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Rotation axis

Chip flow velocity ¥,

D,

Cutting velocity V'

Orthogonal cutting ‘
T

Cuttingtrace made by

the prior cutter
Plane containing Vand 7,

Department of Mechanical Engineering
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End mill
Z
v 7 | —x (parallel) ==-==---- X (perpendicular)
(I:Ti?elzlcet(ijon — Y (parallel) --=------ Y (perpendicular)
' 4 A —— Z (parallel) ==---=--- Z (perpendicular)
Workpiece [’ | o
30 |- :u!‘u% <<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<< "; <<<<<<<<<<<<<<<<<<<<<<<<< —
40
Z
)
O O fo
S e
LL .
40 |
-80 [\ B A
| Tl Cutting speed: 50 m/min
120 —) 1"~ Feed rate: 0.05 mmytooth

0 0.01

Axial depth of cut: Imm

Workpiece S
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¢ = exp(0.3323V +225.2¢, +1.864c —1.196)]
7, =exp{-0.1622V —4919.5, +0.289¢ | Cutting speed ¥ = 50 m/min
+20.36(1+0.005c0s2(p—6))} [ Uncut chip thickness # = 0.05 mm
[ =exp(-5797.6¢, + 0.165« —0.297) ] Rake angle o = 20 deg
800 | 60 Workpiece Rolled
direction

: 750 |-
=90 Workpiece

700 |
650

600

150

Shear stress on shear plane MPa

Parallel 120 60
90

Parallel
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— X (parallel) =====--- X (perpend!cular) X T — X dicul
—— ¥ (paralel) ¥ (perpendiulan —} (rateh X perpendioda)
120 Z (parallel) === Z (perpendlcular;h o | — 7 (pargllel) _________ 7 (‘perpendicular)‘
[ Parallel ‘ | ‘
80 ‘ 80
40 40 |-
< z
S ok AT A A S o
£ g
A0 B e e 40
-80 80 |- TN
-120 | Perpendicular | 120 ‘ Perpenidicular ‘
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
Time s Time s
&
Cutting conditions Tool = 1000 1 ‘ 1 0.1 c
o Parallel Perpendicular £
@ 800 | *
Cutting 50 m/min Diameter 10 mm - a
speed 1592 rpm S 600 |— %
< i
. n =
Feed rate 0.05 Radial 13 deg S 400l ANl N =
mm/tooth rake angle Py =
n
Axial depth 1.0 mm Axial rake 30 deg % 200 o freees AN /2 S 10.02 §
of cut angle = . Uncut thp thick : 5
% 0 0.01 0.02 0.03 0.04

Time s
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Drill geometry
Diameter 6 mm | Numbers of edges 2
Helix angle 30 deg. | Material Carbide
Wedge angle | 120 deg. | Thinning X type

Time s
The spindle speed, 1327 rpm; feed rate, 0.1mm/rev.

Chip flow angle deg.

O Thrust (simulation)

[l Torque (simulation)
— Thrust (measurement)

-— Torgque (measurement)

—/~— Chip flow angle
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s /AdvantEdge
Temperature
Chip
Edge
Workpiece

Mises stress

Plastic strain

3.4
Plastic Strair (MPa)

2 32
1.8

Y {(mm})
Y {mmy}

28

00000 ==

16

[
X (mm)

Cutting speed, 50 m/min; Feed rate, 0.1 mm/rev.(0.05 mm/tooth)
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f ~ Machined surface

* | | ~and subsurface

2 3 4 5 6 7 8
X mm

Feed rate, 0.1 mm/rev.(0.05 mm/tooth)

Strain

Strain

2.0

1.5
1.0
0.5
0.0

0.0

Strain in
chip flow
direction

sh

O
w[kﬂﬁhtﬁttmmmmmmmjjj}

0.005 0.01 0.015 0.02 0.025 0.03
Depth from surface mm



OIATMERBEES

Strain

9 Indentation| “ s
' [ <
. omy
go| m
© = |
0 ! !
3 @7 [ n BN, 5 .-II.‘.I ””” i
I [ ‘ : : 1 © [ 3 [ | B
[ | I | | | © | u L |
O e 5—————D—QQ}D—D—DDD]DDDDDDDDDQ T6 .'.w ———————————————————————————— .
0.005 0.01 0.015 0.02 0.025 0.03

o5 i
0 0.005 0.01 0.015 0.02 0.025 003 O
Depth from surface mm
Depth from surface mm
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of 2mm Parallel to the fibers Perpendicular to fibers
Dynamometer ﬂ%
Output

X, Y, Zcomponent
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CFRPDYIHEI A

—— Parallel orientation

100 | Perpendicular orientation Thrust (Z)
280 i
8 f i i
560 € AR R WS- . = .
3% A N R O A | = CFRP Principal (X)
E . | |
S0/ MMWWWWW»MwmrwymwMWWWWM - _

d i | Tl Workpiece CFRP
oL~ i | 'Y
0 0.05 OllTime 2.15 0.2 0.25 Tool Carbide UIS KlO)
— Parallel orientation Rake angle 30 degrees
S0 Perpendicular orientation . ‘s
— H = 3 Cutting conditions

40 R y i ‘k‘v\“““\“““ ‘\“‘ “H“‘H “J‘l“‘u“ ‘!h‘ i “w ,,,,,,,,,,,,,,,, - . .
= | . TR Cutting speed 10 m/min
B30 - S VU AT L W | _
S ya xy\W.wW il o Uncut chip 0.05 mm
o= b T M N T .
220 b froe et thickness
o I : : wﬂ””k\\
= - ..

10 ol o o S Y Lubrication Dry

0 | i |
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Y1815 [A] fik 4 5 7] fiHE A M e A
St TEMER
BEE
Tmm Tmm

PUKTESE, 0.127 mm JIPIYSTESE, 0.077 mm
HABTA, 23.342 deg. B ABTH, 43.237 deg.
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Square end mill
¢ 5mm, 2edges
TiAIN coated

T800 grade
Unidirection

Thickness, 4mm
Width 11.5mm

Cutting conditions

Cutting speed 50 m/min
0.05 mm/tooth

0,90 degrees

Feed rate

Feed to Fiber
angle

TDU Tokyo Denki University,

Department of Mechanical Engineering
Manufacturing System and Processing.Lab:
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- e Cutter feed Fiber direction
Cutter feed Fiper direction G
e
e
e

|
g E
O Tool rotation O Tool rotation

‘
e

250 ‘ ‘ —— Y component 250

—— X component

T T X component
s00l S | ——Y component
3 | ——Z component

200 | 7777777777777777777777 ,,,,,,,,,, 712 component

N

=

1

o
1

=
g O
o O

o

Cutting force N
Cutting force

o
o

N
o
o O
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Piezoelectric dynamometer
9123B(Kistler)

Helix angle

Wedge angle

Number of edge
Diameter
Material
Thinning
Coating

30deg
120deg
2
omm
Carbide
X type
TIAIN
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Workpiece

Plate thickness
Spindle speed
Feed rate
Lubrication
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100 o Thrust (simulated)
1 Torque (simulated)
80 — Thrust (measured)
—— Torque (measured)

Thrust N
Torque Ncm
(@))]
o
I

N D
o o
|
=
= |
s ==
=F
i

P
i mu h ﬂ jwﬁﬂ(l 4 \‘\ ‘ |
0 e - (LTI LTI ""#“t“'ggf'r_m“““

CFRP (commercial material)

1.5

N =2
MSP Lab.

Laminated with fiber orientation at 0 and 90 degrees alternatively

4 mm

2653 rpm (50 m/min at 6 mm diameter)
0.1 mm/rev (0.05 mm/edge)

dry
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Chip flow angle

s TIRERD IS 7145
Stress distribution on
end of lip

Frj,_,e"’fﬁon
stress /

Shear
stress 4

Workpiece
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TDU Tokyo Denki University

Manufacturing System and Processing.Lab:

Magnified are;

pc a@—f = div(kgrad@)— div(pcv6)+ S

t, time; 6, temperature; K, thermal conductivity; p,
density; c, specific heat; v, velocity; S, heat
generation.
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Temperature K

1000 ‘ ‘ ‘ ‘ 1000 1000
800 | e e o e 1800 800
© : ‘ : :
o | | o
< 600 T —+—Temperature | 600 5 600
8 1 : : g : :
o 400 rrrrrrrrr T -| 400 g —o—Normal |{ 400
N —o— Normal 1] ——— Friction
200 || —=—Friction| — E— {200 - S — 1 200
0 - ] O 1 g¢ eeeetccs i O
0 0.2 0.4 0.6 0.8 1 0 0.1 0.2 0.3 0.4 0.5 0.6

Distance mm Distance mm
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120

100

E%EJ 80

g © 60
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— Diameter: 6.00 mm (simulated)
Diameter: 1.43 mm (simulated)
H O Diameter: 6.00 mm (measured) |- b -
[ Diameter: 1.43 mm (measured)

O Thrust (measured)
Thrust (simulated) | :
L1 Torque (measured) | |

Torque (simulated) |

| | /A Flank wear land (measured)
AR S e —— Flank wear land (simulated) -

O 02 04 06 08 1 12 14 1.6O
Time min
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—<—0.0min ——1.0min —*—2.0min
———05min ——1.5min

3.5

2.5

Delamination size mm

270
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Manufacturing System and Processing.Lab:

Fiber orientation
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S S s s W —Jtomm
4 - : : : : : ]
=
=3} / _
2| 01 mm/ TIAIN Coated
T “| .1 mm/rev :
1| carbide
0t =, 1592rpm
6
! 50m/min
4 S
2 | 10mm
* CFRP
=
£0
g ; Diameter 10mm
2| Primary wedge angle 120 deg
? Secondary wedge angle 65 deg
-4
; Helix angle 30 deg
3 ‘ ‘ ‘ ‘ Thinning X type
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Chip flow ang'~ deg

w
ol

30

ngage chisel

e NS

P RN
o U1 O

Thrust N
Torque Ncm

| T h rust 7777777777777 ,,,,,,,, '5---!

———Torque

2 3 4 S

an

Time s
Disengage lips

o O
S s e

&

,,,,, \/

Cutting with all edge >
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—— Edge 2

5
Slngleangledrlll N /

Iouble angle dr{l

3 by ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Height mm

Height mm
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90
i 120 60 361 120 60
3-4 - 3.4 |
32 3.2 |
E 3 . 0 £75 ] 30
g 2.8 [ - 8 28l & N
226 cc526
i) 2.4 - 0 9 2.4 0
© X3 'Es' 55 53
£ £
8 21 30 2 210 330
—C—Single angle [— —O—Single angle [—
—e— Double angle — 300 —e— Double angle — 300
90
. 210 36, 120 60 270
Cutting time: 1 min 34| Cutting time: 2 min
3.2+
E 5| 30
© 28|, .
S 2.6 :
524 0
5
£ - %
£
<
A 210 330
—O—Single angle [—
—e— Doubl le —0o, 300 i . i
e Cutting time: 3 min
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. Ti6Al4V
y 16 Helix angle 20deg

CFRP/Ti & DE

-

Wedge angle 120deg
Number of edge 2
Diameter 6mm
Material Carbide
Thinning X type
N k Coating TIAIN

Continuous curled Ti chips scratch the
chip of Ti finished surface of CFRP
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Manufacturing System and Processing Lab:

1mh

CFRP with the carbide tool
¢=exp(0.11491+30470¢,+0.04850-2.708)
7.=exp(-0.6737V-4679¢,-2.1820+18.87)
F=exp(-0.1643V-1132¢,+1.7420-0.452)

Ti6AIl4V with the carbide tool

¢=exp(0.31941V+579.7¢,+0.6553a-1.399)
dmm z.=exp(-0.3204V-145.3¢,-1.016+20.64)
F=exp(-0.05821-2159¢,+0.18240-0.234)

¢ shear angle;

600 1 1 1 1 zs, shear stress on shear plane
B, friction angle
°00 |- - SRR S — | ¥ cutting velocity
c | 1 | ‘ t;, cutting thickness
% 2 400 ‘ C ”””” FD """""""""""" | o, rake angle.
g % 'UH}‘\‘\H\“HVHU“‘I"‘WN\\9‘1“‘f1““\\lw‘\\\\‘U‘Uw ‘,} """ A .
c o i | il
S 20— . g | [N i
|_
0 ) 10 15 20 25

-
Cutting speed, 10m/min;”?eee§l rate, 0.05mm/rev



Thrust N
Torque Ncm

Thrust N
Torque Ncm

500

0 5 10 15 20 25

Time(<)

Speed, 10m/min; feed rate, 0.05mm/rev

600

500

w b
o
o

N

o
o

0 2 4 6 8 10 12

————————————————————————————————————————————————————————————————————————————————————————

Speed, 10m/min; fe_éd ré&e, 0.1mm/rev

Thrust N
Torque Ncm

Thrust N
Torque Ncm

SEEMOUBEI 2L — 3y

TDU Tokyo Denki University,

Department of Mechanical Engineering
Manufacturing System and Processing Lab:

600 — e ©  Thrust(simulation)
| O Torque(simulation)
500 - A -— Thrust(measurement)
400 | —— Torque(measurement)
300 j= - . 1
: e W
200 = o RS . W‘ """""""" 2
1 & .-
100 ‘ o —_—
- N O v N’M """"" 7
appP@@© i b
;,m«(((((l (€ | ||||||||||II| |IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIEITWFWIFF%WFF b
O |||‘|’|’||||||||||||||||||||II|||||||||||||||||||||||||||||||||||||||||||||||||||||III é """""""" 8 rrrrﬁm"“"“""“"_
Time(s)

Speed, 25m/min; feed rate, 0.05mm/rev
600 p— - ] - ]
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Geometry of step drill
Helix angle 20deg
Wedge angle at point 118deg
Wedge angle at step 180deg
Number of edge 2

Diameter for pre-machining  4mm

Diameter for finish 6mm
Axial length of point - step  10mm
Material Carbide
Thinning X type

Coating TIAIN
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Spindle speed, 531 rpm; feed rate, 0.025 mm/rev
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Spindle speed, 531 rpm; feed rate, 0.050 mm/rev
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Cutting forces of step drills
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Step drill Single edge drill
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mm mm

Cutting speed, 531rpm(10m/min at 6mm diameter)
feed rate, 26.55mm/min(0.05mm/rev)
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Workpiece, CFRP(supplied by Toray)
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14 B Conventional drill
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S531-F13.275 S531-F26.55 S1061-F26.55 S1061-F53.05

Conditions
Workpiece, Ti-6Al-4V(supplied by FHI)
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Conditions
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With Step drill

Twist drill, wedge angle 118deg

VWith step drill
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