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F 1350 mm/min

dr 20.8 mm

(a) Z-level roughing

(b) Side roughing
Fig. 1 Z-level and side roughing process
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Table 1 Roughing conditions

Z-level Side

Tool diameter (mm) 32 63
Inserts Pieces (EA) 4 32
Axial depth (mm) 0.68 66
Radial depth (mm) <20.8 4
Feed rate (mm/min) 1350 236
Spindle speed (rpm) 500 328
Max. MRR (cm’*/min) <191 623
Tool life (min) 54.2-67.1 79.4
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Table 2 Comparison of field production productivity during the
monitored periods

Z-level
Tue. 23:40
Thu. 01:15

48.6
7
3.46

Side
Thu. 18:00
Fri 04:25
10.4
3
6.92

Start day time

End day time

Production time (h)
Production (EA)
Productivity (EA/d)
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(c) 4th roughing

Fig. 2 Z-level roughing only

l-ﬂ
iy
i)
2
rlo



Journal of the Korean Society of Manufacturing Technology Engineers 35:5 (2026) 430~438

0]

AL ol A A

A st el Uk

o

w

b
%
&
OH
i
B

ol
2
1n
o rlo

o

R oo
:Lrl(j"'

oo =

o
L
[e)
z
b

ogh

(98)
i)
iz o
o
fitt
mo o

yl
S,

)\
ra
ofo

i
b pes of

old
kl
[
o
oxl
w Mo
off
ol
ogh
ox

)
e
)
o,
=

i
e
t
Q.
MN ol
o

N
;l:l =
Ng,
o
o X
o,

o
1o,

B AARE e

3!

o

-
)
3 7

AN
Jr G

f
(m
(RO

m L o
1o

9

gk
-0,

r
ot

an

o o2t B orlr

N
—

L of

mm
HojZt} Fig. 3(b)
RV ehe) ho] 217}
shato] 2] B

rg ok ol |
ot 4
NS

oL
rr 4

A
A
h

=
T

T o

10

o,

=

PO
o

AAd 24& %2 374%9s EoE Fig. 3(0)€ ©I

Yakg B3} o] 24 AT HE AL WA vehik

3.2

3

A 23 7|k e Him
gol Al A3 vlasty] flsiA, e
HolEl S &83tef 57 At 7t °
of Thel Al Al $8 AL 7he AIRE, LElal 7k
7|22 Table 29} Zo] AjFLAJsIGiT

TN B4 579 A, st oRIEE F29 A7 F
7789l 2207 7HE =T, 24 7hg ARRE 9F 6A1%F 4020fA
6AIZE 50 o2 HlaA e FAIEIT SHAIR 4
5T IRELE QIsHA oF 64 miTh HHEAR1 A B IME wA7t
225 ozt AARE FEYE FAE Fsh7] ol

e, S 3 529 Adelld 22
7HA & 3709} &7k 7 =i
AME 7] §lo] e7+ad FAE ©f
of o]0 A ozt AR} ARt A% FET

AR

o
=

k

)

j A

NS

433

(c) Final workpiece after z-level re-machining
Fig. 3 Side roughing hybrid
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Z-levd T4 mZ-levs

14.7

W Z-levl Dr mRe T5Stock
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6.0

T1 mZ-lev2 T2 mZ-lev3 T3

594! 71.4

4.8 223 29.9

0.0 50.0 100.0 150.0 200.0 250.0

Time (min)

300.0 350.0 400.0 450.0

(a) Z-level roughing only

Side Roughing M Z-level Roughing Drill Reamer Stock Insert

.8
79.4
8.9
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Side

0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0

Time (min)
(b) Side roughing hybrid
Fig. 4 Comparison of total machining time for Z-level roughing
and Side roughing hybrid strategy
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Table 3 Comparison of experimental material removal rates
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Process Z-level only Side + Z-level
Rem. volume (cm’) 4716 3,751 965
Cutting time (min) 317.7 79.4 87.6
Experimental MRR 14.8 473 11.0
The. Max. MRR 191 623 191
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cm’oli, B34 4 F HE AF Fu: 1,580 em'oth
Table 304 A5 2 CAD/CAM 27 AA AA& AA
AL AZEOR Ueo] AEsigith. S P4 WES A9 HA
AA AH 4,716 cn’eh AA HAAZE 317.7 ming AE3to]

14.8 cm*/min2] A& MRR& . S ZAME 3,751
cm’E 79.4 min E9F A A3t 47.3 cm’/min®] MRR-E YERY
onj, o]% Fo] SaAl FAJHE 965 cm’E 87.6 min FF Al
750} 11.0 cm’/min®] MRR& Rt A& MRR o] 24
Z|t) MRR %t9] oF 5.8~7.8% $Fo|H, AA| 7hgolM = 32
9] 9 olg, FrARY U A, FAol wE A g9
W3}, mAfe] ko) A A W v A

wEo s weETh weba o] 23 o)
o] WA Hrtste AL AA 71
o]t

727V oz 718%

psb)

gl
o
=

}\21

Z MRR 47.3 cm’/min& S34
vl =tk w2t iy D63 FE

e WY YR Yl 2

=
=

o]
31, o]Z D32

Aol 27

Il
0]

>
ol
0,
o
a!
fru

2|

S
rlo
mol

ol
ol

oo Mg

)
o

fol
x>

o
d
N

)
>,
m

el ol ol

> El

ril



Journal of the Korean Society of Manufacturing Technology Engineers 35:5 (2026) 430~438

WZ-levell mZ-level2 mZ-level3

Z-level 4 mZ-level 5

Insert

(a) Z-level roughing only process consumes 5 inserts per a part

B Side Roughing W Z-level Roughing

Insert

(b) Side roughing hybrid process consumes 3.25 inserts per a part

Fig. 5 Comparison of insert count for Z-level roughing and Side
roughing hybrid strategy normalized by the machined

workpiece
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(c) Z-level add in hybrid (D32)
1200

1000
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Tool wear (um)

400

200

Z-level only Side rougning Z-level add

(d) Comparison of mean tool wear and standard deviation for
Z-level roughing and Side roughing hybrid strategy

Fig. 6 Representative optical microscope images of insert wear

after rough machining and comparison of tool wear

Ao

h =Y

3 7FEolA AT S SA0] S 4 Qe A
o o



Ji-H
oon Hi
uh, G
vu-Min Kim, S

. Su-Jin Ki

m

W
ﬂuﬂ%.&oﬂucf
MEW%WE?GNL
ﬂouzowmiWﬁ%_é#aa
,m_.w_M,,_ma__m_.otW_ﬂa,m.WLiOQ%MLM
zﬂWLEHMsz_EWLMMmEEOWH
qiw%r;omnow;__o%mwelewﬂ .
,mthM6Amozu1mdulomMﬁ|oﬁo 11‘_71_io2
EA oS.E_ ,__LL_._710N_1_WEW_MV§ W_E_1__/| =o
mﬂ§4wlzuulgqﬁmuurm‘_woe7& c_oumiime@,f
HMJWOWF&MLEOXNL%Z”ru_/l_WEEHEH_Ali_lnMO .OlLHTw Dﬂm“ﬂ_oﬂ_l_l
%piwaﬂwfh%mnmﬂmﬂ wwmwﬁﬁﬁﬁ@mm
inmﬁ Hoooeq1 o N 5> P 105WLame j
;;Emo@qw;o@%o;mquJ m:‘wWE;ﬁm,ow_m ¥ER
_Qﬂ%_/ Ao_}ﬁ%%ﬂ}73mav e smLaﬂthiw = 0 iy
XﬁE.Ll BE o = L...r_IZO..u_HI ﬂ.”O ..Q_vE._.bT T ULEH/O W_U_N_L_L‘_.ﬂ.._u._o
P,_lmeAT..wl‘qm,ﬂoaLoaoﬂlLlcT7lx }O_Mﬂ]ﬂﬂq No”Lmﬂ 71__A|1_MMOO
@w%%%qo%%mﬂmmﬂgu anaaQQQﬁ%w W o
o,ﬂmzohé%ﬂnﬂlﬂumﬁ%mﬁomﬂﬂwﬂ mljﬁTLVlzoiiﬁmMath& Hvom__%wo w0l
@u%?%%ﬂiﬂ_ m_&ﬂm@ S mo N oy X T 5 ﬂ__o:}o&.@ o R
| _AO,_ﬂrJIL S X 5l of m h X ﬂﬁﬂlmﬂll ~H o X S E_E‘.r — Al N
LL_Mo‘_EoMZWJ%mﬂ_ﬂmomEeﬁmOwquEQ‘_ﬂu_.jﬂ‘_x_‘_v_Nrﬁoqﬂ.ﬂm_lw_ol_é EUDmLmomMﬂﬂ Huoﬂ\
HOE__%43 o}]ﬂ.HMmaimom.H@%oh@@goqauu_.t zom.qou%woﬂ o 3
J|_LuAT1_IX.._1_._mLOL._|E_Ez€<_oH .WL‘W,IOE..F,A_,}L:TWEID!7 EﬁSAoOL..r_L_I..AE7a,NMLO _r‘._q
Zo_uuﬁ.?_ ﬂuvaz,_m]_M 103;.71_ ) qwoé. &E__‘.a%_-iodnﬂ,_mﬂiﬂ,ﬂoﬂo o ==
&omﬂ_._l.Aﬁﬁa%uﬂwuml.e._ﬁ@%wEEBMWW.HWOEQ%QMH..Q#J.M# wou%
1oﬁﬁoy$ﬂ|#nﬂufwxL.uwﬂﬁ.m-wmwomomLLWOE}DMATHAE.L.E L o
ﬂoZA B x_-L_LZ 1r1_Ar4. .._.EH,._._oﬂlnllra.b P,_JI.QE..;Q“O.HO s
Q.moll ﬂHMﬂlr‘*_o_n_oLZo.Aﬂﬂon dﬂ,ﬂ;u,_}.lnu,_m_lxo_u7uv‘1uo_r_mﬁﬂo ‘q,_.__mv
o ﬂo:u%xw&}a}%gﬂﬁdqug_éowo S oy P &
BEPXX 5 émoﬁeo%&m.q_dnul.m&ﬂ@equvotou@maae { L
io@ﬂua_ o mioquww%ﬂmo%woo%waqu%% Rl o B
on_ﬁo.uEOL ol E_E_z],m. ﬂLlr.Am_-:l]ﬂ.ux.uEJJ-o)n_Qmm}XﬂU.mu nﬂoﬁ
iy o B T jGMOT;.%vEEQO Liés.ﬂo__oxﬂ& <
mLvaﬂ_m__._LEae_e ﬂamamo} on_.uuv_ooLiﬁﬂutmmmufwﬂmuuwowﬁwwﬁﬁaﬂ Mwﬁ
< o 1o — s = ™ g =
__Amgmt_hww irow_xwﬂ%h_h &wmmwwmdo@@%mawamomw% 45
,J_Jﬂu ﬂﬂ_z N .ofa‘___oﬂlwm_“Wl __oml__/uﬁoSHmeon_ﬂ_wL: AT%_MauJ.o o G
wmﬂ__wmﬁgﬂ imﬂﬂgﬁﬁﬂ%oﬂo%ﬂu _olu”u.u‘uoﬂu&%ﬂm?gm_]%mo N
Eow%%ﬂ% M@é&%%é%&%% 5 oﬂ%ﬂ%@ﬁio%@@ R
X P xr o d iou.uezA oﬁgonaﬁo ERE ,&Eézﬂoﬁéﬁ A
E_gﬁ.k Hﬁmaife,@&@g L) =Rl PmE
%Wﬁwioqu g_owou:woﬂ.iﬁyuu 4 Hleﬂfgmﬂ} o E =
ﬂuol,_,ﬂ%af ﬂLn}ﬂLu‘Eéimom. u'WHZTéH_/H zolﬂ i Xy
anug_om. L__qon_ozﬁéHLLl_Z el = Lﬁvz._sz. T X 9#5
wﬁ_amabm_u.1 _Am_ﬁﬂ%@u%mﬂﬁm%l MHL%E"_%MQm o o
s ) . .
&ih%% 4W§gblt_\hmazmmqmw pwe_ﬂom@meaiw.ﬁqwﬂ o
] ﬁou_.o1r1_u % %Q‘_oi EoS] R X u‘_.o_MMuM R o N
E W.zo_dx imﬂ Xfo oauﬁ.qrM__o u_._m.__.,_o%z_.ﬂwb&.iﬁﬂqﬂuaﬁd@i v
lﬂduduzﬂ__wm_m :_oﬁimaduntﬁeﬂ'ﬂﬂ_xﬁﬂ ae]ﬁ.Sﬁ_LﬂuFﬁaaEv,ul_,TiEffmi
_”n__u._quMM,zmmm_*eLMw e#eoM‘_Wmﬂ/lmLﬂdme@Wﬂao Hnwluﬂo,w_w_w_mmﬂmui_‘ﬂﬂowﬂiowmlzmqm.o
|rm_.c H._,.Jﬂ.a. =3 Jlm._m&ﬂ}w_m_ﬁ%_-m_z ,_.ﬂm_n__oo Maw,_bﬂbm._io"_o N .HoEoﬁA
n_Eo_,au BT PR HLu_/uVlr: o X 'Yy }ﬁc._:. oﬂ. ilé.du?
_.Toie_em._lﬂmmﬂ SHqu«o%ﬁmotuﬁ WEQ)KﬂMHWﬂHaLimzLee%mMMth
&LNuE He T 1)1ﬂ=_ 3,_.Az % e wm = au_n_.ou;e o o %Aodhw
g&mEW%qggqﬂmeMmye wﬁ6uma%%wEWOWﬁNﬂm7
© & ﬂoﬁ& zttﬁaomommyé%%ﬁd‘n%w.mﬂuuﬂfmeuex4d1. Hﬂﬂuo_e
o B B! el J B < l_UI i eyl R T < Z*- :.11_ H oT w N F~ E_ N Z._H_ _.5 e o o 4 s EO ._|r_.y| ! = _L_u \:0
_Z:Wo} ) = oﬁowab_%}oi%m_k - Ao QLm M Ma}duLao
U.)ﬁAO,mﬂ.BI 6U.mu|mul/%b ﬂJLLL]V:A&LHHO&:A&MLEEEQL%M%EOO_IOHEJvmoqr_wOH
Eoﬂ@;?ﬂlgwﬁﬁbﬂﬂgﬂMﬂﬂ Ho_ﬂ_mMoL_mfluﬂl.,I‘_ﬂ._UELPﬁo 1‘_/IioE__oL
_L‘aorFH_l m..N\XHJm_-HOITJL7LﬂLtﬁoi1WLﬁnNI]%o\_ zv‘_‘._v_:,.r,kl‘_.olon_,mulAT
ﬂoem.%ft&um:uomwﬂufg_odu,_r/m_muauoﬁ_émhﬂﬂlﬂmzuo#.
uecL._an‘_wn__lm_luauta/Pﬂn_AlqueouPL,;uéloeLlco} e
2w ey .A..rl_l L.._.__wL1r AP ]HZ 8o 71_l‘._nu|L1.Ar_|w._01@
ﬂ1#1lwu%é%_a§ s ﬂuToLa < Sl
oa.LoL _ol1nﬂﬂ.;| 9115 H_.EHU__oL.,
Joﬁe7oaﬂngwnH4HmToaﬂauLx
HﬁﬂﬂﬂhxiW%w%qumLﬂooowMWMQ
< r <o N ~ m.__ou ol < ~e < @ (NI o ol i = e
8o ‘m-_u_l .uo .L.ul W = o0 1__ o, &Ko Oa E_O mmE
o He ie 2 o S o \h_ﬁou w X olJ T~
ua%ﬁ&zﬂ@ztﬂﬂoév
zcﬂomﬁc_omwwﬂﬂ?%ﬂmw
i~ = o i o
7%F@w%a&@
_5 —_ O
:ﬂw&ﬁﬂq -
~ ,Ao_ugn_
RIS m
> 05
™

436



Journal of the Korean Society of Manufacturing Technology Engineers 35:5 (2026) 430~438

2 A AAEE e A FA UiH] &4 7 AR o Simulation Investigations of Face Milling Process of Ti-6Al-4V
45.6% B 2 FA AL oF 42.1% T=E Qo) Titanium Alloy, Adv. Manuf. Sci. Technol., 39:1 39-52,
EA, QIME AMREF BA Al 29 kit 23l ATk =i https://doi.org/10.2478/amst-2015-0003.
AF BEE 24 i) oF 35%9] 3 AR A7 ayE Ve [6] Pala, M., Sarma, K. V., Biswal, S., Amudhavel, V., Rao, D. V.
N, S gak AL oF g48 F£7|9] JIME ZAE Q5 G., 2021, Investigation of High-Speed Milling and High
HFE Al AA}; 7jQlo] QT Wi =W gAb 23 TAL Efficiency Milling of Ti6Al4V, Int. J. Adv. Eng. Res. Sci., 8:2
ok 3A]7F o|Ae] Qi<: 7}Eo] 7hssto] BA O] AHEst W Kol & 22-28, https://doi.org/10.22161/ijaers.82.4.
ol 923t 122 7HAT [7] Conradie, P. J. T., Oosthuizen, G. A., Dimitrov, D. M., Saxer, M.,
webA] =9 Ak =M SHES Asksl 24 A Hels 2015, Effect of Milling Strategy and Tool Geometry on
I} 2GR 7FRolA] AT BT AR ZHojA BE 94 Machining Cost when Cutting Titanium Alloys, S. Aft. J. Ind.
3 AlgAQl TH Heoz WTkET) Eng., 26:3 137-151, https://doi.org/10.7166/26-3-1172.
[8] Gomez, G., Fernandez De Lucio, P., Del Olmo, A., Martinez De
5 7 Pisson, G., Jimeno, A., Gonzalez, H., Lopez De Lacalle, L. N.,

2021, Comparison between Milling Roughing Operations in Full
Slotting Manufacturing: Trochoidal, Plunge and Conventional
Milling, IOP Conference Series: Materials Science and
Engineering, 1193 012003, https://doi.org/10.1088/1757-
899X/1193/1/012003.

[9] Zhao, J., Liu, Z., Gong, Z., Liu, A., Cai, Y., Wang, B., Song, Q.,
Liang, X., Zhang, Y., Zhang, Z., Ji, H., 2023, Comparison of

References Surface Morphology and Tool Wear in the Machining of
Ti-6Al-4V Alloys with Uncoated and TiAIN Tools under Dry,
[1] Chae, Y.J.,Lim, S. S.,Kim, Y. B., Kim, M. K., 2024, Modeling Minimum Quantity Lubrication, Flood Cooling, and
of Hardening Behavior for Titanium Alloy Sheet Considering Low-Temperature ~ Spray  Jet  Cooling  Conditions,
Strain Rate and Temperature, J. Korean Soc. Manuf. Technol. Micromachines,  14:6 1263,  https://doi.org/10.3390/
Eng., 33:6 342-348, https://doi.org/10.7735/ksmte.2024. mil4061263.
33.6.342. [10] Jeon, J. H., Park, S. B., Jo, D. H., Kim, S. J., 2024, Modeling
[2] Sur, G., Motorcu, A. R., Nohuteu, S., 2022, Single and Expert’s Duplex Milling Condition Settings with Specific
Multi-objective Optimization for Cutting Force and Surface Cutting Sound Level Minimization, J. Korean Soc. Manuf.
Roughness in Peripheral Milling of Ti6Al4V using Fixed and Technol. Eng., 33:5 231-238, https://doi.org/10.7735/ksmte.
Variable Helix Angle Tools, J. Manuf. Process., 80 529-545, 2024.33.5.231.
https://doi.org/10.1016/j.jmapro.2022.06.016. [11] Jo, D. H., Park, S. B., Huh, J. H., Kim, S. J., 2025, Duplex
[3] Park, M. S., Lee, H. H., Yun, W. H., Kim, M. R., 2023, Evaluation Roughing Tool Selection Via Minimization of Specific Cutting
of Cutting Performance Based on Tool Orientation during Solid Sound Level, J. Korean Soc. Manuf. Technol. Eng., 34:3
Carbide End-milling of Ti-6Al-4V, J. Korean Soc. Manuf. 149-156, https://doi.org/10.7735/ksmte.2025.34.3.149.
Technol. Eng., 32:2 92-100, https://doi.org/10.7735/ksmte.

2023.32.2.92.

[4] Chuangwen, X., Jianming, D., Yuzhen, C., Huaiyuan, L.,
Zhicheng, S., Jing, X., 2018, The Relationships between Cutting
Parameters, Tool Wear, Cutting Force and Vibration, Adv. Mech.
Eng., 10:1 1687814017750434, https://doi.org/10.1177/16878
14017750434.

[5] Niestony, P., Grzesik, W., Habrat, W., 2015, Experimental and

437



Ji-Hoon Huh, Gyu-Min Kim, Su-Jin Kim

Ji-Hoon Huh

CEO of JAMS Co., Ltd.. He is also leading the
Company's Affiliated Research Institute,
where he is Developing 5-axis Machining
Technology.

E-mail: jhhuh@jamskorea.com

Gyu-Min Kim

Student in the School of Mechanical and
Aerospace Engineering, Gyeongsang
National University. His research interests
are CNC machining and Al machine learning.
E-mail: kyumin07685@naver.com

Su-Jin Kim

Professor in the School of Mechanical and
Aerospace Engineering, Gyeongsang
National University. His research interests
are CAM and CNC machining.

E-mail: sujinkim@gnu.ac.kr

438



	티타늄 가공에서 측면 황삭과 등고선 황삭 전략의 가공 효율성 비교 연구
	ABSTRACT
	1. 서론
	2. 실험 설계 및 방법
	3. 결과 및 분석
	4. 결론
	References


