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Abstract: The cutting area changes periodically in the end-milling process because of its form generation mechanism.
In this study, the effects of the cutting area on end-milled side walls are studied by developing a cutting area model that
simulates the area formed by engagement between a workpiece and a cutting edge of the end mill. To do this, the
straightness profile of the side wall in the axial direction is investigated. Models for estimating the cutting area and the
transition point, where the slope of the straightness profile changes suddenly, are verified from real end-milling
experiments under various radial and axial depth of cut conditions. Through this study, it is confirmed that the final
end-milled side wall is generated in the regions where cutting areas are constant and decreasing in the down-cut.
Similarly, in stable up-cut, it is also generated in the regions where cutting areas are increasing and constant. It is found
that the transition point appears when the region changes.

4 Zwel A9l Aolk Aol wek, AF 7
LM el glofA el SFrAel L ole] Mg wal
A g971%e Fagol da A4 vk we

[e]

1% Al B A W avlxe] 85 A g 2y Az nagoR FeHE A=UYt
sl weh AEH AATAY @ Bl g =ao) gg A7 AF a7 Aok
7o) dste] guHoR e APl A T @A A=ud ¥ S5 pasd, g
Ao, 94l wEe] mEstel wE AT R VIS, @ sbw wmgsl sbede vAE das 44 9

EHog BAsE At ol Wy glon, o
+ Corresponding Author, kangkim@kookmin.ac.kr S Hgo® vt AEE S % vt =1
© 2013 The Korean Society of Mechanical Engineers o et AFE FHEATFD oo} B i




1270 A

= Aarglo] 7w
o mAEe wAwAn WA AL Ao,
8|

A}
2= 7be 230l dASA wAEHE A
1

o
=2
f“

qmiﬁﬁi& ab“W*ﬂiﬁqml%?
i

o
Aol Wt A2 9T 4 gleh 0
ATAAE AmEg ATE HEwo
$9 F, FF AAG w #7 %
FAE] FiA A0 o sl

sc:;‘ R
2 WAL SNHon P A
!

b
o

)
oX

off & Mob i N ol v

g e A s

==
welz AAstug g o dat
st 9 hgwe] @ o nAE Qe
o wATaL, o8 Fafol A=W S A
B471 70l 2l5to] 28 ol B
AeE % wE AAE G4 54
_H%__]_X]- 3k

2.1 7+
e F wAEE agugse &
vlate] o Homz Hawd
Hitol lojA 7ha g el A2 A
gA], Arargdn FAE 7HY] 76
_Er-q;qz PR R Aduse] sy
Faolrt. okgel, T FHE
ﬂ% e F7HE A3 AAAE 7
a3 o R, o]E WEko 2o 71T
e Aoz A olF nhg
Hel Wk % WY 4R 54
o

2
2
At
of

O
32
o

ok
o
N
N
N

4
_l
.

[¢)

olr
-

oft Oofl P | o

o

_ng\lg
W, T
OF 2 (B Y e [o o 8 a2

—|—‘

)

o
fr

=
d
—_
(
=

ﬁi?ﬂﬁwbm

o 3 rlr o

M ol gF AT, i 12 53
H

e EEREEE
ol A (st vl
.

o2
o
oL
otk
O
>l
i)
32
£
)
3
o Mo
S
g
rr
N
N
of
2 2 0% 30
& glo o M

ﬂ%ﬂ%ﬁ

illed

Cutting
area

Region IIT

L

Region I

[Eegmn 1 ‘

Cutting
area

Region IIT

(b) Down cut

Fig. 1 Cutting area

A4 EUT R Al Felaha )
o] ujhdol(dw)= HERZLY F4EEA

o g5z 4 9% 2.

rdf

dw:smﬂ 2)

Wb, AU AWy Mugy Fas A
olo] ow WAL AUAS 45
Getel Arate] A (3t Dol e & ek

—

) Oupper .
Agzlj sin € d & (3)
sin ¥ Quer



A=we FAe] F4PA71Tel dste] AwAe] Zu AAw Sy WAE gF 127
Direction of Table 1 Limits of angular displacement
tool rotation X
Region
[ I III
Cutting area change | Increase | Constant | Decrease
—ded ] - 4 0~a a~¢ | $~pra
// \?\\ é glower 0 0 l//_¢
l/ %:ﬁ‘ \\| Hupper "4 (24 [24
i -
i . v a~0 | 0~pa | p-a~y
\\ )%f /l o
N // § Oower v 0 0
\\\ o - o]
T a Oupper @ - y—¢
Enlarged view of "4 "
Fig. 2 Coordinate system for flat end mill Laal Toa!
1 ‘ 4 B ‘ B
MAMHE B3
23 = ._4—| |_13|- Warkpiece Workpiece
Ao WWE Folel sigshs AdwAe A4
gol A HAHS A olgsts A T -
of A% Watdh Fig. 1 oA & F 9ol 44 s i
ol FABI} HFeH EHrE 1 el 91X k I
= gore AAWHe] Frhdeh vk 2 G P
A Aamel AgstA FAH 3 Qoo (X[
AR FaE Ao FABE Wol i w1t s P conor
AAE AapAAe] WA gt AL L & 9 ¢ =
. 77be] oele dahde] ztwsm pehol \ , .
_ o _ — \\\ Dgecéanof y
gl gk 82 Table 1 ¥} Zr}. o] 3LolA /g =l i “TEool rotation dF_‘??di_
ee rection
A ge] 7SS YUk, o9} g 217t B et A f
Fob B4Rl Qe Axe) A% F 4 A !
AbzZlolo) &FetE T I AZFS ovu|sky ke Section "A4-4" Section "B-B"
5 ol vpehd 4 glv}
(c) Up cut (d) Down cut
a=cos (1- &) “) Fig. 3 Coordinate system and force in end milling
r
Adtanﬂ =] = S =L S A AN
p=—"—" ®) ANAHE q7kA] S7FgHEE gk efk A Ak Al
r -
=, Fig 30 Vhebdl #E Aol mel, Aabdo] 1
A7NNA Ry o A, ZH7E WA W Aazolel  geje] ZAT W g S -7t AL Gue = -a
*JZ-T O]— F X—]/\]—7] O]E -/]Ulé_]_']jl’ ] 1 OE—E ?7]_01‘1115 2030_':10]]}\1 euppers elowert 2‘11—
Fig. 1 3} 3oA = 5 Qd5ol, A2 Al 19 7y -q ot 0 o2 dASITE obed, 3 JYoAM =
ojioﬂ}\:' ;‘%)ﬂl_lé-gl glowe; = 0°= ?—:']‘]é"é al 9“[719”1?—}- eluwer% 0 O] E]U% gupper 7]— -a Oﬂ}ﬂ 0 o= %7]'6‘}'
0 ANMFTE a7} F7FEFE 2 9AME Opper  © AS L 5 2 u} j.E]UE =g o] s}
O 7V 27t @9 0 22 S ARSI R, 3 @ A9 Aol 4AE W "arelel AR Fo=

3 2
DA Oppper © a 2 LASAL Oy = 0 FT7RLA-HALT 7;\ 102 o e



1272 K
24 AW W3l 9o 2F Jl3W MAL
EE AT bedl, Fig 3 oA & 5 9%,
AR7E 0 Q1 1Al gl wladel] ofsAgt A
Ay 5, @A E ol gaEd A
FE s o] dF w9l 1t 2°ﬂ°40ﬂ
W HE Thede] A4, @“MOl ]

ol AAEE 7HaH Mxl
Habdd| osto] AAF R FHF 7}+L§ %
RS = S =1 = B s R S RS

4 oﬂ*ﬂk— HZE 7hydo]l AAEHA
ggom, HaHAHol A FIHAAMEEH i
W 7FR]Q1 2 9F 3 FHANARE HE JhEHo] AdH

O o ox I ff 2 & ox 1N

AarA A o] AAS 2 JFo] A7 A=
}\](3)01]}\1 Hupper Q} gl(mer ‘Q] }\]—O] Ay 0!7]' }‘XH”SHO]:
S, Fig. 3 Oﬂ A B oglkol, = wrek Aarz)

o] ofgfe] A& whEa|of gt

4,27 ©)

[e)
A, A

WA FAW was AW Al glold
247k 1014 2 gelow AR E 7k 2004 39
dom ARHE &7l wAET aYmE of
Sl Aol FAR W BT Aow
A, ol g o et AF AEwe] R4
S % U A6l AAE 549 wat e
g Aow 4t AAE S4o] waHE 9
A%, Fig 1914 2 4 o], Agaate] 749
1999 AF A9 A, apaste] 3
ol 3 Aot A% A8 AAD oz Ag
A mehd, 37 2L F0R do] A% 5
ol WEEL 9T Aoz Uenlw oes) 2

e @)

(ch)Dawn =44y tanﬁ

O:] 7] Oﬂ /\i > (ch)Up g—l

(Z cs)Dawn

=
alakdal Al JAE 540 M3t 92 ou|Fi),
o

Ay 7k /\] = w3k Aalzlo|= Hl7 HF
Aol

V— =
Aol nr 2

WSt 2] b=t whebA, AR et 7l
Aw BAo] Wigty = 9A7F EAHA] & AL
2 FHdn
3.4 o
31 A1E, &7 % A Il
Ao es A Agse 7ATERE g%
SM45C & AH&3akom, Al A2 Fig 4 9+ &
O BRE AEE A wE vhg e Aabzlol
= 44 obﬂ Astar ek SAHS flste] 29
Aol ke sttt d=dd A=
AZFH 4414 g CNC ZH ™A TMV-40M 7|
TS olg3gom, Ay AlEH AT Ul
npR /g3 f8-2Hd o] -3k 0SG AFe] TICN ¥
Ael¥ HSS d=d(F ¢, %% vIEHEZ 30°)S
A}ﬁo}@‘ﬁ} AR AFAEE Fol7] fa AEE

& Fol= A TR ksl
Aarge AMTI Al MC818 ¥ 53719
DSA-6 HUAHE IZE Abgsiion, 7hawe] X
2] =% Taylor Hobson AF] Talysurf Series2 = =74
stk A= SAHL ke Tl stde
2HY 2mm Eoi%_ AHoBHE fZxog AA

shlut.

=

A

(]
211;]_ ;G/\hél— 4
0.1mm/tooth, 20mm = FA3}A 3o,
20mm Q1 FTE AFESFS T Table 2 ol & = U
o], ¥k ek H2lzlol:= 0.1, 0.5, 1.0, 1.5mm =

Meazurement direction

i
-

- ]
Frirsclirgr

R1/] E1/]

Fig. 4 Specimen



A=we FAe] GAR7)Tel olake] AARAe] Zu] AAL 5o WAL 9T 1273

Table 2 Conditions for the experiment of cut direction o &= wjEE WIS AT gkt

and radial depth of cut o 77t s S4 @ Avtolt). Fig 3o e

Conditions Value W A o], A2 Fo] njAdo FaAE FE

= H .E_Ej' S 28 A7) o ZA AL

Spindle speed (rpm) 300 "(FC)%EH (F,’:E; #,o 1t ol B

, Aol WE HAdEE, Fig 6olA 9 2ol % W

Feed rate (mm/min) 0 A0l meh FAgol N2 e Yo TR

Feed per tooth (mm/tooth) 0.1 I wjEES ZEAFIth ofgY, BE wid

Axial depth of cut (mm) 20 Agshs FEH Y weE s 9 39 y 5 W

; 3 & = "}k ByEo 77y LB

Radial depth of cut (mm) | 0.1,0.5, 1.0, 1.5 T woEd x FUE 2E2 A 39 3

. of Agate Frst S ovjgd. 1w

Tool diameter (mm) 20 o = W AL EHAuc mjee ofas

Helix angle (%) 30 7 Wit genE, B AT AE dalbge

Number of teeth 2 = Wk 2=l wiEE S 54353l Fig. 5l 1

Cut direction Up & Down cut AlRE T, 2,399, 9 A =0E Fig 193

of g3l SNHoR P ghow TRAU

L ‘ : FEFEaAe] A, dAzlol7E 0.lmm A vl =,

Table 3 Sl(l)tndltlons for the experiment of axial depth of AAH 0w 2As AAdde] 27 Qo) ey

@ dNDAEG G BB 2 ARt 2192 Fa

Conditions Value of =43 wjEHe W3 A L X =Y

Spindle speed (rpm) 360 Aol ATt 1, dAzlol7)F 0.5mm 2 5

7FelH Aukdo]l M3l AdF 2 o o o] & ol ol

Feed rate (7mm/min) 65 Fet tT 1f§} °e = 1 3 oﬂ_1 2 54

o= Witz AXE 4 Anst 2Y A

Feed per tooth (mm/tooth) 0.09 A A 3FA|NE, 2 Ao A 3 PP o 7 HEs= 9%

Axial depth of cut (mm) 5,10, 15,20 = 4 zol7) &S E 4 At} o]y sk xfo)

Radial depth of cut (mn) 1.0 = Aot S EeE ¥ Agts o], datziol

Tool diameter (rm) " 7F 1.0, 1.5mm 1 B$-oll= 2,399 wsl 9@
iameter _ - .

o0 CHmeS woobdg 1, 2 4de] sl Aol A= Apelk v

Helix angle (°) 30 Efuby 1 zpo] I AR = Alo] FelE Qi) o]

Number of teeth 2 zpol= Wi o] Wako] mpyo] Fo gho] =

al 3] 9l= 70O =] i &

Cut direction Down cut A #AZE de= Aewm FFEn Fig. 64 3

ol 8ol uheh A Aot Frhetu

_ _ oo x & PP $EQ wjEHo] &9 go @

%ﬁr% %gi_o«tf],‘zﬂ}g] 11}75‘%1‘} d2apzlo]d 5 oglon, o] AAS Fig 5@olAE el 5

Hekel g s dAsn ek ek ol &9 e shAw, datw

3 = s KA 20l Am o) watel 2Ase] A et AFE T

3 O B Aol ol £ A2 olgel Aoty wwEg. oy, o

= e A2t Zolrt 7 mA =4S ol 7 wpel zo] mjE o] o] zro] HW AA

opiy] SIstel Table 3 AN AND LA A goro) worgel @ 4 Qew, o BAFLe

A AAEY. & W0 dAtzlelE 5, 10, 15, - 9]

20mm = WA 7|HA T2 Az AL A3}
frAete Adssich T2 474 20
0 AT

3
3
[-40
=
Iy

Wel Aol hg@e vAE oz Fed 9
S0 g AREe Aol E wE
of o gol Wi AAxAL Adst Ze]

wkA o] ok,
Fig. SOOIAE 5 950l shgastel 4% »
[e) A

% = =] = - =
d AE 4E W, AUHoE FIF AW
4ol W A% D ANt 2GS okl S4



1274 7] A
350
1 ——R =0.1T1mm
300 | d
] ---R=0.5mm
250+ Regionl — e R =1.0mm
1 ®=15
200 ®R=LS) --—- R=1.5mm
= Region 1 Region Ill R, =1.5)
£ 1504 ®=10) & v
8 1 Revion 1 Ileegion IR, =1.0)
§ 100 + (;g:lffj )_’ | Region 11l (R, = 0.5 )
% 50 A Rd on 1 Region Il (R, =0.1)
E — egion >,:‘ L — - /‘3‘_:.\ -\
£ 1 R®R=0.1)]2 -
= 0 eovme .
4 . \.
-50 Region I (R =0.1) :
1 Region I (R =0.5)
-100 ~ Region I (R =1.0)
1 Region I (R =1.5)
-150 +———————1
60 -30 O 30 60 90 120 150 180 210 240 270 300 330 360 390
Angular displacement of bottom tooth, v (°)
(a) Up cut
450 ~ ————={ Region Il (R,=0.1) R =0.1mm
1 "1 Region 1l (R ,=0.5) d 7
400 | Region I (R,=1.0) S~ - - =R =0.5mm
1 Region I b . _ . Region II(Rd:d/.j') ! N d L — -,
3507 (Rg:|15)/' ‘ Region IR ~1.5) + [ R,=1.0mm !
1070 [ [ s T ! --—- R=1.5mm ‘
300 ; | i |l
> 1 H ] |
Z 250+ [ SRR P I,
g . [N N—Region Il R,=1.0) . - ‘i [
5 200+ 1 [ 3 -
. . h : ! .
- A !--—Region[(R =1.0) ! . “ [
g 1504 I ¢ i i
:E A J - . »' croTs ‘i‘! i: .-
= 100 . r Regton[[[(Rd:()Aj)' i t i' ,
] t Dy [
ik |- ) ‘ol
50 an Region I (R,=0.5) /’: ! \ ,": ]
- A - . i . \
04 = | Region | = 5 5
] (R,=0.1) Region III (R,=0.1)
-50 +———1T—— 11— ———— T
60 -30 0 30 60 90 120 150 180 210 240 270 300 330 360 390
Angular displacement of bottom tooth, v (°)
(b) Down cut
Fig. S Effect of cut direction and radial depth of cut on thrust force
el Wat A % s BAs) vee & o] el EASYAT. 4 45, w
W, 53] st3rte Al dabdo] shawE st W AAbzlolrt 0.4, 0.5, 1.0, 1.5mm = S 7FEH
T 2,3 990l JdojAMe= B AY AUt 74 upe} F4sk 9= 7H7}F 245, 5.50, 7.81, 9.61mm
Azsl A3 AAHE AL FAT 5 Aok = AsEgen o fNE FF ZelA 9 of
Fig. 7 & & A3S &ste] 79 7tade] 5 ot AR JFHdY. 1y, A48S F5h
Wk Jds RS A A (7), Q)= ol&st ST A= A7 2.0, 54, 5.6, 5.7mm = 1
of, At A o] WstE vg o A oR F4 o], d2tzlol7} 1.0, 1.5mm = Z7Fshd FA4 3 2
W AW F 33 Y] FAG W AX@) @ Ak AASA @ B ofueh, Aol



Direction of

tool rotation

0.lmm
0.5mm
1.0mm
1.5mm

d
d
d

Rd

—D—R
—0—R
_A_R

Ideal surface profile

1.5mm) I

1

.0mm) I

o5 d

5.50 (R,~0.5mm)
2.45 (R,~0.1mm)

9.61 (R,
7.81 (R

z =
o5
z =
o5
z =
o5

True surface profile
z

1| Surface error

20

(ww) yydap [erxy

0

10 20 30 40 50 60 70 80 90 100 110 120 130

-40 -30 -20 -10 0O

Surface error (um)

(a) Up cut

0.lmm
0.5mm

—0—R
AOiR

d
d

Ideal surface profile

20

Fig. 6 Distribution of cutting force (Up cut)

T =
o o L8
ik s
£ L2
)
> L ©
T @
g N L2 o
@ < §
il Pl i
N (o =
(s S
nes Le €
[ @
ENE Lo
i=H E -
77
S (3 -
=1z S
~f2 e
T, T L2
T T ._ T mv_q
(wur) ypdap [eixy
o o o XM RO G ¢ KT W o
S LT oo T o] T
T 0T e
o) X T %o N %0 H
o R 3 ol
w . i § G
TrozPaoaxhps
o oA S ET X
OL ﬁO . —_
)y T 2§98 &
WSS F e W
R g 5
R m S @ o W op ™
_ o <t ﬂE <M
T W = % - 3
oA S < T L T
N R L e o
TR B oo Ho X
-y & 2w W
T T RT R Mo -
G @mﬂ
KRR X < 9
i 9|/ = b A} WA
W T TR e )T
J R W RN WS

(b) Down cut

==
LN

dabie) s4ol e

Fig. 7 Effect of cut direction and radial depth of cut on
straightness profile

~

X

He

~
1
T°
ﬁo

\_Iq_./l
B
Ho

—_
N

o)

)

Ak
Al

—~
o

=)

ol

B

I

330l

3 (Fig. 7(0)NA =z,

[}

I

o

bl

ohefzel b3

1
L

2lo] Y w Havh @h ayER JbE
ol A]

7}-& ™ (Fig. 7(a)°l A

BE =

f<o]—

ol A

=

ol
700

2,39 dNA 7] A

o/
o
e

—

b, o]& ¢

0] =
PR -

—~
o

T

F2 Fig. 7(@)° A z, 91

N of

o A

A|iic-

7]
ool A

)l 7&

=)
T
)

€ Fig. 7(0)°N A z, oFel] ¥
1

ek
T

3k
T



0D mhebd, AR W

A Aot dA g SR,

st Este], 7hede 71e7] 2 948 71&7]
Wl 99} e shEde] WAE 5A FHo)
7besithal ke o

42 & 9sk MAbzlolel AEt

5 e datzlo|rt ThE el mAE IS
orolr 7] 9lgk AES AAgltt. & AdoA+=
HjiE=lo] ko] s VM= kA A HAE] S
FA8k7] flste] st dantS 4835k ol o)

Fig. 8 = 5 W& A2 Zojo] W& wj&y W
st2 BT Aok F w3 d2kzlol7t 7.8mm
ool A (6) WHHstR=E, F WdF Arbzlol
7V F7tetAE 3 e Edely] AR dA
HA o] dAsHA FAHL, A vty HgS
2 W37t 9ls Hoer dasEd. & ek "zl
o7} 7.8mm ©174Ql A, TR APxANE &
stod Alaks a‘w AAA AL 0.18mm’ = DA 5}
1, Fig. 8 o] A3 ZA}o| ostd, 5 Wk d2kz]
o7} 10mm o741 735 Ho wiE¥ 2 200~210N
S 7 A or Wyl AL As ' 7 Uk

Aoz wie Wt A2 79 2 49
o] A7|= F W A2} Zol7t 10, 15, 20mm =
7MY 8 dzte] 7, 24, 40 ° = S

]
s A, WEele] 27 57}, gasts 7kl
1del5) 3 ele] e Agel Al B TE A7 260

320 -
300 —: Region I
280 (4,=20,15.10)
260 Region II (4,=20)
240 —>| Region I1 (4,15 )
;ég ] [S R\egzon ,=10)
180 -} 3
160 - [
140 ] " o
120 | Region 1 Al
100 (4,=5) Y
80 ] | L
60
40

20

0d =
-20 ‘Region Il (A, 5)

Thrust force (N)

2

_O‘L
rl
2
F
d
-9,
ol
r

2t Aot Ly =
goll= A (6)e Fe
% & T Adzo]
Rrol EAEHA Fom, 97 oAty A
Ast7] AlARSiL o) Zha o] At

%)
3 FYelMnt Fddv= A=

i

d
o -
4 a1 ofl
ob 4
X
o
2
O
d
FU
i)
>
>
N
N

b
oy -
B
=
L
o,

;

1o rH 1 10 > o o
T 2 2 rE od o oo 2
rsi'r

ot
g’

Hzlole] Wste] me 71
BelFu gk %

_O,__
Mats 9440 999

3
3
fitl
(1
o)

[y}
(=}
3

3

[40
o
o
=
H
N
-~
o

71717 =

AT
oo

rlr
>,
o
12
¥
%0
o
ks
ok
fo lo Ay
o
oSt
i)
Nt
N

oo
=
X
N
mE‘]f
o ®
~J

E O
ol
ol
rlr
o
w
o
oX, —W’
(2
12 o
2
= A
[e5
- o

_ﬁ
D)
I
i
~
>
2
o
e
ol
%
2o ol
o
w o

— oL
U\l
Og{.', 1_‘;

xmg]cq 7010l = A
oI el 4

14
O 02 3 do o

w4 =
o e N
lo o N orlr k2 12 O N

>
N

,d
i
ﬂ
3@
g
H
@ Y

22
ﬂ.I
(98]
o2 o
12 r
o
> oo
1>_{
L
r A
N
ok
ol m
(R
)
N

©
rok
o
2,
>
2,
o
)
—Q J.{N:
o
-~

N
-

O+

ot

N

)

ok
od ol i to
NN

oE 2

I o

o %

5

_,4
ol o
o
fru
&2
aQ
O O

o
N
fio off
N
22
d
i
)
>
>,
O
)
]
el
it

—

)
)

(o3
=
=2
ol

o

ol

o
Irr

z

s
o

=

—Ad=20mm
-- -Ad:]5mm

L e S B B S Y B S e e e e e e e e e o e e e e e S
60 -30 0 30 60 90 120 150

180 210 240 270 300 330 360 390

Angular displacement of bottom tooth, y (°)

Fig. 8 Effect of axial depth of cut on thrust force
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