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Form Error Prediction in Side Wall Milling Considering Tool Deflection

Shi Hyoung Ryu” and Chong Nam Chu’

ABSTRACT

A method for form error prediction in side wall machining with a flat end mill is suggested. Form error is predicted
directly from the tool deflection without surface generation by cutting edge locus with time simulation. Developed
model can predict the surface form error about three hundred times faster than the previous method. Cutting forces and

tool deflection are calculated considering tool geometry, tool setting error and machine tool stiffness. The characteristics

and the difference of generated surface shape in up milling and down milling are discussed. The usefulness of the

presented method is verified from a set of experiments under various cutting conditions generally used in die and mold

manufacturing. This study contributes to real time surface shape estimation and cutting process planning for the

improvement of form accuracy.
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Fig. 11 Chip thickness variation in down milling

TAES AFste dapde dort HF 2
ojn Aol Hristed FywHgkol AA
o Y W@ dage]l 2 g7 3% oA
AA7|BE, dak A vd we (o) ¥4
g FANIE BT HAA] LA
o] B9 FHEAALHE A 944 3 o]
TTEGA AF o] He WHst 7 ?
g AAHA gk ¢ & TP AL
FRAZAM olgdte £ FALE A2
B ok 3 F3e 0 o paRAY o
of 7t3E g oA L & 5 UE %
& & 74 T A 93] 3 oA, o
A 7hERAAM g2 dolA glen Hadx
a7 got HFE B stewe] A obF
d g%& F4 XA Ik Fig. 12 3 A=1
o aFgrtEel @ F4rIFE BFa gioh
Aate] AFHE A A XY F FA WsE
z7]e F= Aol Hol F FAZE 0 o 7h
7H9d m2d 7 olF J FAE Hdvt
grh. o] wWe F R3e Y FeF dad
A 1614 ARE, Fr o we} ol
Foste Aade ot z 9 d¥28 e
AR F718A "ok 27) AA9K AN T
g 7H3d APAN 27T dabdo] EA
a2 @ot 7HFE A7)l %S AA R}
A gt 7 Ao wek J Rk HF 2 B
o fiRell dabdo] FolAl Hed o] B¥= F
T ey g 19 A7} 7hede 24

X,
o)
it Jo

oflt
M o o, o o ot
o 2 & o

g g
we R

1

—_—

\:

1
>



FNE -

FEd . A=A

22 A20d A6

ol Hol FAAT AA TAYE ¢ F .
Je7tEolAE B o XA FF AddFed 9
FAalgdo] o] ¢3te] FFHP L WYty 7}
F4oarg AAsed vy, ddrtEl
BT SER HAF vaHAG] HEH
LAE AARSE FUAAH ok Mg
o] F&ENA o|HEd= ¢S YHEE Cc 9 ¥
XM FH37F 0 o FMRA FHol FFREFY
A717F w9 FolAn o] we] ¥AH HHHLS A
ol Ao A A 3 o dvh. weA 3}
Bt e Aol AaioA FH ¥
g A7 FolAE & 4 o Fig. 9 A R
2=ke] Hdjigho] %735}7“ FAHE AL & A9
A A uteh Zo] Atxzo] w4 W A
A Yo 713, AgrtEAAE Hd ¥
4 eare] Az JEE AeRE ZFE i
#A2Ea FrLFAAE 7HEE PR S
AR Fhske AL FFHYY 7 37
52 255 F7137] diEeld.

Fig. 12 & AE71gAA9 T & Fo @&
HER 4 249 EAUT A5%E vud A
olth. ¥4 2xte] FA7It A oA A
o] SAzI F AL UL E F U
g3 ¥ d d=dy g F oj$g FUI
B o|FHEE FUNA F A5, & W
de=del & F olgo] F & QﬂE‘Q«] ye] &&=

Oﬂ: _>L OH Eﬂ 0>' U.u
ow*a (- )

e o 4

zydA e A3g o] HuHGed BE L
of SlolH £ & A=W A8IE Aol B A
We Hdoq 45 $5Ee ¢ & dok
06 ———7T—————T e 2 flutes, ft: 0.05 mm
--=—--4 flutes, & 0.025 mm
4 flutes, ft: 0.05 mm
0.3
E gl |
. \‘."‘-...\_
% 03 T~ T S
E o T~
(=}
Lo
-0.8
[4] 1 2 3 4 5 6

Depth from top surface {mm]

(a) measured

49

06— ... 2 fiutes, ft: 0.05 mm
~-~--4 flutes, f: 0.025 mm
os 4 flutes, ft: 0.05 mm
_ |
E
£ o0+ o
P -
[P N I B N
£ 03 B it S ]
T R R G R Rakecor S
= ™
= 06
g T
-0.8
0 1 2 3 4 5 &

Depth from top surface [mm]

(b) predicted

Fig. 12 Comparison of form error according to the
number of teeth. (up milling, 6 mm axial depth,

and 5 mm radial depth)
d7lqA &9 BEE Ed Bl BAgs
duld. FPURL ol8F FAFANE T
g dETE AMEEE Aol Ml & A=E"S A
g A HlE FEse debd d=2E ol
@ 243 Fo FAMOINE F @ d=ue
AgsE Rl AR WA AUE BYAA u}
RS T 5 Qo F o ool A Ay
32 gE AN 59 uiA ANdzHdMe B4
eate] 2717 Aabe ol TR ] goln
A4 ¢ dEAE AL SRS Walshe

Aol BEAYS ¢ & Uk

------- predicted
measured
12
3 e
£ 09 b
= Z
5 /
£ os o
) /
€ s
o L2
L N i
0.0 \.4-"/

0 3 6 9 12 15

Depth from top surface [mm]

18

(a) down milling, 2 flutes, 15 mm axial depth, 5 mm
radial depth, and 0.05 mm feed per tooth



ST A 21 A A6S

------- predicted

\.«""m.\

0.4

o
=

o
©

Form error [mm]

-
o

0 5 10 5 20 25 30
Depth from top surface [mm]

(b) up milling, 4 flutes, 30 mm axial depth, 5 mm
radial depth, and 0.015 mm feed per tooth

Fig. 13 Form error profile in heavy cutting condition

Fig. 13(a) © F ¢ d=9 71FdA 43
AagolE 15 mm, ¥WAWE AaAolE 5 mm,
‘é 2 olEFHE 005 mm 2 3LHES AL HF

B 249 &z SHEE vud Fdo)
c} Fig. 13(b) £ ¥l @ d=22 F3F Fa1zlo)
£ 30 mm, Y33 HAZolE 5 mm, & F °l
28 0.015 mm E A7 FILS Wy 29 A
°lt}. W e dabglolol Wk dabzlolrt A
4 =243 2ol AAe Ao, 7EE A
g o] EA5E Tl T E do] Hilo o
A so Fage et FHEA H=2R Fig
13 g BEo] 3 eiake] ¥Fo] Fho| Fol
' 424 yehgA g0

¥

W hgeld FTAEE olgw 9
#al A7argnh
A Azrel B
A gy

50

2ZRE AF 433t PEE AN o]

WS 71E9 AP AlEH A 9 Tt

de PFAE FIte Ao vis] & Huj A

T SGEEIHVE e FA4 s e HE

52 2}°16}93‘E}

2)

o}_‘:. x‘d_/ﬂ-\é-o" 7].4_3] Ag/ﬂx%.% x]‘é
LB %w;vg%ton o8 ARk YA
A2 zAA B et 37 Y27y
Zurg datgloldl os HsiAe A P4
¢ FEzbe) TR FILFe Barz)
dgrhe e AAFRR AAAT,

3) et ok Frketd T & olae) A WA
o] olgolAE hEHe) gae 3ol
Aole WElE HA =9, FYATANE 7
29 oHRol B & gtk

4 FTHYE B WY eatd 43 Uy
=4¢s
W= 3
A z=e
Az

ol
o] &3 FHrtFAAY B AE
A8 458 4 Ao CAD/ICAM
Hgso] AN e o= 2
KA ojgd F AUt

Aungs

flo

1. Martellotti, M. E., “An Analysis of the Milling
Process,” Trans. ASME, Vol. 63, pp. 677-700, 1941.

2. Martellotti, M. E.,, “An Analysis of the Milling
Process, Part II-Down Milling,” Trans. ASME, Vol.
67, pp. 233-251, 1945,

3. Merchant, M. E., “Basic Mechanics of the Metal
Cutting Process,” Trans. ASME, J. of App. Mech.,
Vol. 11, pp. 168-175, 1944.

4. Stabler, G. V., “The Fundamental Geometry of
Cutting Tools,” Proc. of the Inst. of Mech. Eng., Vol.
165, pp. 14-26, 1951.

5. Koenigsberger, F. and Sabberwal, A. J. P, “An
Investigation into the Cutting Force Pulsations
during Milling Operations,” Int. J. Mach. Tool
Design Research, Vol. 1, pp. 15-33, 1961.

6. Koenigsberger, F. and Pal, A. K. P,, “Some Aspects
of the Oblique Cutting Processs,” Int. J. Mach. Tool
Design Research, Vol. 8, pp. 45-57, 1968.

7. Kline, W. A., DeVor, R. E. and Shareef, 1. A., “The
Prediction of Surface Accuracy in End Milling,”



FAE - FFE . @FYLIRA A2 A6 E

10.

11.

ASME J. of Eng. for Ind., Vol. 104, pp. 272-278,
1982.

Sutherland, J. W. and DeVor, R. E., “An Improved
Method for Cutting Force and Surface Error
Prediction in Flexible End Milling Systems,” Trans.
ASME, J. of Eng. for Ind., Vol. 108, pp. 269-279,
1986.

Seo, T. L. and Cho, M. W., “Prediction of the Milled
Surface Shapes Considering Tool Deflection Effects
in Profile Milling Process,” J. of the KSPE, Vol. 16,
No. 7, pp. 203-209, 1999.

Kline, W. A., DeVor, R. E. and Lindberg, J. R., “The
Prediction of Cutting Forces in End Milling with
Application to Cornering Cuts,” Int. J. Mach. Tool
Design Research, Vol. 22, pp.7-22, 1982.

Kline, W. A. and DeVor, R. E., “The Effect of
Runout on Cutting Geometry and Forces in End
Milling,” Int. J. Mach. Tool Design Research, Vol. 23,
pp. 123-140, 1983.

51



