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A Numerical Simulation on Cutting Force and Surface Roughness
of the Face Milling

Hong, Min-Sung

Abstract

The milling process is one of the most important metal removal processes in industry. Due to the
complexities inherent to the cutter insert geometry and the milling cutter kinematics, these
processes leave an analytically difficult to predict texture on the machined surface’s hills and
valleys. The instantaneous uncut chip cross sectional area may be estimated by the relative
position between the workpiece and the cutter inserts. Furthermore, since the cutting forces are
proportional to the instantaneous uncut chip cross sectional area, the cutting forces in face
milling operations can not be estimated easily. A new simulation program which is based upon
the numerical method has been proposed to estimate the cutting force components, with the
ability to predict the machined surface texture left by the face milling.

Keywords : face milling, cutting force, surface topography
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Fig. 2914 L, &1, € x & y W3] 3289 2
ol UEhTh s(k, 7,9 HE e ARt t oA BB
EFRE veldd, a8 3FHE 99 e HEE
< ooz Hodo z AL sk, I, HHH
g s FFEL JEE e FF(WP)E ¢
Eol d it

L
1.1, (1,2, S(l.—a‘;+l.l)
«2.2.0 2 419

(2,1,

A

: L ’ Lo
S(Eﬁ-l,l.l) S('a—w+l.2.1) S(R+1'_6—’w+l‘t)

(1)
sk, L, =(({k—1) dw,(I-1) - Sw,Z (k1 8) (2)

2.2 @4 @9l J1E1EN i

e A EY AUAQ X9 YL o)
§ F837] g9 o] HelMe Y A 2F o
Aol AadEe] e FHE 9. g7 AAdE
o] ¥ 93] 3by] st WALy @& A
aF0E Astn zze AAGES A 1L
2 rch 2, AleEY 7 HEe Akt o
g A Adde de A jE ez Qe
i, 7, Dl gt Fedt} molel 2242 UyoiA
de Aze Agddol dFFFe nilvt glenz 49y
FHMC)e= ZAET Zol n x (m+1)9 FE=



B 43t
oL, LD p(1,2,0 ... 1, m+1, )
M1 p2.2.0 ... K2 m+1.0)
MC= . . (3)
K 1,0 Mn2,8) ... 5, m+1,0

AP F7e AL Sl 7leE FZoA 7 849
AR ERH oA, ArldMe 7 848 FE=R
AR A dald olE 24EY HEAES H#¥z 3
gt} o] WoZH g,—b,—c; BEANHE 24
% Y Hoz HIY # A3
X-Y-Z HHEAZ AGNE FU}. o,—b—c; HE
A% X-v-Z HEAS A« Fig. 394 £ 53
.

AT

% ¢
-
C" (,—\\
" ™Y __ cutter insert
. . ! \ > ¥
spindle axis — .~ ‘(‘ ¥ .
N Voo b
| v i
. Yo
4 ) -
‘ AL S b;
Ay
Ta- .y

Y

milling head —>

Fig. 3 Coordinate transformation relationships
between the X—Y—Z and the
a;—b;—c; coordinate system

Fig. 3<Ad 79 IEABA(x,—y;—2;%
a;,—B;— x )7 299k A Aol B3k ofs)
t 933 A Ane BE IRHEAY 93
oltt. x,&e XZI HYstn, y,FL Y &% 2
g1 z; %2 Z3% Y. o, —Bi— x; HEA
£ xi—yvi—z; ABANA 25& FHoE ¥ 0F A
’\]2_]. 3121 7@9"@5}’ j—"’]:ﬂ a,«—b,-—c,» }'}‘Eﬁ]é
a;—Bi—x; ZARAE I 2ol JAAY o=z

18

central point of
cutter insert

> As A

Fig.4 Coordinate transformation relationships
between the a;—b;—c; and the
a;—B;— x ; coordinate systems

olgid HEFCEM ¢ EYEY HAEe veH 2ol
Heldo.

pi, 7, D=(X (D, Yyi(D,ZL))=(a;, b;, c){4)

2.3 HEII29 =85 2
dtdez WYt e FH9 IAAH FFolFe] F
Folh. A7ldl FHHFe] H4H e HWEEE
o2, BAAYH vty glold g7 vhet
NS Fole EHE 4L £t 21464 2
g His} o] A AUEe g;—b,—c; HEAR
#@se gz dEUY. o a;—b,—c; HEAS
X—Y-Z ZEAZ A¥AI7] 3t g 3

[»]
o
=
)



F=FANANLSHA Al 4 A 4 F 1995, 12

ol 2AAG of HeflMe a,—f,—x; REAE
X-Y-Z #iA=z ¥gd 740]"’ 4321]‘?3%011 3'421]

o a;=Bi~x; 9 BAe 2273011 46}04 dojrit,
8 AaRBYPIL MHedn FS W Hahde
e AhFEE U3} 2

X(ty=Xa() +x(0

Y()=Ya(8)+v{D (5)
Z(D=Zs(D+z,(D

X(H Xa(9) a;
Z(t) ZA(t) C;
z 4 (5)% O BITTY Jlats eEud

E@ﬂﬂN}X—Y~Z#Eﬂ%ﬂﬁﬁ%4:d}§£
g uehdd. B2 7 /3A 49 wnEe A
W) HANE £T BAER BNUIE o HE)
AN 4T EARE YR A8 segoz
CEELIEEED RS

2.4 o7t BASTO| ofH

A de Ay £ AdEsd ¢35 “ﬂv‘i‘—
of RE HahdEe] 7t HEoMY £ AL ES
HEHg 5}. DY QYA FFY EFL ol¢ %}0}7]
o 2o Habde] £:WE S Fig. 5 dlAg o] FA
9] REoZ Ui

cutter insert —

Fig. 5 Velocity vector of point B with respect to
point A

Fig. 52%H BY9 £=¥eg 7384
Va(B)= Val)+ Vga(d

=(—vy-sin(@)—w- K - SinOap(d+FD)7
+(vg- cos(ws) + @ R cos8amenld) +f‘.(t))7+f,( nE

=v, (DT + v (D] + v, (DF )

£ ANRAL £ s £A50n FH3

7] Bgo] BAEEo] £2% PR S3E Bay
Fgstdol st aeing Adde] del3ad £7

o
=2
Aoz FAY WH, v e © O3 20

Vmbe;m(l)=cos(¢(t)+—27£)7+sin(¢(t)+ Y +sin(7.) %
=isin(e (D) i¥cos{ (N i+sin(ra)k (&)

714

e (D=04(D+ ¢ +7p
=6+0,+30+ ¢ ,+7x 9)
=(w+w)t+80+ ¢ +rg

A (D3 B)& o188t XY Hd 949 Hakk
= (V) Asddd #olad £7g wEjrlole) 7}
(£()E 2% % Yt

£ () =000+ —tan (245 (101

2.5 FAIRS| 01

e oy 27402 el Wgd Fe)
Z7eittel %% A4S Adaol 9 AW ud
FAgEde waesh AR Aok A

je——workpiece boundary

workpiece

Fig. 6 Side view of the uncut chip cross
sectional area



394

Hake dargel ol 2ox
P e AW AL Fig. 63 #o] Yehdo
Fig. 6914 9134 2ol 4 gaazeln,
ARA e Adapde] 27 osle) 2 e
A, A, (i=1,2,3). 22 WAAd £¢ Fig.
A b(i=1,2.9% £(i=1,2,3,0% 274 &3
Z3} 4ol otk Y Ze 3Rl A4l £
e E& dehich sleA A £4 wde E
(bime) e A2bdo] AA2 2ag £ Vet g4
Z& Aol HE( VL)) BFor BN BN

g 32E Y Afele] Az Foldd. Fig. T& ¥

Z3} p3 Aol
o
B
At
el

Ak
=

g B Wgoz ¢ Ao ANz AL /¥
& oo Aol dig 71E AdE dehddh
2,50, sCk, LB, V(). 1,(0 B A7t BAdEe)
S22 TAYA, AASE, Aol AEEL
Yehdch,
cutter tooth
work surface sk 1)
z P f— VA1)
151 &/i _~ machined surface
‘,_J O pig
X
workpiece

Fig. 7 Cutting depth in an ideal cutting model

Fig. 7298 28l (1,(0)& otsh 2] 322
#9m.

td( t) = (Z work surface ™ 2 cutter ﬂade)

(1n

714

Z york surface = 2 —coordinate of s(k, 1, 1),
2 cutter nose = 2—coordinate of p(i,7, 0.

Fig. T0M 2 sk sorpuces BBOI, AA EHL 2
Fol dm R AV} ook DHTAA A A
o] 7lgdt FAEL i-1HA Aibde] ofu] 2uzk
ez, fee gHE opt) o2 e FHEHEW

Q

& ol¢ ERsA "o d7u A dazlele 3t
k&g FAZ wako g A ojo} gck ZHake)
£x7t gle AAYY $EdM AstkLNe A
(i, 7. 09 82 ¢ Fig. 79 Zo] YAstA @t
aglm A o] ZEe x5 T UE w A
s(k, 1,09k Ao ¢ (1 & Fig. 8. 283 Fig. 9%
2

workpiece
— Vyur() Pt

)

\\3:(:1- . 1)
£

™ Vagent)

\/f pli,

A\ !

Val1t)
™ (0 \/ \ [. -
1AL .
i plt. j\D) ¥

T
insert segment

70 feuend?) iy

sk, 4y, 1)

7

8 Instantaneous cutting depth vector

shown on the X-Y plane

Fig.

o] 2¥EA HE V(» &V, (0t pii s
p(i,7+1, 09 &7 AL R Jehfa Qi WY
V() & Van(DE (4,70 9 pli,j+1, 09 HA
HoHHE dehdt o] Aalolde V(Hve AddAE
AET Vel ARSI sk L S stk LD F
g 29I d@azleldrie] Aotk (0%
tn(DE A 02,7, 0% pli,j+1, DA HAL ZLo]

work surface culting depth vector (V4(1))

cutler insert
machined surface

—

\_ workpicce

9

Fig. Instantaneous cutting depth vector

shown on the X-Z plane

20



FIFANAN YA A 4 B A 4 31995, 12

[

Itk ANZoldEHe Aagzet #AZ 7] BEe
& SR g of AFdA wlg FasH At
A (Mol g FdE AMD &£ FAEE V()
o 423 Halglolg 7] S WA HAzlo|wg
(V,())E Folof gt

A (N v, v, & olgsd e HH TV,
g AAHE( VA ))e o3} o] Z+z vepd

st
Viem=—v it v J+0F (12)
Wt)—T/’Bu)me
==,V uz;+(u,+u2)Z (13)
ANFel FAGAAFL Ao (¢t () HAE
(b V2.2 TS 78 51Tk, Hahdo] FHER
o @AY Ee 52 A7) dleez duAE g Fae
W2 ol e} o] o] 74x A7t & 3T o
ool AahdeM okEe] HAZolE ¢, t,8 ¥
A5l wE 52 dUE( Area, ;)& THEH 2}
1.t400, tp,> 08 W
Area; = (td(t)+t§2(t)) Bire
2. t4 <0, tp <0 Y
Area; ;=0
3. 4> 0, t, <09
o tzd(t) 3 btme
Area; ;= 5 (4 (D=t ,(D)
4. t4 <0, t,> 09
Area.-';:' t%g(t) ' bm

2- (td(t)~tcl(t))
A7NM Ares;; & A4 ¢ 22WAL YeNY W
A A2 ge) FRAnAe 7 2ARAS ¥ AN 2

Area(d) = glArea,-.,- (14)

gubdoz P AaEe 43 guAy 53 A
A AR Foz Jedd® Aagzd zgehe
Aol Aage WA FAHD AYHA A4
(Kp)9 o2 QoA 379 ¥4 (AT 43
g FARE o G2 22 o] Jojalr),

21

Fli,)=Kr- Area(d
(15)
Fpli, =Ky F:(i, H

g;_a 3Fol éna} Fa = ]
(Fq3tFrou)g &
Fali, )=Ka - FHi, 1) (16)
aHE2 74 (HTE AT pdA Al
X, Y., Z w3k AArge Aader wiAde g
2 Y9 A B4 T 2ol 18 £9

37 A8 A¥NT K,

o
Fi,0=Fr(i.0 - sin(60)~Fx(i, 0 - cos(9,(0)
Fy(l-, t)= FT(Z., HE COS(H,‘( t))+FR(1., - Sin(ﬁi( )
Fz(l,t)=FA(l,t) (17‘

orebA A (15)3 (16)& A (17)e didas, A7t ¢
dAe X, VY, Z2ge £3b "aty ARE t}gx
o] 4& F8Uoh

F.(i, 1) sinf,(f) —cos8,(H 0 KT

{Fy(i, t)] =Area()| cos8(8) sin (0 -Kr

F (i) 0 0 1 KA Kr
(18)

X, Y, 28%9 Fe0HEAEL 2 Fakde AE

F.(9 . JFi D)
F () 2 F(1, 8 ] (19)
F(t) =1 F(z )]

adE2 H(19% B WA ¢ AuEbes
B $0MES 72 S0

1. AlE01Md =gl

S 22 $ME A gy e Fydr)

. TAE B9 S AAgEE Y4Rd S Uer

g g 2702 Ukt

g NS EE At

Ao YA E AL

CZF ARG g ¢7EQ Hadnd £A% ¢ A
AkZlol & Al4Hgith,

UU o



4y

6. Zzte] Aabdo] ¢7tFoR
A Z AL
.= %%4_“‘"” Akt
A 4EE 04]%3&"4
AAL Y bz o8 A4
o gt
0. (3-9) BAE 7}zl e} 5 Folgn
A Aorry e ANE 4eH 7k ol F
Al €Tt Fig. 102 Algcld 299 Ao
o

-1

© o

4 7}3ER ARNE

Original Workpiece
Geometric Model

Machine Tool
Kinematic Model

Machine Tool
Geometric Mode!

4
Relative motion and position of the
workpiece and the cutting tool

Y

| CJmng Area I

1 \

Machined
Surface

Cutting Force
Components

Fig. 10 Flow chart of the simulation model

IV. Al2glolMd &t ¥ TF

4ol AN Adold Bdg )
223 LAY Pel, BRAEQ) Bak
S7T5R-J)3 Atz AUE(SPE-434)€ AMeisidnt. 2

22

Palzo Fard AU AAAER 98 A 2y
27 %] Table 19 23 veht Sith Table 1°f
Fojzl 71E AAgg A 24 9o z2tzte] AjldE
o] wtgwukakzl ubeko] 93} ghEo| Table 29 vely
=

Ao Fola 2l 93t AEHold ATE Fig. 11
7} Fig. 12¢] 247} B3tk Fig 11& 4ddy o4
2l wabda] ]l &) shFE HHol(case 1),
Fig. 12& Table 2¢] Fol3 Ao 235 M7y
< 49 /1FEHE 4 HAFh(case 2).

O

Table 1 Nominal simulation processing setup

face mill
101.6 mm
square insert

Milling cutter type
Cutter diameter
Insert type

Insert size /= 12 7mmr = 1.5748mm
Insert ang.(rw. 14, 10 (A Y

No. of inserts 6

No. of segments/insert 720

Workpiece 1095 Carbon Steel

Kr. Ku, Ka 2500, 0.67, 0.375

Workpiece size
Grid matrix size

60mm by 60mm
_|2000 b\ 2000

Milling type Symmetric milling
Depth of cut Imm

Cutting speed 1.778m/s

Spindle speed 36%rpm

Feed per tooth 0.1778mm
Spindle eccentricity Omm

Sampling time 0.0005s

“s

POPRPE Y

Fig. 11 Machined surface generated by the face
milling operation of case 1
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Table 2 Insert’s radial and axial position

runouts
Insert # | Radial runout{mm) | Axial runout(mm)
#1 -0.045 0.002
#2 0.001 -0.030
#3 0.031 -0.080
#4 0.000 0.005
#5 -0.005 0.037
#6 0.064 0.003
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Fig. 12 Machined surface generated by the face
milling operation of case 2
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Fig. 13 Cutting force components of case

FORCE {newinn)

0.5 052 054 03 058 0.6

the time domain

CUTTING FORCE IN TIE X-DIRFCTION (case 2)

TIME (secand)

062 065 066 068 07

CUTTING FORCE IN THE Y-DIRECTION (case 2)

I 1 1 {

x;ni 1411

033 056 058 06 062 064 066 068 07

TIME (second)

CUTTING FORCE IN THE 2.DIRECTION (cace 2)

T T T T

s R S

1

{}
~ a0 F
E oo
3 a0f
©.600 b
S Seof
S s0p
i o
0s 05
500
= i&({"t T T
z r
5 ok
3 Wri—14
et 230
= 20 R
g sr
S of
=4 50 + .
0 1 L
05 052

TIME (second)

054 056 058 06 062 061 066 068 0.7

Fig. 14 Cutting force components of case
the time domain

1 in



374

g wah opz ¥
B9 248 948 HINA,
FEYHQA S

A7l AAEY ABold BHS F
379 3l

458 % 9ok
1 28

1. Martellotti, M.E., “An analysis of the milling
process, Trans. of ASME. Vol. 63. pp.
677-700, 1945.

2. Sabberwal, A.J.P. and Koenigsberger, F.,
"Chip section and cutting force during the
milling operation”, CIRP Annals, Vol. 10, pp.
197-203, 1962.

3. Tlusty, J. and Macneil, P., "Dynamic of
cutting forces in end milling”, CIRP Annals,

Vol. 24, pp. 21-25, 1975.

24

. Kline,

. You, S.J. and Ehmann, K.F.,

. Ehmann,

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. Des. Res.. Vol.
22, pp. 7-22, 1982.

“Synthesis and
generation of surfaces milled by ball nose
end mills under tertiary cutter motion”, J. of
Eng. Ind., Vol. 113, pp. 17-24. 1991.

K.F. Hong, M.S.. "A
generalized model of the surface generation
process in metal cutting”, CIRP Annals, Vol.
43, pp. 483-486, 1994.

and

. Mortenson, M.E., Geometric Modeling, John

Willey & Sons Inc.,pp. 151-239, 1985.



