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Fig. 2.2  Tapping torque of SUS304 at a range of cutting speeds

Workpiece: SUS304 
Tool: SP AlCrN 
Lubrication: LB-1 50ml/h 

(a) (b) (c) (d) 

(a) (b) (c) (d) 

Workpiece 

Depth of hole  mm 

To
rq

ue
  

N
m

 

V=7.5m/min 

V=2.5m/min 

V=1.3m/min 

V=12.5m/min 

V=5.0m/min 



12 
 

2.3 SUS304  
2.3.1  

2.3

Chip packing load[37]

SUS304

 

 

 

 

 

 

 

 
 

 

 

 

2 Torque due to edge force,  

4 Chip packing load,  

1. Chip formation torque, 

Tool edge 

Tool 
Tool 

Workpiece Workpiece 
Principal force, 

3 Torque due to friction of flank face, 

Flank face

Tap

Workpiece

Fig. 2.3  Components of total torque in tapping



13 
 

2.3.2  
2.4 2.1 M10×1.5

3 (SP, YAMAWA) 40 15

AlCrN AlCrN

1100 3050Hv SUS304 0.62

4-6W/(m·K) 7 8.6mm

1 (Leading flank)

(Trailing flank) 2 2.5

[51] 10 13  

2.6 4

Stabler[52]

[53]

[54]

2.7

26

 

(1)  
 

(1)

 



14 
 

 

3

(2)

24 26  
 

(2)
 

[55]

Henderer

45  

[56] Henderer

Kobayashi [57]

(3) [58]
 

(3)
 

C 5.2 0.15

3 2.8

100gf

6

 7 2.9



15 
 

7 442Hv

SUS304 (3)

833MPa SUS304

[58] 416Hv [59] 433Hv [60] 441Hv  

(4)  
 

 (4)

 

2.10

(5)  
 

 (5)

 

(4)

(6) 13 15  
  

(6)

 

34 35  

(1)

(7)

 
 

(7)

 



16 
 

 

M10×1.5 Spiral tap 

1 11
2 

3 
4 5 6 7 

44
7

1
22

55 6

33
11

Workpiece 

Helix angle  
of flute 

Chamfer angle 

1 

4 

7 

2 

5 

3 

6 

Land A Land B Land C 

Trailing flank 

Leading flank  

Main cutting edge 

Workpiece 
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Table 2.1  Tool specification 

Tool 3 flute M10 1.5 tap 

Chamfer angle 15° 

Helix angle of flute 40° 

Rake angle 10°- 13° 

Depth of cut 0.13 mm 
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Fig. 2.15  Experimental setup for measuring torque in tapping  

Table 2.3  Cutting condition in drilling 

Tool TiCN coated HSS 

Drill diameter 8.6 mm 

Cutting speed 10 m/min 

Feed 0.14 mm/rev 

Lubrication MQL 

Table 2.4  Cutting condition in tapping 

Tool AlCrN coated HSS 

Workpiece SUS304 

Cutting speed 5 m/min 

Feed 1.5 mm/rev 

Lubrication MQL (50ml/min) 
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Fig. 2.23  Contact state between pilot hole and cutting edges at beginning of tapping 
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Fig. 2.28  Fx and Fy in tapping with pilot hole of which chamfer angle is 45 deg and depth 
of chamfer is 0.7. 
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Fig. 2.29  Fx and Fy in tapping with pilot hole of which chamfer angle is 30 deg and 
depth of chamfer are 0.7 and 1.7.

  Fx 

  Fy 

  Fx 

  Fy 

  Fx 

  Fy 

  Fx 

  Fy 

  Fx 

  Fy 

  Fx 

  Fy 

0 2 4 6 8 10 12 14 16
Hole depth  mm

0 2 4 6 8 10 12 14 16
Hole depth  mm

  
Fx

, F
y 

 N
 

40 
 20 

0 

-20 
-40 

  
Fx

, F
y 

 N
 

40 

 FF20 
0 

-20 
-40 

  
Fx

, F
y 

 N
 

40 
 FF20 

0 
 -20 

-40 

  
Fx

, F
y 

 N
 

40 
 20 

0 

-20 
-40 

  
Fx

, F
y 

 N
 

40 
 20 

0 

-20 
-40 

  
Fx

, F
y 

 N
 

40 
 20 

0 

-20 
-40 

Chamfer 15°
Depth 0.7

Chamfer 15°
Depth 1.7



42 
 

 

Chamfer 15° 
Depth 0.7 

Chamfer 45° 
Depth 0.7 

Chamfer 15° 
Depth 1.7 

Fig. 2.30  Effect of chamfer angle and depth on Fx-Fy lissajous in tapping 

N N N 

N N N 

N N 

N
 

N
 

N
 



43 
 

2.5  

MQL

 

[69]

4m/min

[70]

S. Bhowmick [71] 2

[72] SUS304 20m/min 400

30m/min 500

[73]

150 TiN

400

SUS304 3-10m/min

TiN AlCrN [74]

TiN AlCrN

 

[75]

  

 
 



44 
 

2.6    
SUS304

(1) 

(2) 

(3) 90%
10%

20%

(4) 
Chip packing load

(5) 

 



45 
 

3 CFRP

3.1  
3.1.1  CFRP

(Carbon Fiber Reinforced Plastic, CFRP)

2011 66%

17% 17% [75] 1970

2000

CNG

1970

[76]

A350 XWB

B787 CFRP 50% [77]

 

 

3.1.2  CFRP  
CFRP

Polyacrylonitrile (PAN) [78] [79]

PAN 90%

ISO 90%

PAN 5-8μm

CFRP 60%

3500MPa 7000MPa

 

CFRTP

Carbon Fiber Reinforced Thermoplastic

CFRTP CFRTP



46 
 

CFRP

CFRP   

CFRP

Resin 

Transfer Molding

  

CFRP

X  

CFRP

[80]  

 

3.1.3  CFRP  
CFRP Filament Winding

CFRP

CFRP

Abrasive Water Jet AWJ [81]

 

AWJ

#80-120

AWJ

 

 



47 
 

3.1.4  CFRP  
CFRP CFRP 1970

 

Everstine[82]

Koplev [83, 84] CFRP

[85-87] CFRP

Koplev 0 , 45 , 90 , 

135

ⅰ) ⅱ) ⅲ) 3

ⅰ)

ⅱ)

0 90 ⅲ)

90

[88]  

[89] CFRP P K CBN

CFRP 15mm/min 300m/min

 [90, 91] CFRP GFRP

P M K

CFRP GFRP

[92, 93]

200m/min 500

 



48 
 

CFRP

[94] CFRP

 

[95] CFRP

 

CFRP [96]

[97]

[98]

[99-101]

Hocheng[102] [103]

CFRP

[104]   

[105]   

CFRP

Hocheng [106-

108]

”Critical thrust force”

Park [109] CFRP



49 
 

 

 

3.1.5   
CFRP

 
 

  



50 
 

3.2  

 

 

3.2.1   
3.1

(2UMC, )

0.55MPa

( )

5mm CFRP

50mm 50mm (9365B, KISTLER)

0.22mm

(F6347B, TORAY) 23 5mm

3538MPa 56%  

31 m/min 8.0mm 1240min-1 0.011, 

0.045mm/rev (14, 56 mm/min) 3.2

CFRP DCDCF800 NACHI

8.0mm

90 35   

3.3 8.0mm 6.0mm

S45C 3mm

#200 Ni Ni

0.025mm E. tool

1.5mm 5mm 4 (

E. S. tool)  

 



51 
 

 

Draw bolt 

Collet 

Jig 

holder 

CFRP plate 

Dynamometer 

Spindle 
head 

Core drill 

Fig. 3.1  Setup of experiment 

Rotary joint 

Fig. 3.2  Appearance of (a) twist drill and (b) core drill  

8 mm 
Base metal (S45C) 

Electrodeposited diamond grain  

(b) Core drill  

(a) Diamond coated twist drill  

Point angle 90   Helix angle 35   



52 
 

 

Fig. 3.3  Tool appearance shape and geometry 
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Fig. 3.6  Effect of step feed on toque and thrust force in drilling CFRP 
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Fig. 3.16 Workpiece cores when drilling is done using the eccentric core drill with or without 
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Fig. 3.21    Influence of tool shapes on chip adhered areas after drilling 

Si
de

 

Normal#100L1 E.S.#100L1 E.S.C.#100L1 E.S.C.#100L3 E.S.C.#200L1 

B
ot

to
m

 

Core 

Slit Chamfer 

L1 
L3 



74 
 

 

0 1 2 3 4 5
0

50

100

150
Th

ru
st 

fo
rc

e  
N

Depth of hole  mm
Fig. 3.22  Transition of thrust force at different cutting speed conditions   

V70 

V31 V50 V40 

Tool: E.S.C.#100L1 
V: 31, 40, 50 and 70 m/min  
f: 0.011 mm/rev  

Tool: E.S.C.#100L1 
V: 31, 40, 50 and 70 m/min  
f: 0.011 mm/rev  

20 30 40 50 60 70 80
0

1

2

3

4

5

Su
rf

ac
e 

ro
ug

hn
es

s 
m

Cutting speed  m/min

Fig. 3.23  Effects of the tool cutting speed on surface roughness Ra   



75 
 

 
(d) 

3.25

Normal#100L1 E.S.C#100L1 Normal#100L1

31m/min 0.045mm/rev

0.003mm/rev

E.S.C.#100L1

 

(e) 
3.26

 Normal#100L1 E.S.C.#100L1

 

(c) 
3.27

Normal#100L1 0.003mm/rev

 

 

Fig. 3.24    Influence of the cutting speed on chip adhered areas after drilling 

Si
de

 

E.S.C.#100L1V31 E.S.C.#100L1V40 E.S.C.#100L1V50 E.S.C.#100L1V70 

B
ot

to
m

 



76 
 

 

0 1 2 3 4 5
0

50

100

150
Th

ru
st

 fo
rc

e 
 N

Depth of hole  mm

E.S.C.#100L1 V50 

Fig. 3.26  Effects of the feed rate on the surface roughness Ra 

Fig. 3.25  Transition of thrust force at different feed rate conditions 

Normal#100L1 V31 f0.003 

E.S.C.#100L1 V50 f0.011 

E.S.C.#100L1 V50 f0.027 

Normal#100L1 V31 f0.045 

E.S.C.#100L1 V31 

Normal#100L1 V31 

0.00 0.01 0.02 0.03 0.04 0.05
0

1

2

3

4

5

Su
rf

ac
e 

ro
ug

hn
es

s 
m

Feed  mm/rev



77 
 

 

 
3.3.4  

31m/min

0.045mm/rev 50m/min 0.027mm/rev

 

3.28 #100 #200 3.29

#100 #200 3D

#100

100μm #200 50μm

3D

#200 0.045mm/rev

  

Fig. 3.27    Influence of feed rate on chip adhered areas after drilling 

Normal#100L1, V = 31 m/min 
f = 0.011 mm/rev 

E.S.C.#100L1, V = 50 m/min 
f = 0.027 mm/rev f = 0.045mm/rev f = 0.003 mm/rev 



78 
 

 

0.0 0.5 1.0 1.5 2.0 2.5
0

25

50

75

100

125

150

175

Pr
of

ile
 c

ur
ve

  
m

L  mm

Fig. 3.28 Profile curve of electrodeposited area of the E.S.C.#100 and #200 core drill  

Measurement point  

Measurement point  

#100 grain 

#200 grain 

0

25

50

75

100

125

150

175

Pr
of

ile
 c

ur
ve

  
m

Fig. 3.29 3D image of bottom of the E.S.C. (a) #100 and (b) #200 core drill 

(a) #100 grain (b) #200 grain 



79 
 

3.4  

50m/min 0.027mm/rev

3.30

Critical thrust force[106]

0.045mm/rev

V=50m/min CFRP

3.31

70m/min(2800rpm)

70m/min 40m/min

50m/min 0.3 0.5L/min

 

 

 

 



80 
 

 

  

Th
ru

st
 fo

rc
e 

Su
rf

ac
e 

ro
ug

hn
es

s 

A
dh

er
ed

 c
hi

ps
 

 

☓☓  
Adhered chips 

Surface roughness 
Cutting speed m/min 

Fe
ed

  
m

m
/re

v 

Efficiency 

Twist drill A 

Twist drill B 

Twist drill C 

Efficien

Preferable condition of 
core drill 

Fig. 3.30 Cutting conditions for core drill and twist drill 

V = 31 m/min 
V = 40 m/min 

V = 50 m/min 
V = 70 m/min 

Spindle stop 

Fig. 3.31 Flow rate at different spindle rotation speed 

Equivalent efficiency line 

Data conducted on 
this experiment 



81 
 

3.5   
CFRP

 

 
(1) 

3mm

 

 

(2) 3

 

 

(3) 

 

 

(4) 

 

 

(5) 

 

 

(6) 

 

 

(7) E.S.C#100

50m/min 0.027mm/rev  

 



82 
 

SUS304 CFRP

CFRP

 
2

90% 10%

Chip packing load

20%

3 CFRP



83 
 

70m/min

70m/min

#100
50m/min 0.027mm/rev

 



1  
[1] (1989), 1. 

[2] C.T. Sims, W.C. Hagel The Superalloys, John Wiley & Sons Inc., (1972) 535. 
 

2  
[3]  81, 716 (1977) 7-12. 

[4] 63, 5 (2014) 29. 

[5] 7 (2011) 22-28. 

[6] 1, 6 (2011) 35-41. 

[7] G. Lorenz On tapping torque and tap geometry, Annals of the CIRP, 29, 1 (1980) 1-4. 

[8] 

2014 779-780  

[9]  MQL

2005 751-752. 

[10] -18- 14 (1951) 215-221. 

[11] 22, 256 (1956) 265-269. 

[12]  SUS304

33 (1989) 25-44. 

[13] 70, 3 (2004) 407-

411. 

[14] (1971) 186. 

[15] E. M. Trent: Metal cutting, Butterworths Co., 204. 

[16]  1 45, 1 

(1997) 106. 

[17] , (1979) 273-305. 

[18] , (1997) 67. 

[19] 68, 9 (2004) 69-72. 

[20]  ( ) 8, 99 (1941) 829-840. 

[21]  ( ) 9, 100 (1942) 62-73. 

[22]  ( ) 9, 101 (1942) 146-156. 

[23] 39, 9 (1973) 71-78. 

[24]  : 15 SiC 2618 TiN

, 56, 6 (2006) 301-306. 



[25] (1991) 131. 

[26]  

(2015) 401-402. 

[27] 

2009 (2009) 216-217. 

[28] A. E. Reiter B. Brunner M. Ante J. Rechberger Investigation of several PVD coatings for 

blind hole tapping in austenitic stainless steel, Surface & coatings technology 200 (2006) 5532-

5541. 

[29]  2

23 (2009) 71-75. 

[30] 19 (1963) 17-25. 

[31] 14, 

11 (1951) 617-625. 

[32] 22, 256 (1956) 265-269. 

[33]  23 (1960) 2181-2187. 

[34] 

31, 4 (1965) 14-20. 

[35] 1 35, 414 (1969) 

464-470. 

[36] 2 35, 416 (1969) 

580-585. 

[37] T. Cao John W. Sutherland Investigation of thread tapping load characteristics through 

mechanistics modeling and experimentation, International Journal of Machine Tools and 

Manufacture 42, 14 (2002) 1527-1538. 

[38] W. E. Henderer: On the Mechanics of Tapping by cutting ASME Journal of Engineering for 

industry 99 1 (1977) 257-262. 

[39] E. J. Armarego: Cutting with double edge tools-Symmetrical triangular cuts, Int. J. of Mach. Des. 

Res., 7, (1967) 23. 

[40] 1

55 (1989) 155-160. 

[41] E.D. Doyle S.K. Dean Effect of Axial Forces on Dimensional Accuracy during Tapping J. 

Mach. Tool Des. Res. 14 (1974) 325-33. 

[42]  

4 2005

(2005) 1179-1180. 

[43] (2003), 



. 

[44] (1978) 189. 

[45] Y. Saito, S. Takiguchi, T. Yamaguchi, K. Shibata, T. Kubo, W. Watanabe, S. Oyama and K. 

Hokkirigawa Effect of friction at chip-tool interface on chip geometry and chip snarling in 

tapping process, Int. J. mach. Tools & manuf., 107 (2016) 60-65. 

[46] (1991) 131. 

[47] , 27 (1961) 833 843.  

[48]   

35 (1969) 1347 1354. 

[49]  14, 11 (1962) 7. 

[50] (1991)124. 

[51] D. A. Stephenson J. S. Agapiou Metal Cutting Theory and Practice CRC press, second edition

(2005) 228-235  

[52] G.V. Stabler: The chip flow law and its consequences, Advances in Mach. Tool Des. Res., 5 

(1964) 243-251. 

[53] Merchant 2006

, (2006) 287-288. 

[54] R&D

19, 3 (1969) 101. 

[55] (1971) 37. 

[56] 2 (1984)

72.  

[57] S. Kobayashi and E. G. Thomsen: Some observations on the shearing process in metal cutting, j. 

of Eng. for Ind. Trans. ASME, Series B, 81, 3 (1959) 251. 

[58] (1978) 131. 

[59]  

1 C , 

66, 647 (2000) 2424. 

[60]  2 45, 2 (1997) 93. 

[61]  (1971) .  

[62] ( 1 ) 19, 78 (1953) 

32-39. 

[63]  23, 270 (1957) 404

408. 

[64] (1978) 55. 

[65]  17, 3 (1969) 44. 



[66] SG NACHI Technical report, 30, 

B1 (2016) 4. 

[67] A. P. S. Dogra S. G. Kapoor R. E. DeVor Mechanistic Model for Tapping Process With 

Emphasis on Process Faults and Hole Geometry J. Manuf. Sci. Eng. 124 (2002) 18-25. 

[68] 44, 2 

(1983) 118-124. 

[69] 3

57, 11 (1991) 2001-2006. 

[70] < > 44, 8 (2000) 72. 

[71] R. TANAKA, S. YAMAZAKI, A. HOSOKAWA, T. FURUMOTO, T. UEDA and M. OKADA

Analysis of Cutting Behavior during Tapping and Measurement of Tool Edge Temperature 

Measured by a Two-Color Pyrometer J. Adv. Mech. Des. Sys. Manuf., 7, 2 (2013) 115-124. 

[72]  (2002). 

[73] Y. KOJIMA, R. TANAKA, K. SEKIYA and K. YAMADA Influence of Coating materials on 

the Curl of chips, Proc. Int. Conf. LEM21, (2015), 215. 

[74] PVD - -

51 3 (2000) 243-249. 

 

3  

[75] 

, (2012). 

[76] CFRP

. A, 22 (1987) 143-153. 

[77] 75, 8 (2009) 94. 

[78] 37-4405 (1962). 

[79] 41-15728 (1966). 

[80] Y. Yamane, “Special Issue on Difficult-to-Cut Materials, Int. J. of Auto. Tech., 7, 3 (2013) 255. 

[81] 75, 8 

(2009) 945-948. 

[82] G. C. Everstine, T. G. Rogers A theory of machining of fiber-reinforced materials. Journal of 

Composite Materials, 5, 1 (1971) 94-106. 

[83] A. Koplev Cutting of CFRP with Single Edge Tools, Advanced Composite Materials, (1980) 

1597. 

[84] A. Koplev, A. Lystrup and T. Vorm The Cutting Process. Chip. And Cutting Forces in Machining 

CFRP. Composites 14 4 (1983) 374. 

[85] ,  : CFRP( ) ( 1



)- , , 55, 8 (1989) 1456. 

[86] ,  : CFRP( ) ( 2

)- , , 56, 6 (1990) 1058.  

[87] ,  : CFRP( ) ( 3

) ,  57, 3 (1991) 491-496. 

[88] K. A. Calzada, S. G. Kapoor, R. E. DeVor, J. Samuel and A. K. Srivastava: Modeling and 

interpretation of fiber orientation-based failure mechanisms in machining of carbon fiber-

reinforced polymer composites. Journal of manufacturing processes, 14, 2 (2012) 141-149. 

[89]  /

29 1 (1980) 83-90. 

[90] , , ,  : 

( ), (C ), 51, 463 (1985) 656. 

[91] K. Sakuma Y. Yoko and M. Seto Study on Drilling of Reinforced Plastics (GFRP and CFRP)-

Relation between Tool Material and Wear Behavior, Bulletin of JSME, 27, 228 (1984) 1237-1244. 

[92] T. Yashiro, T. Ogawa, H. Sasahara Temperature measurement of cutting tool and machined 

surface layer in milling of CFRP, Int J. of Mach. Tools & Manuf., 70 (2013) 63 69. 

[93]  CFRP

, (2014), . 

[94]   CFRP

2015 , 

(2015) 407-408. 

[95]  (2011) 95-120. 

[96] CFRP , , 82, 4 (2016) 340-

345. 

[97] U. Heisel and T. Pfeifroth Influence of point angle on drill hole quality and machining forces 

when drilling CFRP, Procedia CIRP, 1 (2012) 471-476. 

[98] Y. Karpat, B. Deger and O. Vahtiyar Drilling thick fabric woven CFRP laminates with double 

point angle drills, J. of Mat. Proc. Tech., 212, (2012) 2117-2127. 

[99] Y. Karpat, O. Bahtiyar Comparative analysis of PCD drill designs during drilling of CFRP 

laminates Procedia CIRP, 31, (2015) 316 321. 

[100] H. ARISAWA, S. AKAMA and H. NIITANI High-performance cutting and grinding 

technology for CFRP (Carbon Fiber Reinforced Plastic), Mitsubishi Heavy Industries Technical 

Review 49 (2012) 4-10. 

[101] S. Jain, and D. C. H. Yang. Effects of federate and chisel edge on delamination in composites 

drilling, J. Eng. Ind., 115 (1993) 398-405. 

[102] H. Hocheng and C. K. H. Dharan Delamination during drilling in composite laminates, J. Eng.  



Ind., 112 (1990) 236-239. 

[103] S. Tamura and T. Matsumura Cutting Force Prediction in Drilling of Unidirectional Carbon 

Fiber Reinforced Plastics, Int. J. of Auto. Tech., 9, 1 (2015) 59-66. 

[104] X. Wang, P. Y. Kwon, C. Sturtevant, D. Kim, J. Lantrip Tool wear of coated drills in drilling 

CFRP, J. of Manufacturing Processes, 15, 1 (2013) 127-135. 

[105] (1989) 105-114.  

[106] H. Hocheng, and C. C. Tsao Comprehensive analysis of delamination in drilling of composite 

materials with various drill bits.  J. of Materials Processing Technology 140 1 (2003) 335-

339. 

[107] H. Hocheng and C. C. Tsao The path towards delamination-free drilling of composite materials. 

Journal of materials processing technology, 167, 2 (2005) 251-264. 

[108] C. C. Tsao and H. Hocheng Parametric study on thrust force of core drill, J. of materials 

processing technology, 192-193, (2007) 37-40. 

[109] K. Y. Park, J. H. Choi and D. G. Lee Delamination-Free and High Efficiency Drilling of Carbon 

Fiber Reinforced Plastics, J. of COMPOSITE MATERIALS, 29, 15 (1995) 1988-2002. 

[110] K. OHASHI, H. MAENO, R. FUJIHARA, S. KUBOTA, M. YOSHIKAWA and S. 

TSUKAMOTO, Influence of Grinding Atmosphere on Grinding Characteristics of CFRP 

(Effect of Soluble Coolant or Liquid Nitrogen Supply), Trans. of JSME Series C, 79 (2013) 

5068-5078. 

[111] H. SASAHARA, T. KIKUMA, R. KOYASU, Y. YAO, Surface grinding of carbon fiber 

reinforced plastic (CFRP) with an internal coolant supplied through grinding wheel, Precision 

Engineering, 38 (2014) 775-782. 

 

  



 

  

  

  

   

 

 

 

 

 

Putra Anggra Agstiant  

 

 

 

  



1. Estimating the cutting characteristics of spiral tap -Tool edge temperature and fluctuation of 

cutting forces-, Key Engineering Materials, 656-657, (2015) 261-265. 

2. Influence of Coating Material on the Curl of Chip in Tapping, Proceeding of International 

Conference on Leading Edge Manufacturing in 21st century, Kyoto, (2015) 215. 

3. Study on Chip Packing Load in Tapping of AISI304 Stainless Steel using a Spiral Tap, Proceeding 

of International Conference on Leading Edge Manufacturing in 21th century, Hiroshima, (2017) 

B14. 

4. Drilling of CFRP with an electrodeposited diamond core drill -Effects of cutting conditions on 

Chip Evacuation-, International Journal of Automation Technology, 10, 3 (2016) 310-317. 

5. Wet Core Drilling of CFRP with an Electrodeposited Diamond Core Drill -Effects of Cutting 

conditions on Chip Evacuation and Core jamming-, Key Engineering Materials, 749, (2017) 58-

64. 


