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Developmemt of Cutting Force Model for Face Milling Operation
Using 3-Directional Specific Cutting Force Coefficients
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Abstract

A cutting force model for face milling operation using 3-directional specific cutting force
coefficients is developed. The model is taken into consideration factors such as cutter
geometry, machining conditions, spindle eccentricity, insert initial postion errors, etc.

The simulated forces in X, Y, Z directions from the model are subsequently compared
‘with measured forces in the time and frequency domains.

The simulated forces have a good agreement with measured forces.
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NOMENCLATURE

AB.(0)) : AHY HAZo] 0 o ivisl AMES] ¥AAY WA (uncut chip area)
C(0,(0)) : ABle] SAZelod o A AMES] &3 Y A

Ci(6,(0)) : 28T WA g vl AMNES] 3 T ug

Co(0.(0)) : HAYGe 27 AN ivs) ANES A o W

Co(6,(0)) : Al AMES] 2 f ool o8 W Foel wa

d : FA43zlo]

D(6,(0)) : AEle] RAzo] 0 u WA AMES] £37t FaZol

D,(6.(9)) : 2¥F WAl o A AMEe] Hatgo] ¥y

D,(0.(0)) : WANFe] 271 ANA] @ (WA AN Watzo] W
Dy(6:(0)) : 2% 271 XA o] &A% WA AMEe] Aozl Wst

E:2"dE €44

F.G,0) : QNE AAAE 71ZHos & FEANA idd QANEe] FHgske C3 ¥g 9
F.G,0) : AR He 71ZHes @ FEAMN v ANEC Zeshe 22 P Y
F.(G,0) : QME AAEE 7ZHos & FEANN idd AMES] 83k bs W ¢
Fo(i,0) : AEEE 712002 @ FEANA idA AMEC] Agshe 374 B

F. : Ad 3G Hol=

F. G, 0) : JME AARE 71202 @ ZEANA i8] AAES A8se aZ B ¢
Fi(i,0) : AE We 712Wez ¥ FEAM (94 Al R8s A B
F.(0) : AE el 3Azto] oAm] X-weke] Fel HE

Fy(0) : ABe] §Azo] 0Un Y-ekel o] 4@

F.(0) : #Ele] fAzo] 0 o Z-4g §el 47

Ky : 3990 dause 93 #d8 2944

Ky : ¥t gAueel 95 Bdd RAA4e

K : Aaurere] @Ay A4

n: dolgtel &

N: 2089 HAEE

R: A9 3

Z.: A0 FAREE e AMEY

Z.: AR A" AMES 5

o AAES Zweke] HAlz

r.: AEl Fol= 2

re: AAES] WEgel Azt

(i) : ¥ AMES Spape) 27 ANeR

e(i-1) : (-1 WA ANES] 2uee] 271 AN
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0.: 2089 Az
A9 2 AR B AZe] na R

&) : WA AMES B 27 xR
&G-1) : (D WA ANES W3R 271 AX o
0,(0) : #Elel Bztol oUW WA AMES 9K

¢ : AT o A

F./:(,0) : 7B dAdzte] odn il AMES] HuPPoz Hgate o X4 48

Fi/o(i, @) : AB9) gdzto] o4 ivne] AMES] W3 WFos Aasles Po X-e

Fi/:(, ) : 7B 9] HAzto] odd iviAe AMEY Huggos Fgste Yo Y- 4B

Fi/2(i, ) : AE 9] 3Azte] oU iviAle] QMES BAYFoz Agste Yo Y- B
1. M B 3 el dag o3 A} AsHe 44

Ao tig YT AHe 7 A AA,
FTT R XNFT AA, AR "akmye] AR S
w4 F8% AEZ 0|8 E £ Uk EF HIoe
A WFEEAYE 43l F79 vl @ g&
el E GAsHed 88319 FA)AE A58 e
HYME P4 AL vl o dA2 2y
e FA o Atdolth. wiEtM AF71A M4y o2
2 @ B d77l =AY

19409t Martelloti®® & 38 A of Aty
M S A VAL =T AL ¥ E8o] Usui®,
Lin®, Kirk® %& 42 o= w3 (Energy
Method), #%<¢¥ B4 (Flow Stress
Properties) R Wl2d2 EAY (Matrix Geom-
etry Techniques) §& ©|-§-3t¢] 33} Aate o4
& AE 3t FUME HE w3y @, olgq¢
VEe 3 Ao A dojA Ag AHeE BEAS
o] g3t} AP <] 7|5eHA YL vP WAy o
& 249E AT 28U olg 2B dT7E
& 3 Aalo] g 7| 2 o] 4o 3xY A
A9 s Ao] 3 E AU WE FHE LY e o
LFT B AHEAE ke Aol 231 AAAES
T3 Asg AAs oo st WiAZE AT, B

118

€ AYx: Utk

HZ AZ7)9 4% wgg il day =3
o] o1& H& )83t Gygax®, Ruzhong” %
< 43 Yo Ui AAFT A S A%
of g A, Kline" 5L AzP & F7¢] g
2 B¢ 1ET Y 2de Agsads. a8y
ol WHES FT HA g £ v wgke
ATEE AHE-87] B ol 2ubske] Hate Yy
3 exp7l Ath

B d7e 3% UM 2AE AR =37 1y
o] 713183 P& st FAAE (Face
Cutter) o] A Wk, wt4we, ko) vldAry

& o83t A4 d&ud e Ay, 29
9 84 3 Z AMEZ] 7] Ao, AHY
HARAL, T2 YT wE Y dA e sl
€ T3t HaY o3 AUsg Gy 7R B
t}.

2. A 29
2.1 7|2 A o

Ay o3t AP AFE o) fst] Y »
d& F=387] 98l Martelloti®, Fu”, Gygax®
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, ¥ Ruzhong "5 ¢ 7|& 713-& 0o olg&
89354

Oh & AME FEe] e AL AH
FHdA A 27

(D) “ &£olM e g 1 &0oA EAF
4% 3 RE JMEEY ¥y o7

9ol g sl A Hatzda FFe P4
o5t 37le JIMES HEFHe o YEES
A% Rl Fig. 1o]th. Fig. 12 #Hjol2 A9 F4
¢ 9deg g1 Yol= WHE (1Y, °l¢ AL
wake X, SuEke Z& o2 A7t AFAR el
o Fr, Fo, B Fo 242 Al A3, 2738
L o] HJES EATH

Fig. 1914 #AE 9] g Hzte] o vl iAA AXE
ols] TAHe £3384 FFA(Instantaneous
Chip Thickness), C(8,(9)), &7 AE2tzle]
(Instantaneous Depth of Cut), D(8,(¢)), %
47} A2} A3 (Instantaneous Uncut Chip Area)
A(pi(9))E et e #AZ At

C(0.(¢))=f‘sm(0.(®))
A6,(2))=C(8.(0))D(6.:(2}) 9]

Fu, Gygax, Kline, Ruzhong(l, 2, 4, 7)5-¢} ¢
31 ¢ AME] s TAE 3 dHe] g
A wEke] ¥l (Tangential Force) F.(,¢)< A
ey A(0i(9))F ulEa¥E A4 (Specific
Cutting Force Coeffient), K2 Fo2 EAIE
4 A3, vt739eko] 4] (Radial Force), F:(i, 9)&
FAau A g A4y A, Koo Fo2 U
el e K=K /K-2 HA514 4] (2, a) 3 o]
EAE 4 dck 2T

F:(i, 9) =K.A(6,(9))
Fn(i.¢)=Kg,A(6| (¢))=KRFT(],¢) (2. a)

2)(2,a)°) £3€ AF Kr, Ke 302 £3

A48 (Orthogonal Cutting‘Experiment) ol A
249 Ftke] W AaEHo 2 RE AAHE 45
o]7] Wii-ol Ev}ake] M4 EAJo] WA Ho]

ko] A& (Axial Force Component) & o &34

(b)

Fig.1 Force components according toc cut
geometries in the X-Y-Z & a-b-c
coordinate system.
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238 Uehdth. wetA S 2y g gy
A 717] AA3te] 2ukekel HA YT BAE A% K&
=AY Fwakel My gre AUUIA (6
(0)) 3 4% 449 AF K o Fo2 Jehjxn
Ki=K." /K:8 313 (2, b) s} 2ol BAIE 4= Qi)

Fi(i, @)=K.'A(6:(9)) =K,F-(i,9) (2,b)

Fig. 1914 & AXEd) X gHE 7 & Bge §
o 4¥e Z24F.G,¢), F,(1,0) 2F.(G,0)8 &
o 2 (2)o EAE Fr, FxR Fu9] 2+ 24}3ke] 29
o o2 FAY F deor A(3)7} 2.

F:(i, ®) =F.(i, ) sin((8,(P)) —F (i, &)
cos (8, (®))

F,(i, &) =—F; (i, &) cos(4,(d)) —F,(, @)
sin (6, (9))

Fz (i, Q) =FA (i, Q) (3)

X-, Y- R Z-8%e] ¢384Y Jee A
3 Azo] o Uuf F Ao AARLE e MEESS
Z J8e gew Jehd 4 gld.

TF (@) v NF. G, @)
{Fy(‘p}:_z iFy(iy ¢)} (4)
(F (d - LFe (G, 0)

749 9% 13 Astd Fig. 29 2ol
i AMES] B4 & 94, 0’2 3l IMES B
AU AARE c,cot AZRF(AMES] FA%
W& a, VHNEL BH 0NN +4F AARE

b2 3= HIEANM a,b F ekl gl MRS

2t Fy, F, L F.8 83 84 AM2A SAsE
AGAAL a(0,(0)) et &l 2 2] Qo) YR &
o3 el YEhd 4 Utk

_C(6:(9)) -d

a (6:(®))

COSY, COSYx
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KA (6, (0))

COSYr COSY,

F, (i, () ZKTa(az(d))): (5)

Fig. 2 Force components according to cutter
geometries in the a-b-c coordinate
system.

X-Y-Z HEANX ENEFr, Fu R Fis a-b—c
HEA EAGF,, F. L F.9 37 2@ 29
8 fog ots} Zo] Yepd 4 Qi

F:(, ®) =F, (i, ®) cosy, cosyz+ F. (i, ®)
cosy, sinyz+F, (i, ) cosy, siny,

Fr (i, ®) =—F, (i, ®) cosy, sinyz+F, (i, &)
cosy, cosyp—F, (i, ) siny, cosvyg

F.(, ) =—F, (i, ¢) siny,+F, (i, ®) siny,+
F,(i, ®) cosy, cosy, (7)

H(6) L B4 JREol 2A R 79 ¥
of m& W& Yehd RHelth
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2.2 ALE B0 3 FA HCHH HE

Fig. 3€ %7 R AW AE7t Z2AY 5 &3
A 2AE Fo] 0.TF A 2A® A+ ARE
HapdolM Eo W97t AT AE AT A
Ele] W] Eoll o8] WasHE P Irle IAEHS
ix)o] o} otz Ao HAhzde] odd, &3t
Aot B R &3 Aaeld] W v 2ol
vetd # Qith

C, (6, (9)) =E sin(4, (d))
D, (8, (¢)) =R siné, sin(8, (d))

Fig. 3 Spindle eccentrcity.
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2.3.1 giEYEe| R 24}
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Axea e (i) ol & TA=E & BN J FA4
2 ole W T Zol EAE F o

C,(6,(®) =(e,(i) —e,(i—1)) No.
cosd, sin(8, (®))
D,(8,(®)) =e,(i) sind,

471N 0.5 2WUE BAd o3 AR} 4B
2 RE 0, %F 71&oA g vehiz AEe] 5A
ol 0 WA AAMES] AXE 6,(¢) I

2.3.2 & W Ax| X

Fig. 4(c) oA e.() & i¥A AXE7}L 4A 71E4
el N Zugo s HAH 2 A4E YepH, o 271
AR LA} e (i)l o TAHE £ B4 J FA1
% el Wake (9)4% 2t

Ci(8,(®)) =¢,(i) sin g,

D, (6, (#)) =(ea(i) —ea(i—1)) sin 8 (9)

A1), (M), @) R (DHAM I5A R Aol
o 2

C(gi (Q)) =f,Sin(0, (Q)) +Cx (01 (Q))+
C, (8, (9))+C, (8, ()
D(Oi (¢))=d+D1 (01 (¢))+Dz (01 (¢))+

D, (6. (2)) 10

A (5) 0 (10)4-& tAdsted 4(6) & B} o
&3 2.

[ai+8 Ket K,1
a,+8: Kpt+ 7. K,
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L as+ s Kn+'}'3 KAJ

o7l Ef2ue] ASEL o3 Ao

tan y,
a,=1, a,=—tanys, a;=—
coSs 7z
_COS i tan 7 _cos 7
COS V4 COS ¥4 '
_ sin 7
COS 74 COS Vi
_tany, cosy __siny
CoS Y& cos ¥4
cosy
Y= . (12)
COS ¥x
(3), (D422 25 (13)4e 4¢ + Utk

/ \
/ 220 7T A\
," & ‘ A e £r(5)
(1) o] fo |
(a)
£r(i)cosby & 1
1
£e(1)SinBe R D
o
Lol TS

o R
Y
Zelidcost eatd

(c)

Fig. 4 Insert intial position errors.
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(Fo (@) [sin6,(0)—cos 6,(0) 0]

[F. (9) | = 2. cos 6, (@) +sin 6, () 0

E (@), L0 0o 1]
13

(1D (13) Yo 28 dPAda TAsE
£0%9 $39 WYL L ANEE Aol 4%
g o e oA % ANEAE Teiw AaEe
43% & ok

3. H|&IAL A= (Specific Cutting Coeficient)

4 (2) oM vePE HA ke vid A g A Ko
@9 A BAE AASed 28 HE A
B g8 b wber 9 kel wd
4 A Ke 2 Koe HA0TE] vjdae 474
e v wEk g Eare] Wabe YR o) v Y
A, olE FEL 3% W] Wi HaEy Ha
HA e 715teHd Yo aRe 79 PP A A
Ho= RH AAY 4 Utk Fig. 5& AE 9] Ao
0.4 7 AMEd AL-HE Mty JREe o
BT AEe vepdd 2 JNEE 9] Y 4B
& ZAR Felth

X, YR 2w HA4H ¥ F, Fu, Fru ¥
F..& 37 2448 E JYehgiz, #AHe 3AZo| ¢,
< £30el AaAE-S e 4 AMEE 9 2} ke
48 HJBEe gog HA € £+ Utk

Fim= Fa,
=1
Fym = Fa
=1
Fzm = F zi {1 4)

I
-

(’-']7])"‘ ley Fvly in“f é‘](s)—o—i "?‘Ei

F.=F; (i, ¢m) sin (gi (¢m) ) —Fe (i, @m)
cos (8 (Bn))
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Fy =I; (i, ¢m) Ccos (01 (@m) ) + T (i. ¢m)
sin (8, (O}
in :FA (i. Qm)

Fig. 5& 7|El9] 8Adzol 9., o, FAol A4z
£ ste ANEZ F i A ANA IXESY
FHA QMES AEEE AL, NG L F
el g AR =AF Helth. dNtH ez FAl
Aitste QNES $71 2.1 B8 BT AEYP F
7 Co7t He A=Y 31 0,5 C.3e #AE o

<3 2.

3 .
O =
A Vo s
[ -l F.
g »
s = )
=4
Fr(2,0m) 2 X

Fig. 5 Force components of the insert 1 and
2 at cutter rotation angle.

ém=f, (sin (8, (®n)) +sin (8, (Pn)) 4+

sin (azc (¢m) ) ] (15)

a2 i JMEY HXE SeF Zol A
¥ ¢ Utk
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16)

oA714 6,(0)e Atk FAzto] odm RAA
AAEIS fXE e

(16) 21& (15) 2ol tisdsted Aej3ta &3t 2
& o] "ot

A sin(6, (&) +B cos (8, (&,))=C 1
714

AZM 008[2(1;1)_75]

B:M sin[%;i)”}

c=? 17

S el HF AFA C.& ot Hoz FE ALY
¥ & Ut

Co=L "[zmemmAmﬁ 19
n i=1

k=1 =

A7 E ¥E HFEAY FA7 He A
HME9 XE Y F A

anAs (13)dez 7 3
EAIBHA

49 deed

Fon= 3 {Fr(i, @) sin (6, (&n)) —Fa (i, Om)

i=1

cos (8, (O}

=3 K;A (8, (&n) [(a;+ 8 Ks+ 1K,)

sin (8, (®n)) — (az+ﬂan+ 72KA)
cos (8, (Dn)) ]
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= KT=Z1 A(at (¢m)) {[al Sin(gt (¢m>) —

acos (8, (Pn) ) +Ki (8 sin (8, (@,) —
Brcos (0, (@) J+K, (7,sin (8, (&,) —
7.co0s (6, (@n)) I}

=KT(FJ:2+KR Fx’r+KA an)

Fxm= KT(sz+KR Fxr+ KA an)
Fym =Ky (Fyt + Kk Fyr+ K, Fya) 19
Fzm = K'r (th +KR Fzr+ KA an)

Ze W¥oz F,.. % F.& Agsd

Fa= 25 A (6. (82)) (o, sin (6, (n)) —
a; cos (6, ($n))

Far= 2, A6, (84)) (8 sin (6, (@) —
Bz cos (8, (Pa))

Fra= 25 A (8. (a)) (9 sin (8, (@) —
72 cos (8, (®n))]

Fo=—2 A (6. (®n)) [a; cos (6, (Bn)) +
a; sin (6, (Pn))

For= 2 A6, (80)) (8, c;)s(ﬁz (®m)) +
B: sin (6, (®a)))

Fra= 25 A6, (®n)) (7 cos (6, (@) +
72 sin(6, (On)))

Fa= E A (01 (Qm)) a3
Fzr=[=21 A (8, (®n)) B
anz ¢=Z| A (gt (¢m)) Ys (20)

o Aol

6, (®n) & (D202 2E T3t 202 Y
AW, i=xy.2 j=tra)e 452 4%

"ot o] A#E 19 Mol tdstm, Fim Fom 2
Fan ol SAT Ja Ao gixa7d 3719
A Ky, K 2K, G 5o} AS5e 44
g 5 Stk

4. o % #x
4.1 AEFX] ¥ o=

Fig. 62 da d¥AA o NFzoltt £4 2y
oldlef 3% W] HAE & 24HY = e F75Y
AE golE o TAAAA tablel. # e =30
2 HAA9E Rt Ha A93 2" volgt
T 24223 (oscilloscope) & £3 ®=UEH
(monitoring) &3 FAle] dolel #FAA (data
acquisition system) & £ ulol=22 AFEHI A
xid=

WORKPIECE

TOOL DYNAMOMETER

MACHINE TOOL
CHARGE AMP.

il

] FILTER
|
MONITORING
COMPUTER ADC
l
LINE PRINTER TAPE RECORDER

Fig. 6 Schematic diagram for exvrrimental set
-up.
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Z0& Table 15} Zth 379 &89 71883
P 2 AAzPL dgoes (13) 4 o]83dto A
Zto] Wl wWE X, Y, ZWake] Ay JEES
0.5msel Fo2 1024718 A&H o2 ALHA
t}. o] Aldtake 87ie] AMEE 7HA A6 ¥
Eo HA&E) 365rpmel A4 ¥ AMES} Bahg
A#ste] B uztA o 243 AdE™ HEzE 33 A
e B At Ao 4k A 2de ol
o] nlelzz AFE AgH ol B X, Y, Z %
gre] Mardal olg} e HAzHos AR FH
o3 AaE ¢ Fig. 8,9, 109] £A] Qo ol A
-9 Fv4% 300HzZ 3tk Fig.8(a)olA B

Tablel. Speoification of experimental set-up &
cutting conditions

341 7] A vertical type

| WMV-1100 (1100 X
280mm)

KISTLER (type 9257 A)
ab, MASTER

onversion rate . 30KHz
. 12bit
10V

125

—

~

START

}
READ
Tool geonetry cuttmg conditions
1

C
/

DO NN=1.

= |

Calculate Instantanous
Position Angle

X

Calculate Runout Eftect
|
‘Calculate Chip Area

No of data

)

[ |
Calculate Insert Forces
Fxx Fyy Fzz

I > NO of insert ;

YES
Calculate Resultant
Force Fx.Fy,Fz

ouT PUT
Cutting Force(Fx.Fy.F2)

/[ /
C )

Fig. 7 Flow chart for cutting force simulation.
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& u}s} Zol e & YA (peak)fA T 2 H3A
7#AA 0.17% A, AMES Fd A3 89
037} § Aol E2 UEld S 8 5 Ak ol#E Al
2+ o] AALE & FFT (Fast Fourier Transform)
& o83l Fag 9902 Jehd Fig. 8,9, 10
] (c), (d) st 2t} Fig. 8(c) &) Xwa vy 2HE
oA ¢ 17Hz R 50Hzo|A & 3= (dominant
peak) 7} UElE$ € & Utk o] @A THz R
50Hz AE-E9] 9480 Fotny| st U
9 wi7dbeke] fixe 7l A gl oA B¢
o] At A ¥ Fo GGAA vERd Aol
Fig. 119 (a), (b)oltk Fig.11(a)dlA & & A=
A o] z JAME|ES Fax=do] FYsY] WE
o] At G e AMEE] Y FATte] Yet
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Fig. 8 X-direction cutting
frequency domains.
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in time domain.
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Fig. 10 Z-direction cutting force in time and

frequency domains.
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(a) simulated cutting force
in time domain.
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frequency.Hz)
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(b) simulated cutting force
in frequency domain.

Fig. 11 X-direction cutting force with ideal

insert position.
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e B A 3 VIR0 E 3F Y
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