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Cutting Force Prediction in the Ball-End Milling Process of Various Cutting
Area Using Z-map

G. M. Kim*, P. J. Cho*, B. H. Kim**, C. N. Chu***
ABSTRACT

In this study. a cutting force in the Ball-end milling process is calculated using Z-map. Z-map can
describe any type of cutting area resulting from the previous cutting geometry and cutting condition. Cut-
ting edge of a ball-end mill is divided into infinitesimal cutting edge elements and the position of the ele-
ment is projected to the cutter plane normal to the Z axis. Also the cutting area in the cutter plane is
obtained by using the Z-map. Comparing this projected position with cutting area. it can be determined
whether it engages in the cutting. The cutting force can be calculated by numerical integration of cutting
forces acting on the engaged cutting edge elements. A series of experiments such as contouring and
upward/downward ramp cutting was performed to verify the calculated cutting force.

Key Words : Z-map(Z¥), cutter plane(Z7%%), various cutting area(¥ 9} E494),
upward/downward ramp cutting(% 88/ ZAE M), contouring(&H7HE)

Nomenclature zk  vertical position of the k,, cutting edge
r(Zk) tool radius at the position of Zk
0 axial rotation angle of tool f  feed per tooth
6,(8, g)axial rotation angle of cutting edge element dFt  tangential cutting force of cutting edge element
2 positional angle of cutting edge element in the dFr  radial cutting force of cutting edge element
cutting tooth K(p) cutting mechanism parameter(tangential direction)
¢ positional angle of cutting edge element in the Kr(p) cutting mechanism parameter(radial direction)
cutting tooth in x'y'k” coordinate system a.b; coefficients of Ki@) & Kr(p)
¢, rotational position angle of cutting edge element mr,mz model parameters characterizing the size
in x'y'k” coordinate system effect of the workpiece material
g inclination angle of surface Fx(8) x-directional cutting force at the rotational
g helix angle angle of ¢
n  number of cutting teeth Fy(®) y-directional cutting force at the rotational
angle of @

: AEd g
* Zed L7 AZSH
** o Mg 7 ALA R

*

57



AR 283 998 - ey
1.M E FE vaANde] g4 spstd 9ty Alg npd
43 4L 48, Z-map HolHE o] &3le goj
Bdegd e FFMGY Fo] 7R oA - e A Aadds vladade] AE wamste] Aabo]
2 A4EEe 28713 Bol AMSH T itk "atE e b n|Adalde Ay FAEE FqFosH FT7
2 Q% 7o UgE FAAE A A =Y oE Azt npg AL o F3n. T3 oY JlA) 4
Z0]7] Y3t} REE FAPog ArledozA =o] SHbE Ad8S B3l AAgd S 58L Pl
Az 2 ©ot FobetA Eoh webd 4R E 29 et
71 Pl e Hakg s J8e dEsta B3 2y
o] HAEA R T 2AE 25 Ao Yo} 2. A s HAEAo|
At o2 FrE&Were] Aae e F2wdk] 4o
Hjgte] FFHY ] Ui 7jodmrt BAE £ glomg F AH2H 7132 Fig. 13 2o £28 712 (plain cut-
%9 47 wgko 2o] FAE o] o &o] 27 49 u ting), ZAPA7FE(ramp cutting), 372 (contour-
do] Ha Qo Bdedo] siale A7) HA 1ng)°i Uz F o A 7bge o5 23e
ol 7|Ee AFEL vlud A7t 3 Ho 2 UHUEZ 7} 7hgelre] Haky EHS Auior

2ol Fdl=dd g 7pg@e AFH U o
2 HA 32 ARFH shgdM e By
B8 =89 §F#H7ME(contour cutting)3 AHsk/ahat
F28 7HE (upward/downward ramp cutting)©] F7}
o ol gt 7hFo A HaE & Bt A8 o
T UE Bdo o] Q3 M olr}t T3 oA
TAR o3 Az I AY 5o JhEHe da
off weta] F3e 7hEte AEEE S dtsA
WA = olEg JE¥E nE 4 gle doof Hat
dol gt @A S 2do] HdtA A

PN & A& HREBEEE o] FojAle
ol A 23H4 dato] 28 A E3lo] 33ty Hatew 3’)*
st WS AAEG T, w3 Ay g 0?517‘4744
nagabd fX7zte] d42 FAse] HuA Ao
doe F7YHLE Pt o YA Mg Hagg 3
ot WS AlAsta, e 2dS A agd 284
Aste 2B AL Z-mapd FHE Tl HE
o 2= A5 o|F4EE HH S b *}*&0}
Aok, 2t Hakge] Pyl vkt e £
A FoM = 4AAY (full emmersion)e] ALl F
gen AHIHE] 7tFoR ALlde FAE B
A, Tai 52 F7¢ 3L sfAstn 339 A2l

£ (oblique cutting model) & =USA Y. Feng 52
AP4Q AAAGFE v Ad 2 (finite chip load ele-
ment)9l AAEFZ 7HF3= B E AT F
&131 = Z—map hg o 6&} x‘:-_]ALOioﬂO :rL-g—,]._L
o] & o] &3t HaE & Fale Wy & AASGT”.

B ATA & Fengs & nigto 2 AdA dabi

58

A FH ke AAS9E 4 5 At

A
N\

() Plain (c) Downward Ramp

(b} Upward Ramp

(d) Contour Downmill (e) Contour Upmill

Fig.1 Cutting modes in free form surface machining
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Fig.2 Cutting area of four cutting modes in the cutter plane
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Fig. 3 Cutting force profile resulting from cusps of previous
cutting (Previous path interval 8.8mm, Feed rate
60mm/min, Spindle speed 600rpm. Tool path inter-

al 6mm, Surface normal depth of cut lmm,
Upmilling contouring)
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Fig.4 Coordinate system used in the model
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Fig.5 Comparison of undeformed chip geometry
between ramping and plain cutting
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Table.1 Slot cutting condition for model building
axial depth of . feed per
cut{mm) feed rtelmm/min] ]
£
2-6 12 0.0} g
0.3-6 25 0.021 [
0.3-6 36 0.03
0.3-6 54 0.045
0.3-6 60 0.05
0.3-6 72 0.06
0.3-6 90 0.075

A Aol HAAZL @ o w2 Kp9 Ky #ae
Fig.6 = 2t}

b) Simulation
Fig.7 Comparison of cutting force in slot cutting (Axial
depth of cut 3 mm, Feed rate 90 mm/min, Feed per
tooth 0.075mm)
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Table.2 Cutting condition of side cutting experiment

. Surface inclination Feed per Surface normal Tool path
Type of cuting angle [degree] tooth (mm/th]  depth of cut {mm]  interval {mm]
up milling 45 0.03,0.04,0.08 1757 8.485
up milling 45 0.03,0.04,0.05 1 6
down miiling 45 0.03,0.04,0.05 1,757 8.485
down miliing 45 0.03,0.04,0.05 t 6
upward cutting 45 0.03,0.04,0.05 1.757 8.485
upward cutting 45 0.03,0.04,0.05 1 6
downward cutting 45 0.03,0.04,0.05 1.757 8.485
downward cutting 45 0.03,0.04,0.05 1 6
up milling 15,30.45,60,75 0.05 0.5 08
up milling 15,30,45,60,75 0.083 0.5 08
up milling 15,30,45,60,75 0.125 0.5 08
down milling 15,30,45,60,75 0.05 05 08
down milling 15,30,45,60,75 0.083 0.5 08
down milling 15,30,45,60,75 0.125 0.5 08
upward cutting 15,30,45,60,75 0.05 0.5 08
upward cutting 15.30,45,60.75 0.083 0.5 0.8
upward cutting 15,30,45,60,75 0.125 0.5 0.8
downward cutting 15,30,45,60,75 0.05 0.5 0s
downward cutting 15,30,45,60,75 0.083 0.5 08
downward cutting 45,30,45,60,75 0.125 0.5 0.8
Figure 9% 9] &37hg3t ZAha hgelA2l 4
A Azt Add A4S Bag Aot 4 7
A2 7t7 8.485mm=E A7MFE FYPF Fo AU HA
gk gatziol 1.757Tmm, F74E 4 8.485mm=
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D. Downward ramping

Fig9 Comparison of cutting forces (Tool path interval
8.485mm, Surface normal depth of cut 1.757mm,Feed
per tooth 0.05 mm/tooth)

C. Upward ramping

a) Up milling b) Down milling

c) Upward ramping d) Downward ramping

Fig.10 Cutting area in the cutter plane acquired from Z-map data
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Fig.11 Variation of maximum force corresponding to
surface inclination angle(Tool path interval
lmm, Surface normal depth of cut 1mm,
Feed per tooth 0.05mm/tooth)
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