- . .
—— Ix oru

FI XA : 153, BTk, JT4EAE, & | A8 WIRIEBYIZ 7 4 ) 1 BETG S50 TRMABE R [T]. A= #) 183 K, 2023, 66(14): 72-79.
XU Jie, FENG Pingfa, YAN Jianhui, et al. Prediction model of inner wall morphology in ultrasonic longitudinal vibration
assisted helical milling[J]. Aeronautical Manufacturing Technology, 2023, 66(14): 72-79.

o OBLBEE D HREEKEELE B8 R,E

8 o 2L 3 4 B B3 e S5t il PR S 90 T i 4R B

i !

(1. FA X FRINE R A TR, K| 518055;

EE

2. FH R FHIMIAZE, LT 100084;
3. T H R A ARG, EI] 518133)

HE YR LE TR IR S LR, A A R FLEAASH O T AR AR TH%

SRR LA Z R A. AT AE— T L ARG IL A B I TR @S AT TR A MU I R, A SR T A2 5 Ak
SR A A W R BTG R T AL R B ST AL 7 ik, Rt T BRI, xR SR R R 3 R AR |
AEEAT A, AT B A K I 6N o R AF. FG, A BB R 3046 T R8RSt e by e i 43T R
B RAGHra . BT LRI, AR 75 Ik Bh 0 Pk hé - B BE Y R 9 DR T AL, B A AR M R TR T SRR
M EFFA GBI, Do 4 BN S d w2 Ae N AR 2R JE 55 A R T FHe KOS 0 3 L 4 F) & 84 1A BB

G RORLE Y 2

KR : 4K A4 At H; B F oM R BT B F RSB e T
DOI: 10.16080/j.issn1671-833x.2023.14.072

" &
LWL, EEHARTEALH
EAMEHEE SREMMITER,

FUR, A2 i ol oA )
Z B 17 SR 22 0 0T iR A

72 Wiss G A - 202345 o6 S 1410]

11133 P 3 12 7 SO 2 AR
WOE AL R T R R AE ARSI
IF1) S A 92 5 2R 80T 5 B0 LR
Filloh, R deth TIEfLn T i
RS 1R, P a4 ey il L s 2 A
2 il ol B — > B E R RSO R
o ATARR , AN D AR TR e
BEH xR EOR AL, 514t
il FLANTRD , R B I G A LR A
207 G MR R BRPLBE, 7 1 £L i
FEFPRBLH TR AE AR 2
B2 R R0 T3 s RO I T B 2

T3 —J5 1, B R T
FRYE R M LA T4 Oy AR T e K i
IR 2 0, ST TR A A U0 A
AR GEW I EZIM ST, BEH N
TR R ETEA £ 2 h J] - TAHE
TEEZR e B S T S BxE

AT, [ N A5 R Tis sl
X F, IIEAT O FLES e > T A
D7 JEIT T RS, fEA T rh 25
THEIIPRSN AT TR 2 WK A 4 Bt
HIn TS R EDESURE(E (R, . R, F
S, WEATTHIN . FEICEERE |, 2R
AR el ) AR FH e e R [ 7
1E A eh il e s T R AR
TRNAR Y S BT D RT BASF 1h AE T
T N NN T OB
T AR IR 7T, KRB 45 1O Sy T Bk
S WA ey o | WA= X ¢
YR EES A, SRIME A %R
AT 350 10 0 A A 7 e ) 25 1800 1
X S RO AR i R Bk . ST
I, EAASE MR T — R ok
SR e R R KR IR
BEHIN T A5 LK AIE .

UTAESN , H8 A AIR Sl Bh Bk FE 1S



High-Efficiency and High-Quality Processing of Difficult-to-Cut Material XﬁanMﬂ%ﬁ%’ﬁmI

FCUTHIR A 5 TR 0 T
B Y EECRE T A Lk
BT, R A 1 TR
T X3 — 0 T 7 SR TR
B A 7720 2 T 35 A T 1 AR A
He T HHOPREL. IR S B
Bl AT B A ) — TAEOe 2,
AL GBI RER b A T /5 it
8 L) PR R 3 O, AT
SIS LTI . Lk BTIT
S T B M BORS T 50 0, x
TR AR LA LA B Y. 4
T TR P, SEBR A 3
IS L RIRETE 55, 330k 4 27
R R A LR
S( [16—17]O
ARSIk A 4 7 AR S Y 2
e BE AL W R T 4, R “Z-Map”
W U8 st ply FL 0 T3 1 HE AT A 4% 02
B T AL ST S5 O
R T B, M TR
SRR [ ]

1 ER R
1.1 BEhEHH

e IR EE L T 20, V] Bis
Bl 7] E A ¥ ks s K sen
TALGMRERE 2 50 3 AR dLag, in
B 1 s Hodr, Dy Sin T BArfLAR
Dy NI E B e NHAR LA S
JI B o) O B 5 a, SR D R
Heny a4 n, PR A R
n, R SRTHEDE 4 () ol (BORR Z  ANe
), HORE RN

27:eng
£7 60
nD,n,
=60

K1, v, Ry JT BB L AT B A5 AL %
LN JE B B 5 v, A TR
B, AT LAGMif R T1 2 AR T L2k
B4 JE T AR R 5 0, AT T ) L
Ay ez sl v, o, AINAT
DYCE AR N =R R E |

v

(1)

)38 BB oo
2nen, + nD;n,
vy = LT (2)
T H A R it f, 571 B4
Vi ks i £, AT LARIR A
271:8ng
Ja= N,
(3)
ngap
fu= Nn

2] =0 i, TR AL LEE H
PRAL A O AEOE e A2 e IR iEia
g, J19R S Wiz S e T R Ly
1B BRI IER E AR AL
i R WA 2 s, JTR .G iis3)
BT AR AT AR

Xy =ecos + D, cosp
Yo —251:(t 0) + D,sin( —0) (4)

i 60
K, X Yo Tl Zgy A5 300 R T8
HIREB . o =2nnt. o, =2mn,t,if
1 Matlab 417 A2l Han il 3 B
NI = HERR A

1 SEiEstfLIRE
Fig.1 Motion principle of helical milling

Y
y
S x
P
e ;)0 X
!

2 BB FLIRER
Fig.2 Helical milling kinematic
coordinate system

FERE YRR BESL I, £ 1]

7 ) 5 ZE A N — IR0 A SR S
I IRSN , 177 1) A i ek Xk

v, =2mfAsin2mft (5)

UM IRARAZ(4) rh, AT LA 2

P AR IR iGE B FL Y — 2k s 7 7

H

Xy =ecosf + D, cosp

Y =esin(=0) +Dysin(-¢) (6)

a,n,t
Ly = ﬁ + Asin2 i

i1 Matlab 1] L2l H €] 4 fp
TN =R R R
1.2 B RGBSR LA B

REFERTE AR

gk fL b, J1 ELlLe [, U
HI 7] AT — i 5eE J) Bhsk A %%,

HArAL
W RS 1A

3 EEBHEBETIRBE
Fig.3 Trajectory of conventional helical

milling kinematic

H AL
R B9 7192

0

4 BEHREESHI T ST REE
Fig.4 Trajectory of ultrasonic longitudinal
vibration assisted helical milling

20234E 55665 55 1400] « it BERA 73



- . .
—— Ix oru

M 71 TTH L R 1E R, G 5 Hr B
BTN mEIR et L, Yl
JIRYIB B A R AN R R &
T T30 AR Sy By 5 K i e 2k
BB AFEDESS 55 1 5 (5 i ALk)
e 2 5 (18] 5 21 Lk) il £ i
BLE S W) XSk (E S B s
X8 ), 12 X 3 2 5 i) 2 T REL RS 5 1Y
1.3 REFFEFNEER

1.3.1 7] Ao TARAER

TETUMARY o YT 7] B R
ZATCE AR L, T R 2
TR B T ] Bas s
T R A R, RIS 22008 1 FLBE A fin
TR IBVEASTE bR, DL
Y18 XFLEE S T v 44 -

X F T AR e BRI R,
FLEEFRIIE S R 5 T B sh A K.
PR ™ FLBE R AT R S0k B =
5 7] BAv iz shid B o 2 2 i e
R AR . AT A AR — SRR
Ji i AR g T LA AR R OXYZ, I8 T
PFICE BB BN Ax, Ay, DL XOY
T AR AR E B & 5 .

XTI TIRR D) 908 L
WA A B, B TR S Z
HIEIFE A AL, 225 S2BRn Ty 7]
RV AL ODARENI W D N = vkl L[] ]
B 4 E 6 B, LS8k ] J1 Borp
O S TR, T Bl Sk Z7, DI

BAPRRXYZ ., WIIRERE R r,
BeINE TG R a, TIREEFE AR K
1y, BEJIIE I S5 BET] s S
RN DIROESE S WA IR ST
KL P AETJ BARBR R 1 A bRy

X'=1

Y' =0

7' =r, =tana(r—(l+r,(l+sina))) ,

0<l<r,(1+sina)

7' = Jri+(r+l)?,

r+r,(l+sina) <I<r

(7)

B TIBETT RGeS Dy B, M) K

Py 55 B8] i [ 55 B 25 0 e, W)
BETIM 7] _ AT AR

, h-r,
X' =rcos
rtan(
h -
Y' =rsin rh,rbs (8)
rtanf3
Z'=h

& B A ) ) B
AR 5 71 71242 B O AZ Ak, ZE)
IESEU D IV & e/ E P NN
SRAR AN ) B AL A i
132 77 A A4ch T4 AR 2k

TEFMBLR i, T HARR R AL
T 5% A 8 o 50 E 12 30, IR B8
WK A 1 45 128 2l L 7 7 A £
PRzl JIRICE RAE TR R T
3z S ] LA R

JIREHZ N X 0, 5 ZX FHEH P=P,x C+F (9)
W5 R Y ) S M TS gE ) )1 S, PO I HOTR SN T AR
—— A
—
— 1k
R
i:_{
=
iR
B~
/
XTI
B 5 it 7IE XOY FEETREE

Fig.5 Schematic diagram of helical milling tool edge trajectory in XOY plane
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Table 1 Machining parameters

I A
Tl / Yimfgtii st /| AR / fLaAz / NS
(r* min") (mm- z") (mm- z ' mm mm
3000, 6000 0.0075 | 0.1 | 6 | 1
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Table 2 Tool geometry
/| |
JIAREE mm | IR mmo | SR/ (°) i/ () JEA /()
35 | 4 | 35 | 10 | 10

20234E 566 5 51400 - At BEEER 75



- . .
—— Ix oru

199984

0.10 ~1.99986

~1.99988

0.05 ~1.99990

0 -1.99992

~1.99994

-0.05 ~1.99996

~1.99998

=0.10 22.00000
_ ~2.00

.15
-0.15-0.10-0.050 0.05 0.10

10 EEIFHAYKRS( mm )
Fig.10 Wavy texture predicted by model (mm)

FI PRI K/ N—5 IEIRIE S 1Y
PRUEXF LI LR F O B 1000 9 5
JE2 R 17.2 pm, 1M 6T P A &
R BE 220 17.4 pm, AHXT R 25 5
1.14% , 33X 5 {7 BB 00 1) 45 SR Wy
Gro [FIE, OB IR R B AR O
U, QU T 2R R 5 i LA I A R 4t
TR A e . A ] AR A I
KBRS T 518 E A
AHAE, A 12 R, 5 AR
WALk 5 HE 2RI Al 55° (5Bt TTIR
JE £ AHAE ), T DG A 4 R R
B I 235 5y 55.6°, AR5 25 3k
1.07%.

5 E BRI SRS A A
INFEER I PR . TEAN TR G A FE A A
N, DRI 2 DT, 45 DT 1) DX 38
FRZ N 82 . fEikgm s R,
SENZUBIIE R, i HAR F
MLE R IR ML B 2248, sl
13 FirR o

3 EBNASTE
AEREIRYE IR T 58 1 3Rl -, oF
— 2 M 6 DU I B e Bk T (IR £
35°, JJH2EAE r =2 mm) LR
R=3 mm [ BEFL T2 J& I 30 A it
W, RO S R SR M L 32
Y 1 2 RN T 1 2 6 R TRDE 5
B FE o
3.1 HRIEXS O EE R E SR A R0
2 F Al B #E n=4000 r/min, ¥
I 4 15 #F 45 £,=0.015 mm/z, &2
Bl 45 a,=0.1 mm/z B 7R AT

76 WisshEEEA - 202345 o6 5 1410]

=

v

0 20 40 80 89

B 11 BXFHCRUEERY( pm )
Fig.11 Wavy texture observed by white-light
interferometers (um)

22525 Hz B} P\ RIRiR 4 B 0.2 pm
4 um .6 um, WA 14 iR, JEIE 4=0
R A E R AL, i TR 1 AT S
B ) HIE 5 UTE G g D b
] 25 5 R Sl 4, — 4RI
ST IR , A RE R EE A B )
UBE A AR AR BR AR AT . il
IR IRENG , = 4B 50 L IR
B BCIREUE , I A Bl 1) YR CBD 43
R [RIT, £ BE R R 0 <, m
AR AT 2 A SO R AR B
B2, ELR I R 1E A 5% VR iR (B
Ko VA EBUEEFE I, PRI
PRIE S IR (E R e e MR
3.2 FEhEREMER TR

=210

M) [ 4 R £,=0.015 mm/z .
BNV a,=0.1 mm/z B8 45
R f=22525 Hz . P4k I i A=6 pum,
Fel33 n B 3000 r/min ,4000 r/min
5000 r/min.6000 r/min, UNE 15 BT
7N, Bifi 2 U0 1 8 49 K, YRR UK
SRR BT, XS T AEAH R A )

—-1.99984
—1.99986
—1.99988
—1.99990
—1.99992
—1.99994
—1.99996
—-1.99998
—-2.00000
—2.00002

-0.08 -0.04 O 0.04

(a) FERIFMEES (mm)

0 20 40 60 8089
(b) LR (um)

12 BEFNER SIS RV RIERIE
Fig.12 Sharp-like peak validation of
predictions and experimental results
-0.10 —-1.9950
-0.08 —1.9955
—0.06 ~1.9960
—0.04 -1.9965
—-1.9970
—-1.9975
—1.9980

-0.02
0

0.02 62 um

0.04
015 010 005 0
(a) BARHIMER (mm)

2.3
0.33
030 2.0
i 1.5
0.25 BEi nm = 1.0
0.20 § L_,J 0.5
0.15 ; 0
—-0.5
0-10 -1.0
0.05 -1.5
0

= -2.
0 010 020 030 040044
(b) AEER (pm)

B 13 REBNER SRR RERIE
Fig.13 Segmented layer validation of
predictions and experimental results

H AR e AR B e DD st
[IHEA , i 228 3 7 4 sl e S U
2, NI S E0R S AR B X A4 LT BR IS
BB, WA T ORAR Bl 2
RIS . P, AR IR S DL T,
B R, A A TR A e A
TR o



High-Efficiency and High-Quality Processing of Difficult-to-Cut Material XﬁbﬂIﬂﬂf%ﬁ%}ﬁmI

3.3 YImESiGHAXMEERER R
=AU
MBS a,=0.1 mm/z,
AR 22525 Hz I IRIRIE A=
6 um , FHIFE A n=4000 r/min, I [f]
P 0.0075 mm/z.0.015 mm/z.,
0.0225 mm/z.0.030 mm/z, {5 EL4%
W 16 i, bifi 5 D) [ 5 0 1F 25 34
0.10 —1.9960
0.05 ~1.9965
—-1.9970
—-1.9975
—1.9980

~0.05
~0.10
~0.15
2015 —0.05  0.05
(a)o0
0.10 ~1.9960
0.05 ~1.9965
~1.9970
~0.05
010 ~1.9975
~0.15 ~1.9980
2015 -0.05 005 0.5
(¢) 4um

R, R EE A K AL,
EARGNESE &5 §=qibE  E AU SN

FEREZ 3K o 32 T D) )
R BESY , Bt JT 58 WA [R] 23 5% Ji 39 e
CAIBRER LR RV Vo WA = Gz
DI X (R 71012 D0 8] X)) 1
VIR R, R A (45 b1 25 B i 78

B
0.10 ~1.9960
0.05 ~1.9965
~1.9970
~0.05
oo ~1.9975
~0.15 ~1.9980
2015 —0.05 005 0.
(b) 2 um
0.10 ~1.9960
0.05 ~1.9965
~1.9970
~0.05
olo ~1.9975
~0.15 ~1.9980
2015 -0.05 005 0.5
(d) 6 um

14 FEHRIE T B FLER RS SR T

Fig.14 Hole inner wall morphology prediction at different amplitudes

—1.9940
—1.9945
—1.9950
—1.9955
—1.9960
—1.9965
—1.9970
I % . ~1.9975
-0.15 -0.05 0.05 0.15
(a) 3000 r/min

0.10 —1.9945
—1.9950
0.05 ~1.9955
0f ~1.9960
—0.05F —1.9965
~0.10 —1.9970
~1.9975

-0.15 - -

-0.15 -0.05 0.05 0.15
(¢) 5000 r/min
15
Fig.15

—1.9945
—1.9950
—1.9955
-1.9960
—1.9965
-1.9970
-1.9975

005 005 |
(b) 4000 r/min

e
~0.15 0.15

-1.9945
-1.9950
-1.9955
—1.9960
-1.9965
-1.9970
-1.9975

0.05

-0.05
(d) 6000 r/min

15
-0.15 0.15

B R T B FLEE RS SR T

Hole inner wall morphology prediction at different speeds of spindle

3.4 HHEBHAXHEERE R R AIRING
MY AR R4 £,=0.015 mm/z |

F Al n=4000 r/min T =
22525 Hz HIRARIE A=6 pm, 235l
AL 0.05 mmy/z,0.10 mm/z.0.15
mm/z.0.2 mm/z, W& 17 B 7, Bl
N Il T R G OC, r B 2  []
HERTER: i NI E N B SN SR/ st T

-1.9956
—1.9958
-1.9960
-1.9962
-1.9964
-1.9966
—1.9968
-1.9970
-1.9972
-1.9974
-1.9976

-0.05  0.05 0.15

0.10
0.05

-0.05
-0.10

-0.15
-0.15

(a) 0.0075 mm/z

0.10 —1.9945
-1.9950
Rl ~1.9955
0 -1.9960
—0.05B —1.9965
~0.10 -1.9970
¢ -1.9975
015 : 997
-0.15 -0.05 0.05 0.15
(b) 0.015 mm/z
-1.9935
~1.9940
—-1.9945
~1.9950
-1.9955
~1.9960
-1.9965
-1.9970
< -1.9975
15 .
~0.15 -0.05 0.05 0.15
(¢) 0.0225 mm/z
0.15 -1.992
0.10 -1.993
0.05 ~1.994
0 -1.995
-0.05 -1.996
-0.1 -1.997
_01 % 7
-0.15 -0.05 0.05 0.15

(d) 0.030 mm/z

16 AREVIEE EE THBEHN R
EEGtHI FLEE R SR
Fig.16 Hole inner wall morphology
prediction at different tangential feed
per tooth

20234E 55665 5 1410] - Bt BIE A 77



- . .
—— Ix oru

0.10 -1.9955
0.05 ~1.9960
0 ~1.9965
-0.05 -1.9970
-0.10 , -1.9975
~0.15 <
~0.15 -0.05 005 0.15
(a) 0.05 mm/z
—1.9940
—1.9945
-1.9950
~1.9955
—1.9960
~1.9965
-1.9970
, ' -1.9975
0.15 z
—0.15 -0.05 005 0.5
(c¢) 0.15 mm/z

—1.9945
0.10 ~1.9950
0.05 -1.9955

0p ~1.9960

005 B ~1.9965
010 ~1.9970

o : ~1.9975

_015 P >

~0.15 -0.05 0.05 0.15
(b) 0.1 mm/z
~1.9935
—1.9940
0.10 —1.9945
0.05 & ~1.9950
0 ~1.9955
—1.9960
-0.05 ~1.9965
~0.10 ~1.9970
, ~1.9975
-0.15 ’
~0.15 -0.05 0.05 0.5
(d) 0.2 mm/z

E 17 ARESAEMIEHEL T 68 7 R B e S H| FLEE RS SR T
Fig.17 Hole inner wall morphology prediction at different orbital feed per tooth

PEAZH— T KRN S H
ARG A He b J1 BAR 3 3 4
1, H 3 AN AR AL 2E B A AT .
R RS 22 14 S PR 8 3 0 BE Ao A
B 5k Aty 9 DT W, T N B il
T 3k 265 384 K, W U1 I 85 14 Bl 1) B
BOBOR, BIEASCRR . S —Tr i,
o JEE AR S R SR R, M BETE 30 Y
S B AR SRR,
N B BEE BRI b 1 DT HE X
T FR A O, DT 5 S5ORE R 2% B i Dk

o

4 HHig

AR SCHE YT P i B R e
BRI FLFR D S A TS AL , R
“Z-Map” EXFNFLIN TR T T
IRIET IR S R Ak .

(1) R0 45 RA SR 1 A
AT SEVE , ELSE I B T BRI IS N EETE
M BB TR SCEU (J0E Ky E)E 3
AW T .

(2) BEEPRIE A B3R, FE 0 EE
oh R T TR VSR B0 I i TR SR R
A

78 Wi MIEHA - 20234F 56655 1410)

(3) Rk n 3K, PHREL
BB R, B D ) A 147
T 25 1 K Rk 1] R DA ) 5 G
Ko

(4) 3 1 Tl T o) 3 245 ) 348
K, 32 TR HE 238 s AN
FETE g N BRI A BT i TR ik
LA

AR A N7 RN UE RE 5 A AL
B v T DA A T3 o o
TNREST A Bh T4 e 7 i ]SS B Y
TR T AR, X T RS
BN T HEA G 1 22 AR T AR
AR

& X x ot
[1] LIAO Z R, LA MONACA A,
MURRAY J, et al. Surface integrity in metal
machining—Part I: Fundamentals of surface
characteristics and formation mechanisms[J].
International Journal of Machine Tools and
Manufacture, 2021, 162: 103687.
[2] TOWNSEND A, SENIN N, BLUNT
L, et al. Surface texture metrology for metal
additive manufacturing: A review[J]. Precision
Engineering, 2016, 46: 34-47.
[3] ARIZMENDI M, JIMENEZ A,

CUMBICUS W E, et al. Modelling of elliptical
dimples generated by five-axis milling for
surface texturing[J]. International Journal of
Machine Tools and Manufacture, 2019, 137:
79-95.

[4] TORTA M, ALBERTELLI P, MONNO
M. Surface morphology prediction model for
milling operations[J]. The International Journal
of Advanced Manufacturing Technology, 2020,
106(7): 3189-3201.

[5] #REF, SRR, B, A5 . ek
JRESEBE T RCHA B H 2R I S B0y LR ().
TR BT 5 B 2244, 2000, 12(4):
262-266.

XU Anping, ZHANG Dawei, HUANG
Tian, et al. Physical simulation model for
peripherally milled surface topography
considering the cutter flexibility[J]. Journal of
Computer Aided Design & Computer Graphics,
2000, 12(4): 262-266.

[6] CAICY,AN QL, MING W W, et
al. Modelling of machined surface topography
and anisotropic texture direction considering
stochastic tool grinding error and wear in
peripheral milling[J]. Journal of Materials
Processing Technology, 2021, 292: 117065.

[71] RIFAI A P, AOYAMA H, THO N
H, et al. Evaluation of turned and milled
surfaces roughness using convolutional neural
network[J]. Measurement, 2020, 161: 107860.

[8] ZHAEF , WXk, 24, 5 . BBk
G AN TR DB SURAE S B Bl [J]. TH
FAR | 2020, 54(1): 41-46.

LI Yaqing, ZHAO Peiyi, JIANG Bin,
et al. Prediction study on surface topography
distribution of milling titanium alloy[J]. Tool
Engineering, 2020, 54(1): 41-46.

[9] JAlBEH), M, Db, 4. Akt
T B ) 2 TR AL BT 58 (0], A UK
A THA , 2019(1): 19-22.

ZHOU Xiaoqin, XIE Xuefan, MA Wei, et
al. Research on topography simulation method
in end milling free form surfaces[J]. Modular
Machine Tool & Automatic Manufacturing
Technique, 2019(1): 19-22.

(101 ARal , TR F . BRLBE T 0t
WA S TAFRIIR S0 (1] 22 TR
2, 2016, 42(4): 36-41.

ZHENG Meng, DONG Yongheng. Effect
of inclination-angle of ball-milling cutter on
surface morphology of hard aluminium alloy
workpiece[J]. Journal of Lanzhou University of
Technology, 2016, 42(4): 36-41.



High-Efficiency and High-Quality Processing of Difficult-to-Cut Material Xﬁb“Iﬂﬂ%ﬁ%ﬁmI

(1] EAA, sk, BAN, &5 st
IR SRBE TT 0N TR AR AR ARy vk (7], 5T
HUEERUHIE 2R 55 , 2021, 27(4): 973-980.

WANG Renwei, ZHANG Song, GE
Renjie, et al. Modified machined surface
topography modeling in ball-end milling
process[J]. Computer Integrated Manufacturing
Systems, 2021, 27(4): 973-980.

[12] ek, 558, B, 55 . RS
BEHIBR A ) = A FROT O B (1], Bl
T4, 2019, 55(13): 224-232.

NIU Ying, JIAO Feng, ZHAO Bo, et al. 3D
finite element simulation and experimentation of
residual stress in longitudinal torsional ultrasonic
assisted milling[J]. Journal of Mechanical
Engineering, 2019, 55(13): 224-232.

(131 SRAIS, FEiE, skfim, 45 .
PR A SGE TR B I TR (0], DL TR
2, 2017, 53(19): 143-148.

ZHANG Xiangyu, SUI He, ZHANG
Deyuan, et al. The improvement of deep-

hole boring machining quality assisted with

ultrasonic vibration[J]. Journal of Mechanical
Engineering, 2017, 53(19): 143-148.

[14] SKEE, BRAARL, XHSE | 55 . S
IR 25 DD B B Z0 (9], LA TR A4l
2017, 53(19): 33-44.

ZHANG Yuan, KANG Renke, LIU Jinting,
et al. Review of ultrasonic vibration assisted
drilling[J]. Journal of Mechanical Engineering,
2017, 53(19): 33-44.

[15] fbREs, Rorik, THAE, %
7R 3 B B B S G BE W) DS S KU
FRAEBF 5T (], ML T8 27 412, 2019, 55(7):
207-216.

NI Chenbing, ZHU Lida, NING Jinsheng,
et al. Research on the characteristics of cutting
force signal and chip in ultrasonic vibration-
assisted milling of titanium alloys[J]. Journal of
Mechanical Engineering, 2019, 55(7): 207-216.

[16] B, X, RF5, & ST
12 S SIS M CERP 8 75 41 3l il B L e
BEAL B LN AL [J]. HLAR AR, 2021,
57(1): 199-209.

CHEN Guang, LIU Jian, GE Jiaying, et
al. Experimental study on ultrasonic vibration
helical milling of CFRP based on kinematic
and thermal-mechanical analysis[J]. Journal of
Mechanical Engineering, 2021, 57(1): 199-209.

[17] CHENG,RENC Z,ZOU Y H, et al.
Mechanism for material removal in ultrasonic
vibration helical milling of Ti6Al4V alloy[J].
International Journal of Machine Tools and
Manufacture, 2019, 138: 1-13.

(18] FKS , WA, Wb, & 5
T Z-MAP JriE sk Bt T e g iy @ ).
U TR 2A4R , 2019, 55(19): 201-212.

DONG Yongheng, LI Shujuan, HONG
Xiantao, et al. Modeling on the milling force
of ball-end milling cutter based on Z-MAP
method[J]. Journal of Mechanical Engineering,
2019, 55(19): 201-212.

WIRAES : 10, BB, B 2R S, 1L
FEEGETT ) R R N TR

Prediction Model of Inner Wall Morphology in Ultrasonic Longitudinal
Vibration Assisted Helical Milling

XU Jie', FENG Pingfa"?, YAN Jianhui', ZHANG Jianfu’, XU Chao"’, MA Yuan"’, FENG Feng'
(1. Shenzhen International Graduate School, Tsinghua University, Shenzhen 518055, China;

2. Department of Mechanical Engineering, Tsinghua University, Beijing 100084, China;
3. Shenzhen Tsingding Technology Co., Ltd., Shenzhen 518133, China)

[ABSTRACT]

Ultrasonic longitudinal vibration assisted helical milling (ULVAHM) can significantly improve the

machining quality. However, the complex kinematics can result in a more complex morphology of the surface machined
by ULVAHM than that by a conventional helical milling. To predict the morphology and summarize the rules of the
machined surface generated by ULVAHM, a morphology prediction model and its visualization method were proposed in
this study, and a verification experiment was conducted to compare the three typical microscopic characteristics, namely,
wave texture, sharp-like peak and segmented layer. A favorable agreement between experimental and simulation results
was demonstrated. Afterwards, the effects of amplitude, rotational speed, revolution feed and tangential feed on the surface
morphology were evaluated by using the model. The investigation results show that the amplitude in ultrasonic vibration
leads to the formation of wavy patterns on sidewalls. As the spindle speed increases, the wavy pattern weave becomes
sparser. Meanwhile, the height of oblique crest band, the spacing of split layers, and the height of shaped projection are
determined by the circumferential feed per tooth, axial feed per tooth, and feed speed, respectively.

Keywords: Titanium alloy; Helical milling; Kinematic analysis; Surface morphology; Ultrasonic vibration assisted machining
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