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The Prediction of Cutﬁng Force and Surface Topography by
Dynamic Force Model in End Milling
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ABSTRACT

A new dynamic model for the cutting process in the end milling process is developed. This model, which
describes the dynamic response of the end mill, the chip load geometry including tool runout, the depen-
dence of the cutting forces on the chip load, is used to predict the dynamic cutting force during the end
milling process. In order to predict accurately cutting forces and tool vibration, the model, which uses

instantaneous specific cutting force, includes both regenerative effect and penetration effect. The model is
verified through comparisons of model predicted cutting force with measured cutting force obtained from

machining experiments.
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Fig. 4 Vibration Model of End Mill Cutter

m 07(X cy 07[X
+ +
[0 m] Y [O C}'] Y
ky O07(X) (Fy
[0 kYHY} - {Fy} ®
oA71 mA=T gl MY 2 A
ky.ky X, Y g0 29] 74
Cy,Cy XY ‘%5}2%94 ﬁﬂ
Fo. By i XY 302 28she 9
X Ykl s 342 AfEe 3¢ A=
Ao s 2ok Wk cy =c¢p =c, ky =k, =k
2 ueid 4 9lon, 375 B8 E JMgehd ke ¢
3 2o

=2 ©)
71 E d=Ee eAdAS
1: 279 9HREAE(=DY/48)?
L 279 overhang
ol¥ ~ 2w (Impulse Response Method) & AM&
dlo] nHAEL9} BHHE 23 m, & T A

m = 0.1846kg, ¢ = 26.14Ns/m, k = 2703kN/m

gz 7bgA] Xebeke] 7t Yarel i Bt AR
g Fig. 5% 2 & AU EYolH &35 sl 9F
o MEE Jigto N YEe 7 Fotet BUE AT
g 7MA LT E gt

Fig. 52%E 9|9 Halyg AFe N, o2 oy
B o] AF,, AF 22 ¥e|8 & gt

Rotation Center

X Y
-
Tool
/ //
SNAF / -
T F, B"‘ \\

dF, .
AFy === th
dF. .
AFy =~ (10)

o714 n=(Xsing+Ycosg): AF&EE
dF, = Rcosf3,
dF, = Rcosf,
2(10) 2238 X, VI3l g9 wztad AF, AF,
Z A F 2(9)9] 9o T3 AV EH el AR
S XS WS o 2ol 78 £ v

ol
Y S B

Cop = Cy + 2 —dF, sin” ¢ + dF, cos¢sin¢

o714 4
—dF,sin¢cos¢ + dF, cos’ ¢
—_—
Vv
dF,sin’ ¢ + dF, cos¢sin¢
Cyx = 2
\4
2 2
ey =y + E dF,sin” ¢cos¢ + dF, cos” ¢
\4
3. Uy oF

FARALS 23] Yeire 7t BreY 99X
Safop gk, dp A AAAAA TTE HA

41



0|71 & -

2% -

A%

x(i,j,k), yG,j k)& st et

x(i, j,k) = X001 + RAD(I, k) -sing(i, j, k) - x5 (7)) (12)
y(i, j,k) = RAD(i,k) - cos¢(i, j,k) + ¥, (i, )
Sr X
A8 e T 60-1000
: Zé}\l}\] o i.‘.?_Ei ﬁﬂﬂ }\] 7}‘(Sec)
9 ﬁé’a‘ B E A ste A& Fig. 6o YeRiLch

1
[ End Mill Rotation dé |
1

| Caleulation of X(i,j,k), Y(i,), tu(ij .k |

[ Surface Topography Data Store!
(End)

Fig. 6 Flowchart of Surface Topography Data
Generation

A5 1,G,),k)>09 7% &1
Qonz F7Y YXE FUFY L2 sl

4. BAE 3 modde AlEdolM

QAT BRYLE AZe] Slo) 24 AN E 4

/ Data Input
/ Cut Geometry, Cutting Condition, Runout Offset /

End Mill Rotation d¢|

|Uncut Chip Thickness Determination for Each Sice|

1
[Cutting Force Calculation for All Siice]
1

[End Mill Deflection Determination by Dynamic Response Model|

I
|Surface Topography Data Store|

_—
7
Yes
(End )

Fig. 7 Flowchart of Simulation

Y]

AERdE AT e $4 449 ndolgg Tao
i ste] Al Balo| Mt A < Fig. Tl YERSIT.
FASYRARIE IPULL AVY o (1)) 2
AfEA £FPRHE A¥Ho Fola] olgifmz
ths go] A7 Arol e} 2AA e Eolgny,

=i(F — e X — Y =k X)
m

.1 . .
= ;(Fy - X - ey - kY) 13)

AIZE A Arell diE Sz WS Adee WY e
o3 2

X, =X +X, At (14)
Y, =Y +Y, At
X, =X +X, At (15)
Y:Hl _Y +Yn+1 At

5. AyER Y
M AANAG geeg  C,C, 1,5, & Tt

AEH oY AFE HFd] A8 ddzdd 4¥AA
€ Table 13} Fig. 8% o] 74 3}9&’\‘3}.

FAEL IS A 538749 SKD11E AHE3HA
I F7e dAAe g 7hgd A9Ed HSS 4¢ d=
& AT X Y B3] A4Ee ITEHAE

Table 1 Experimental Condition

Diameter 10mm
Helix Angle 30°
End Mill Cutter
Material HSS
Number of Flutes 4

Overhang 40 mm

SKD11

Workpiece

Vertical Milling Machine

(FVH800 Kasuga Co.,)

Machine Tool

Spindle Rotation
69, 122, 205, 299, 384, 563

Speed (rpm)
Table Speed
15, 25, 45
(mm/min)
Cutting Fluid No Cooling
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Fig. 11 Measured Cutting Force

(Spindle Speed : 384 rpm, Table Speed : 15 mm/min,

£:0.004 mm, A:0.784 rad)

X-Cutting Force (N)

R
(=
—

0.00 0.05 0.10 0.15 0.20 025 0.30

Time (sec)
150
100 £ i
5 i ) A | A ; }(
= ; ! A /i I8 { ! \
9 s50f 7y Vo JE
-] / ! s i i LI
w A A foo
2 0 / [ i o /
g Yoo © \ / k/ Vo
o / Ll / L
? 50 | '.., I |/ 4 /
> / / / / /
\« vV ¥ ty " “"./
-100 " " . . "
0.00 0.05 0.10 0.15 0.20 0.28 0.30
Time (sec)

Fig. 12 Simulated Cutting Force
(Spindle Speed : 384 rpm, Table Speed : 15 mm/min.
P 0.004 mm, A: 0.784 rad)

0.00 ke ]

Y-Tool Deflection (mm)

-0.08

0.0 0..1 0.2 03 04 05

Time (sec)
(a) A Case with considering Penetration Effect

Y-Tool Deflection (mm)

0.0 0.’1 02 0:3 0,‘4 0.’5
Time (sec)
(b} A Case without considering Penetration Effect
Fig. 13 Simulated Y-Tool Deflection

(Spindle Speed : 205 rpm, Table Speed : 45 mm/min,
£: 0.004 mm, A: 0.784 rad)

Q\ l\\\‘ \ “'

Fig. 14 Simulated 3-Dimensional View of Surface Finish
(Spindle Speed : 205 rpm, Table Speed : 15 mm/min,
£ :0.004 mm, A: 0.784 rad
Axial Depth : 2 mm, Radial Depth : 4 mm)

6.3 EHEA 0% 2
Fig. 145 ERE4L 349 222 vjehd Holch,
ARz TRYAL AEBAe slsery A o
s #7189 %< voln Ik Fig. 15 ~ 16& &1
% 44Qo] lmm 4] ERYA 233} A Felo 4
S vlas) ¥ Aol ST Agaloldgte A



20283 A A14Y A4E (19973 449)

Y A N
71 Il A1 o
WL ol ) WYR AT
'EANIN 1R AR | WY VA Y | VIEY Wl
N riime.i 2 T
S 11 Y 1

L1111

¢————— 0.6 mm ———————>

Fig. 15 Experimentally Measured Surface

00012 b

0.0008

Surface Noml ()

O(Im L I I A A
00 01 02 03 04 05 06

Feed Direction (mm)

Fig. 16 Simulated Surface

Rol7} QA AAA FAH AV 2AT AS &
2 Qth. F ghol 98 HolE AL 713A ByHE A
ol 7t2edy oz WM& g3 Bl vlad Ee
WAY o) BW EE F70 3o A A4
B B ABHQ 842 A48}y B &ojrt

me FHEAS Aabzzd o ohyel XY &
40| ZA FFL B} olHdF Jo JdFE et
7} e e Ao S50l APEA HAsnE & A7
A AA & gelA 9 29 (Deterministic Model) ol 32l
g% B3t 884 29 (Stochastic Model)o] F7+4
ojo} & Ao & AzdT)

7.4 B

2

= 7lgAl BA da 2l o B 89
to] S4¢ gotd A% thed 2 ARE dAUTh
Ao 27]59 WFog Ho} dopgo] A4
2 Qg nixag, dobx 2do] A4y 3 FVIY
dZo] wea Besm, w3 HAAATE HASE,
A5A Z7te) met gashe AFE Bo|v ALEH
o] ko] AN FFA Wt MAAA G VA& 4

3

wooX

Noﬁ,

|

Agoldg S8 d38 dNde dYczry 5

4

Ay AR 2 9 A agde FAH Bds T
Qg o 722 27 592 s e A EY A &%
g ngsjo}l gt

Aare gdo o3 FAYAY o Sgte] A
e vms ¥ A3 o F/1AQ P& %

Ad7|Ael A vz TAES vepia ok

=t 7

Ho
rQk

1. Tiusty J. and Macneil P., Dynamics of Cutting
Forces in End Milling, Annals of CIRP, Vol.21,
pp.21-25, 1975.

2. Kline, W. A., and DeVor, R. E., The Prediction
of Surface Accuracy in End Milling, ASME
Journal of Engineering for Industry, Vol. 104,
pp.272-278, 1982.

3. Kline, W., and Devor, R., The Effect of Runout
on Cutting Geometry and Forces in End
Milling, Int. Journal of Machine Tool Design
Research, Vol. 23, pp.123-140, 1983.

4. S. Smith, J. Tlusty. An Overview of Modeling
and Simulation of the Milling Precess, ASME
Journal of Engineering for Industry, Vol. 113.
pp.169-175, 1991.

5. J. W. Sutherland, A Dynamic Model of The
Cutting Force System in the End Milling
Process, Sensors and Controls for Manufactur-
ing, Nom. 27, pp.53-62, 1988.

6. VYing-Yi Lee and Wen F.Lu, An Improved
Model for Dynamic Behaviors in End Milling
Processes, The Minerals, Metals & Materials
Society, 1992.

7. D. Montgomery, Y.Altintas, Mechanism of
Cutting Force and Surface Generation in
Dynamic Milling, ASME Journal of Engineer-
ing for Industry, Vol. 113, pp.160-168, 1991.

8. G. Boothroyd, Fundamentals of Machining and
Machine Tools, MARCEL DEKKER,INC, 1989.

9. BHKES, MMM T o0 BLR-EAT L B, T
e, 1977,

10. &% BIB4KAR, Machining Data Handbook,
SRR SRR AE, 1981



