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BACKGROUND

The need for micro fabrication on glass materials, for ex-
ample a chemical inspection plate and micro molding die, has
been increasing. Glass machining is one potential approach
for micro fabrications. It can realize more effective and safer
operation than the conventional manner such as etching pro-
cess ' Many studies have tried to cut glass with a shaping
process to observe the cutting phenomenon. However, this
process cannot achieve a high machining rate because the
cutting depth is restricted to less than a micrometer to perform
ductile mode cutting. Other approaches such as the milling
process have been studied to achieve a high production rate
with increasing flexibility compared with the shaping process
(431 The author has proposed a glass cutting with a small
-diameter milling tool (ex. Fig. 1) and reported machining
characteristics that are evaluated by cutting experiments!®”.
With optimal cutting conditions, micro milling can machine
the glass material without a brittle cracking as shown in Fig. 2.

Recently, the author is investigating the effect of a tool edge
roughness on the brittle cracking in glass milling. The pre-
vious experiments showed that brittle cracking is affected by
the tool edge roughness™. It is concluded that the edge
roughness changes conditions of tool engagement and mate-
rial stress distribution. In this study, cutting experiments are
performed by a mono-crystal diamond milling tool with which
edge roughness is re-dressed as the artificial “roughness”
shape by focused ion beam machine tool. To evaluate the
change in cutting thickness by a re-dressed tool, the author has
proposed the calculation method of cutting thickness in the
ball endmill process in previous announcements ). This
method can simulate the change in cutting thickness which
takes into account edge roughness and tool attitude. The
method, however, can only calculate the change in thickness
in straight grooving because the tool attitude and feed direc-
tion are assumed as the constant. The free-form surface is
machined by the ball endmill process and the attitude of
milling tool is changed by the cutter locus. For example, in the
milling process by a multi-axis control machining center,
although the cutting tool is fixed on the machining coordinate
by the spindle head, the attitude of the ball endmill is changed
by the motion of motor stages. The cutting thickness is
changed by the tool attitude and motion and a cutting condi-
tion such as a cutting force is also changed. To evaluate the
change in cutting thickness in the cutting process of free-form
surfaces, a numerical calculation method is developed for
cutting thickness which takes into account change in tool
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Fig. 1: Carbide ball endmill

Specifications: material, carbide; radius of curvature, 0.5 mm;
neck length, 2.9 mm; helix angle, 30 deg; and coat material,
TiAIN.

Fig. 2: Surface machined by carbide ball endmill
Cutting conditions: Tool, R0.5 TiAIN coated ball endmill; material cut,
soda lime glass; feed rate, 0.48 mm/min, rotational speed, 20000 rpm,
feed rate per edge, 12 nm/edge; cutting speed, 31.4 m/min; depth of cut,
50 pm; and lubrication, water.
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Fig. 3: Change in tool attitude by locus

attitude and tool locus. This report proposes a new-developed
method and discusses the calculation results with the proposed

method.
(¢) Viewed from inclined rotational axis Z*

Fig. 4: Geometry of milling process with inclined ball endmill
CALCULATION METHOD FOR CALCULATING CUTTING

THICKNESS
Fig. 3 shows the motion of a ball endmill in the milling Tilt angle ¢
process. In the new-developed method, the milling tool is Angular Lead angle ¢
fixed on the coordinate system of the machine tool (described velocity '

as X, Y, Z) at any posture and the tool attitude changes by the Cutting chip
tool locus. As shown in Fig. 3, the fixed milling tool inclines
to +X direction of the coordinate system of the machine tool
X-Y-Z at a lead angle of 8 and to +Y direction at a tilt angle of
@, respectively. The milling tool with the nose radius p is then fed
to +X direction of the machine tool coordinate system at a feed rate
of f'and rotational speed of w, respectively. In this situation, the
tool attitude in machine coordinate (X, Y, Z,) is described by
the following equations:

on machined surface Q
Y’ Feed rate f

Point on cutting edge P

Cutting thickness t,
Edge height hp

X, =sinf
Y, = cos6-sing Fig. 5: Schematic of chip removal in the milling process
Z, =cosf-cos¢ 1
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If the center of the ball nose moves from point A (Xa, Ya, Za)
topoint B (Xg, Yg, Zg) as shown in Fig. 3, the angles of tool

locus (vector AHB) a and f are described by the following
equations:

a:tan'{ Zs ;ZA -
\/(XB_XA) +(YB_YA)

o

According to these equations, the tool attitude in the coordi-
nate of tool locus (X”, Y”, Z”) as shown in Fig. 3 can be de-
scribed as follows:

YB_YA
XB_XA

)

X", =cosa-cosfB-X,+cosa-sinf-Y, —sina-Z,
Y' =—sinf-X,+cos -7,

Z",=sina-cos - X, +sina-sinf-Y, +cosa-Z,

€)

Based on Eq. (2), a lead angle of &, and a tilt angle of ¢, of
milling tool in a coordinate of tool locus are described as
follows:

6, = tan{X :
zZ

"
t

"2 "2
NX"T+ZY

If the locus in the coordinate system of the machine tool is
divided by the unit time and approximately as a line, the
change in tool attitude can be calculated with these equations.
And the change in cutting thickness in the milling process can
be simulated by a calculation method introduced in previous
announcements ). This method calculates a change in the
cutting thickness by the locus of the cutting edge at any tool
attitude. Fig. 4 shows the schematics for the cutter locus in the
milling process viewed along X-axis (a), Y-axis (b), and
center axis of milling tool (c), respectively. In this figure, P is
the point at which the cutting edge removes material. In this
situation, the location of the P (Xp, Yp, Zp) in the machine
coordinate system X-Y-Z is given as follows:

n
t

, @, =tan”
j 4 @)

x,=R,-cosf, cos(wt—y)+h, sinb, + f-t
y,=-R,-cosp, sin(wt—y)

—R,-sing, -sind, -cos(wt—y)+h, sing,-cosd,
z, =R, sing, sin(of -y)

—R,-cosg, sing, -cos(wt—y)— A4,

+h,-cosg, -cosb, +p-(1—cosgo~cosé’)
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Fig. 6: Locus model in calculation tests

Table 1. Cutting conditions in calculation

Condition Value
Number of wave period 12
Locus amplitude 4,, mm 0,0.1,1.0

Radius of locus R, mm 12.0
Lead angle 6 deg 0,45
Tilt angle ¢ deg 0,45
Feed rate mm/min 0.48

Rotational speed rpm 20000

Lead angle do;; deg 180
Time step sec 5x107

In Eq. (5), y is the delay angle of Point P to the bottom of the
cutter, ¢ is the cutting time. Fig. 5 illustrates the schematic of a
chip removing process by the inclined ball endmill. In this
figure, point Q is the crossing point between the rotational
radius of the P and machined surface at the previous cutting.
The location of Q (Xq, Y, Zg) in the machine coordinate is
given as follows:

Xy =R, -cosd, ~cos(a)~(t +At-do; /a))— 7o)
thy-sing, + f-(t+Ar—d5, | o)
Yo =—R, cosgp, ~sin(a)~(t +At—do, /a))—yQ)
— R, -sing, -sin 6, ~cos(a)(t +At—do; /a))— 7o)
+hy-sing, -cosb, -(6)
zp =R, -sing, ~sin(a)~(t+At—d§i, /a))—yQ)
—R,-cosp, -sing, ~c0s(a)(t +At-do; /a))— 7o)

— A, +hy-cosg,-cos b, +p-(1-cosp,-cosé,)

Where At is the delay angle of Point P to the bottom of the
cutter, ¢ is the cutting time, and dd; is the lead angle of the
previous cutting edge for the recent cutting edge. According to
these functions, the change of cutting thickness #p in the
milling process is calculated by the following:
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Fig. 7 Change in 6, and @, by the locus amplitude A,, and tool inclination angles 6 and ¢

=R, —[(xQ —ft)cos 0,
- {zQ —p(1-cos 6, )}sin 6,1sin(wt - y)+ Yo cos(wt —y)

If tp is negative, the cutting edge does not cut the material in
Eq. (7). The simulation is performed by dividing the cutting
edge into small segments. The rotational radius R, in each
segment is determined with the actual (or theoretical) shape of
the cutting edge. By calculating the cutting thickness at each
time step with calculated tool inclination angles, the time se-
ries of the cutting thickness can be calculated in any tool locus
and attitude.

CALCULATION RESULTS OF TOOL ATTITUDE

488

To evaluate the validity of the proposed method, the fol-
lowing calculation tests are performed. Fig. 6 shows the tool
locus in tests. The locus is formed as the sine wave circle
around the origin of the coordinate. In tests, the radius of locus
R.in Fig. 6 is 1 mm and the amplitude of sine wave 4,,in Fig.
6 is changed at 0, 0.1 and 1.0 mm, respectively. And the ball
endmill with a nose radius of 0.5 mm and helix angle of 30
degree is fixed on the machine tool at various inclination
angles. The inclined milling tool moves along the locus at a
feed rate of 0.48 mm/min, at a rotational speed of 20000 rpm
corresponding to an angular velocity of 2094.4 rad/sec. The
depth of groove is constant at 0.05 mm, because it is assumed
that the top surface of the workpiece has the wavy shape
corresponding to the tool locus in this test. The calculation is
performed by a personal computer at the unit cutting time of
5x107 sec. Cutting conditions in calculation tests are
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Fig. 8: Edge shape model in numerical simulations

Table 2. Parameters of determined edge models

No. A nm | A, deg Number of edge points
1 0.0
0.5 10000
2 500.0

Table 3. Cutting conditions in calculation

Condition Value
Locus amplitude 4,, mm 0,0.5,1
Radius of curvature of endmill p mm 0.5
Number of cutting edges 2
Depth of cut 4; mm 0.02
Lead angle 6 deg 0
Tilt angle ¢ deg 0, 15, 45
Time step sec 3.3 x107

*Qther cutting conditions are the same as in Table 1.

summarized in Table 1. Fig. 7 shows the time series of lead
angle 6, and tilt angle ¢ , at various inclination angles and the
locus amplitude 4,,. As shown in Fig. 7(a), only the change in
@, can be recognized, the change in ¢, is not recognized at
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Fig. 9: Changes in the actual cutting area by the wave amplitude

Conditions: ¢=0 deg.
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Fig. 10: Changes in the actual cutting area by the tool inclination
Conditions are the same as those in Fig. 9 (c) except the tilt angle.

the fand ¢ =0, because the tool is always perpendicular to the
XY plane. However, if the tool inclines in any direction as
shown in Fig. 7 (b) (¢) (d), the ¢, is also changed by the tool
locus. At the locus amplitude 4,, of 0 mm, the 6, and ¢ ,are
smoothly changed to correspond to the circular locus. On the
other hand, if the locus amplitude is increased, a wavy change
can be recognized only in the lead angle &, corresponding to
the wavy locus since the tool feed direction is parallel to the Z
direction at any time in this locus model.

CALCULATION RESULTS OF CUTTING THICKNESS

The cutting thickness is calculated with the tool locus
model illustrated in Fig. 6. Calculation tests are performed
with simple sine-wave edge models as shown in Fig. 8. In this
figure, 4 is the amplitude of the sine-wave, and ¢, is the angle
between the rotational radius of point P and the center axis of
the tool. 4, is the pitch angle of the wave shape. The edge
shape is described as follows:

{RP =J(p,)= (p—A+A~sin(2ﬂ(pp //'i$))~sin(pp
h,=G(p,)= p—(p—A+ A-sin2ze, /ﬂw))-coswp

489



8th ICOMM, March 25-28, 2013

€ %90 1" Cutting edge 1
j; 400 L i = cﬂm‘zg id@ 6,~45.0 deg.;
; 300 ﬁ @, = 1.0e-5 deg.;
2 200 |- ‘ ‘ hp(Max) =259.6 um;
T 100 ; i hp(Min) = 146.4 um.
[0} i :
£ 070002 00025 0003 00035 0004 0.0045
° Time sec

(a) 9x10-5 sec (near P;)
g 50 Cutter Height _ .
:LQ_ 400 | cﬁnZHZESm Eﬂ. 6, =1.0e-5 deg ;
= 300 @, ~45.0 deg.;
S 50 hp (Max) = 259.6 pm;
T 0 ‘ hp (Min) = 60.5um.
@
L= %5002 00025 0003 00035 0004 0.0045
© Time sec

(b) 3534.3 sec (near Py

Fig. 11: Changes in the actual cutting area by the cutting time
Conditions: Aw=I mm, ¢g=45 deg.
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Fig. 12: Changes in the actual cutting area by the amplitude A
Conditions: Aw=I mm, ¢=0 deg.
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Fig. 13: Cutting thickness on cutting edge at 9.0 x 10-5 sec
Conditions are the same as those in Fig. 12

In cutting simulations, cutting edges remove the smooth sur-
face to determine the actual cutting area on the cutting edge
and cutting thickness. The wave amplitude is changed to 0 and
500 nm the same pitch (¢,=0.5 deg) to observe the effect of
the edge roughness. Parameters of edge models and cutting
conditions in the calculation tests are summarized in Table 2
and 3.

Fig. 9 shows the change in the actual cutting by the wave
amplitude Aw at a cutting point P, as shown in Fig. 6. In this
figure, the calculated inclination angles 6,, ¢, and maximum
and minimum cutter height /1 are also described. Although the
milling tool does not incline to the Z direction, the actual
cutting area is widely changed by the wave amplitude because
the inclination of the tool locus to the XY plane in the machine
coordinate is increased by the wave amplitude. Fig. 10 shows
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the actual cutting area at the tilt angle ¢ of 15 degrees. In this
figure, other cutting conditions are those in Fig. 9 (c). In this
case, the lead angle 6, becomes about 60 degrees, corre-
sponding to the increasing of tilt ¢. Fig. 11 shows the change
in the cutting area by the cutting time (9x10 sec (near P),
3534.3 sec (near P,)) at @ of 45 degree and 4,, of 0 pum. The
actual cutting area is widely changed with inclination angles
6, and ¢, by the tool locus, although the locus does not change
in the Z direction. According these results, the new method
can simulate changes in the tool attitude by changes of the tool
locus and attitude.

Fig. 12 shows changes of the actual cutting area by the am-
plitude of cutting edge roughness A. In this figure, other cut-
ting conditions are those in Fig. 10. The actual cutting area is
decreased at the amplitude of 1 um because the cutting
thickness is much less than the cutting edge roughness, actual
cutting is occurred only the top of the roughness wave. Fig. 13
shows change in the cutting thickness by the edge roughness at
the cutting time of 9.0 x 10” sec when the maximum actual
cutting area has occurred in Fig. 12. As shown in this figure,
the cutting thickness partially changes by the increasing of the
edge roughness corresponding to Fig. 12. According to these
results, the new method can calculate the change in the cutting
thickness by the change in the cutting edge roughness.

CONCLUSION

This report proposes a new-developed method and discusses
the calculation results. By the proposed method, cutting
thickness can be calculated which takes into account change in
tool attitude and tool locus to evaluate the change in cutting
thickness in the cutting process of free-form surfaces. In
calculation tests, it is shown that tool attitude and actual
cutting point change with the tool locus.
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