025, 32(12): 2842-2855.

[21] WANG F J, GU TY, WANG X N,
et al. Analysis of burr and tear in milling of
carbon fiber reinforced plastic (CFRP) using
finite element method[J]. Applied Composite
Materials, 2021, 28(4): 991-1018.

[22] fAREE, W, GUEEE, 55, BAH
PRAH DR BEEI P9 BE IR S HOALRL (1], Al
TSR, 2023, 66(14): 72-79.

XU Jie, FENG Pingfa, YAN lJianhui, et
al. Prediction model of inner wall morphology
in ultrasonic longitudinal vibration assisted
helical milling[J]. Aeronautical Manufacturing
Technology, 2023, 66(14): 72-79.

[23] BRIEN, ®EiER, 290, 5. KEE
28 e ALBRBEBEART I THORWITE[N]. s i
AR, 2023, 66(13): 22-28.

CHEN Yonggang, HAN Wangtao, LI Bin,

et al. Research on helical milling technology

20264E 55694 55810 - piAT R EIA 51



- . .
—— Ix oru

of large diameter intersection holes[J].
Aeronautical Manufacturing Technology, 2023,
66(13): 22-28.

[24] GEJY, CHEN G, SU Y X, et al.
Effect of cooling strategies on performance and
mechanism of helical milling of CFRP/Ti-6Al-
4V stacks[J]. Chinese Journal of Aeronautics,
2022, 35(2): 388—403.

[25] XU Y N, GAO Y K, WU C, et al.
On design of carbon fiber reinforced plastic
(CFRP) laminated structure with different failure
criteria[J]. International Journal of Mechanical
Sciences, 2021, 196: 106251.

[26] Ji2%. s i TR R R AL
LTI ML AFFE D). il #iLR
%,2017.

ZHOU Lan. Dedicated cutting tool design
and research on hole quality for orbital drilling
of aeronautical difficult-to-cut materials[D].

Hangzhou: Zhejiang University, 2017.

[27] Ei, Wrow, £, % T
R A0 72 8 BRI 14 Bk Sk 5 7T R B AL DD 1 2
HAUAL[0]. PEENCSR, 2020, 18(4):
348-353.

WANG Haiyan, TAO Kexin, WANG
Jianyu, et al. Optimization of cutting parameters
in ball helical milling process based on
grey system theory[J]. Chinese Journal of
Construction Machinery, 2020, 18(4): 348-353.

[28] kT, Mam, THRE, & KT
P T — (5 S B 12 1) Ni60+WC G HE B IRk
BTZSEe]. FRmHR, 2023, 52(11):
394-405, 465.

YAO Xinyu, LIN Qiang, DING Haohao,
et al. Optimization of process parameters
of Ni60+WC laser cladding coating based
on taguchi-grey relation method[J]. Surface
Technology, 2023, 52(11): 394405, 465.

[29] EARTS, Lraff, B, 5. oY
B PR IRV IR B A2 G R Bl R T T -

T — T AR A3 C LT L R N ).
HEAFRFAR, 2024, 41(4): 2099-2110.

WANG Fuji, JIANG Xianghe, WEI Gang,
et al. Calculation of the heat distribution ratio of
tool-chip—workpiece and prediction of cutting
temperature during the peripheral milling
process of carbon fiber reinforced thermoplastic
resin matrix composites[J]. Acta Materiae
Compositae Sinica, 2024, 41(4): 2099-2110.

[30] YUF, GUAN Y C, FANG Y, et al.
Experimental and numerical investigations of
PVC-FRP confined concrete column-RC beam
joint reinforced with core steel tube under axial
load[J]. KSCE Journal of Civil Engineering,
2021, 25(12): 4671-4685.

[31] LI X, MADY, LIU H F, et al
Assessment of failure criteria and damage
evolution methods for composite laminates under
low-velocity impact[J]. Composite Structures,
2019, 207: 727-739.

Multi-Objective Optimization of Machined Surface Quality in CFRP Helical
Milling Considering Fiber Orientation Angle

ZHOU Lan', LIU Tianbing', AN Guosheng’, LI Guanggqi', GU Haicheng’, LIU Kaihong’, PANG Zhen’
(1. School of Mechanical and Electrical Engineering, Lanzhou University of Technology, Lanzhou 730050, China;

2. School of Material Science and Engineering, Lanzhou University of Technology, Lanzhou 730050, China;
3. CBAIC Technology (Suzhou) Co., Ltd., Suzhou 215000, China)

[ABSTRACT]

The fiber orientation angle has a significant influence on the hole-making quality in helical milling of

CFRP. 1t is difficult to optimize the processing technology by using traditional experimental or macroscopic finite element
modelling methods when combining the fiber orientation angle. To improve multiple objectives of machining quality for
CFRP helical milling holes, the optimal cutting efficiency was obtained via macroscopic finite element simulation. Based
on this, a microscopic finite element model of CFRP helical milling holes was established, and the influencing laws of
different fiber orientation angles on the circumferential force (micro) and residual stress were clarified, so as to explore
the optimal machining strategy for CFRP helical milling process through macro-micro analyses. The results showed that,
using the grey correlation analysis method, the optimal processing parameters in the macro-micro research for CFRP helical
milling are a spindle speed of 8000 r/min, a revolution speed of 60 r/min, and an axial feed of 0.24 mm. Experiments
verify that there is no delamination defect in helical milling hole-making processing. In comparison with macroscopic
optimization, the surface roughness of hole wall is decreased by 19.36%, the deviation of the hole diameter is reduced by
12.10%, the roundness of the inlet and outlet is improved by 10.31% and 7.52%, and the machining defects (burrs and
tears) are reduced by 60.89% and 20.15% respectively.

Keywords: Machined surface quality; Multi-objective optimization; Carbon fiber reinforced plastic (CFRP); Helical

milling; Grey relational analysis
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