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Analysis of Shear and Friction chacteristics in End milling

with variable cutting condition (Part 1 Up-end milling)

Young Moon Lee*, Seung Han Yang', Ming Chen", Seung Il Jang™"
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! Abstract ]

In end milling processes, characterized by use of rotating tools, the underformed chip thickness
varies periodically with the phase change of tool. In current study, as a new approach to analyze
"shear behaviors in the shear plane and chip-tool friction behaviors in the chip-tool contact region
during an end milling process. In this approach, an up-end milling process is transformed into an
equivalent oblique cutting process. Experimental investigations for two sets of cutting tests i.e..
up-end milling and the equivalent oblique cutting tests were performed to verify the presented
model.
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1. Introduction periodically with the cutter rotation during the
cutting  process. Martellotti’  established the
End milling is an intermittent cutting process geometric relationships between the tool path and
performed by a rotating tool while workpiece is the cutting variables in the intermittent cutting
clamped onto a table and feed action is obtained process of milling. Tlusty and Macneil® presented
by moving the table. The undeformed-chip a mechanistic model for the prediction of cutting
thickness and cutting-force components vary forces by multiplying an undeformed chip area
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by specific cutting forces in up-end milling, and
verified the validity of the model by comparing
computed cutting forces with the measured ones .
In a metal cutting process, a chip is produced due
to concentrated shear processes that occur at very
small intervals in an extremely limited region,
referred to as the shear zone. This chip then
experiences severe friction with tool rake face
before being externally discharged.

Therefore, the study of a cutting process is based
on an analysis of the shear process in the shear
zone and the friction process in the chip-tool
contact region.
Merchant® developed an orthogonal cutting
analysis that yields a collection of equations
enabling the shear and friction processes of
two-dimensional continuous cutting to be analyzed.

1@ analyzed shear and friction processes

Shaw et a
in oblique cutting and investigated the effects of
cutting variables through a series of cutting tests.
Recently, Lee et al® presented a procedure for
analyzing shear and chip-tool frictionprocesses using
a single point tool. The edge, including a circular
nose, is modified to an equivalent straight one,
thereby reducing 3-D cutting with a single-point
tool to an equivalent oblique cutting. Many
¥ have added their efforts to a

fundamental understanding of intermittent cutting

researchers

processes but no analysis of the shear and friction
processes has yet been attempted.

Accordingly, in the present paper, the shear and
friction characteristics of an up-end milling based
on an equivalent oblique-cutting model has been
analyzed and experimentally verified.

2. Up-end milling model
2.1 Cutting model
Figure 1 shows a three-dimensional model,

including a two-tooth cutter, of an up-end milling
process along with the geometrical relations

between the tool and workpiece. The maximum
undeformed chip thickness, /ma: is represented by

Eq.(1).

(a) (b)
Fig.l. (a) Schematic and (b) cross section of
up-end milling process.

B =7\ (r—a)*+ [V 2= (r—a)' =St (1)

In up-end milling, ¢ 1is the tool rotation angle
from the base position 0. ¢ , is the rotation angle
when 4 reaches the maximum from the base
position 0, and ¢, is the rotation angle when a
cutting edge escapes from the workpiece. ¢ ; and
¢ can be expressed by Egs(2) and (3),
respectively.

$, = cos "l(r—:;a;) 2)
¢y = cos "{(L=2) 3)

r

2.2 Equivalent oblique cutting model in up-end
milling process

To establish an equivalent oblique cutting system
equal to an end milling process, the cutting and
tool geometrical variables must be matched.

Oblique cutting is the simplest type of three-
dimensional cutting processes achieved by a straight
cutting edge that is inclined to the coordinate axis
perpendicular to cutting velocity vector.

Figure 2 shows a cutting model and unfolded
undeformed chips along the workpiece movement
direction of up-end milling.
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(a) (b)
Fig. 2 (a) Cutting model and (b) spread model of up

end-milling process.

In the spread end milling model, the cutting
edges meet the z axis with a helix angle(8),
which corresponds to the inclination angle(y) in
oblique cutting.

Plus, the radial rake angle &, in end milling
equals the velocity rake angle <, in oblique
cutting. Considering constant intervals are assumed
between consecutive cuttings in the spread end
milling model, total unfolded length(L) and average
undeformed chip thickness(k,) can be determined.
The éverage undeformed chip thickness, ha is
determined on the basis of the same volume of
chips produced in an end milling and the
equivalent oblique cutting process, as in Eq.(4).

a S,z
haa™g— @

Where d is the tool diameter, z is the number
of teeth, S, is the feed per tooth, and a is the
radial depth of the cut in the end milling.

The axial depth of cut b and cutting velocity V
in an end milling equal the width of cut » and
cutting velocity ¥ in equivalent oblique cutting,
respectively. Accordingly, the intermitient cutting
process can be reduced to an equivalent continuous
oblique cutting process with a constant undeformed
chip thickness(a).

2.3 Cutting forces in up-end milling process

Figure 3 shows a cutting force model of up-end
milling, where Fi., F,, and F; are the vertical,

horizontal, and axial cutting force components,
respectively, and F, and F, are the radial and
tangential cutting force components, respectively.
The cutting forces must be calculated for each
tooth as a function of the cutter rotation angle. The
total forces are obtained by summing the forces of
the teeth engaged in cutting. The relationship
between the forces can be expressed as in Eq.(5).

. (@ )
Fig. 3. (a) Coordinate system for cutting force

components and (b) spread undeformed chip
cross-sections in up-end milling.

F, cosg —sing 0] F,
F,|=| sing cos¢ 0] F, (5)
F, 0 0 1l F,

The infinitesimal radial and tangential cutting
forces(dF, and dF;) acting on each tooth are
obtained by multiplying the infinitesimal uncut chip
area by the specific cutting forces(k, and k), as in
Egs.(6)and (7).

dF ,= k,dA= k hdz )
dF = kdA= k. hdz N

Where d; is the infinitesimal axial depth of the cut
given by Eq.(8).

I

dz= tan A do ®)
To determine the undeformed chip thickness(h),
the cross section area of the uncut chip, ie. the
shaded area in Fig.3(a), is replaced with an
equivalent shaded area with straight base as in
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Fig.3(b). When ¢ is between the starting point 0
and ¢ ,, h can be expressed as in Eq.(9).

0<C @< ¢ h=s,c08(90 —¢) =s;sind (9)

If ¢ is between ¢ | and ¢ ,, & is expressed as in
Eq.(10).

h= r(l °°S¢2) (10)

cos ¢

¢ < ¢ < ¢

Figure 4 shows the replaced cross section of the
uncut chip including a straight base and 5 intervals
where the positions of the cutting edge are
distinguished from one another, which is necessary
when estimating the cutting forces according to the
phase change of tool. The cutting edge is a straight
line inclined by f and moves from left to right,
where, ¢ 3, ¢ 4, and @ 5 are as in Eq.(11).

gi=btanBlr, ¢, = $3+ ¢, ¢ = &3+ ¢ (11)

When substituting dz and A of Eqgs.(8), (9), and
(10) in Eqgs.(6) and (7), and combining with Eq.(5),
the cutting forces for each interval can be obtained
as follows.

[0, ¢,] interval
F.,= f‘( k — : : I
= (cosp— k,sing) sing s, ta.nﬂd¢
F,= [ "Ck,sing+ k,cosd) sing sl (12-1)

[, #,] interval

¢
= [ Ckicosd=kising) 1 (1~ 58 plade

LN
+f0 ( k,cosg— k,sing) sing S'tan_rﬂ ¢

¢
= f‘l( k. sing+ kocosd) r (1— g (12-2)

'
+f° (kesing+ kecosd) sing s—prg dé

[#,, #3] interval

cos¢

L
= [, (keeosg=kising) r (1- <282 Lodp

.
+f0 ( k,cos¢— k,sing) sing s‘ﬁﬁ

cos 4,
cos$ Y tanﬂd¢ (12-3)

+
+fn ( k,sing+ k,cos¢) sing S‘W d¢

¢
= f‘ ( k. sing+ kycosd) r (1—
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Fig. 4. Cutting edge positions relative to rotation
angle of tool in up-end milling.

[#3, ¢,] interval

cos ¢2)

42
= [, Ckicose— kising) 1 (1-~05) 4k

dé
LY
+J,- "( k,cos¢— k,sin¢g) sing s,m d¢

cos ¢
csé ) tang 99(12-4)

LA
+ - "( k,sing+ k,cos¢) sing s‘md¢

é2
= f‘ ( k,sing+ kcosg) r (1~

[ 44, ¢s] interval

¢
F,= f‘_ "( k,cosg— k,sing) r (1—

cos ¢ tanﬁ

cos ¢z) d.15(12-5)
cos¢ ' tanf

L2
F,= f‘_h( k,sing+ kecosg) r (1—

3. Cutting experiments

Two sets of experiments tests i.e., up-end milling
and equivalent oblique cutting tests were performed
to verify the validity of proposed force model
under various cutting conditions.

End-mills of 8mm diameter with 20° helix angles
were used in the end milling tests.

The cutting tool in equivalent oblique cutting was
a TT1500 insert with a chip former designated as
20° inclination angle.

Table 1 shows the cutting test conditions of
up-end milling and equivalent oblique cutting. The
three cutting force components were measured using
a piezo-type tool dynamometer and the force
signals were digitized and stored using a
micro-processor-controlled data acquisition system.
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Table 1 Cutting conditions

Up-end milling
Work material SM45C
Radial depth of cut, a (mm) 3
Axial depth of cut, b (mm) 2
Cutting velocity, ¥ (m/min) 102, 159, 22.5
Radial rake angle, o, (deg.) 6
Helix angle, £(deg.) 20
Number of teeth, Z 2

Feed per tooth, S, (mm)
0.2051,0.2302,0.2428,0.2554,0.2805

Equivalent Oblique cutting

Work material SM45C
Width of cut, b (mm) 2
102, 159, 22.5

Cutting velocity, ¥ (m/min)

Velocity rake angle, @, (deg.) 6

Inclination angle, i (deg.) 20

Undeformed chip thickness, A, (mm)
0.049,0.055,0.058,0.061,0.067

4. Results and discussions
4.1 Cutting forces

Substituting  the
components, F; and F, for Eq.(12), the specific

measured  cutting  force

cutting forces, k and & can be obtained. The
tangential(F) and radial(F,) cutting forces are
estimated by multiplying the undeformed cut area
by the specific cutting forces. In the equivalent
oblique cutting model, the main(F)), the feed(F),
and the thrust(F,) cutting forces correspond to the
tangential(F;), the radial(F;), and the axial(F;)
cutting forces of the end milling model,
respectively. Fig. 5 shows the measured forces(Fs,
F,), and tangential and radial forces(F,, F)), with
the lowest (0.2051mm/tooth) and largest (0.2805mm
/tooth) feed per tooth and the lowest(10.2m/min)
and largest(22.5m/min) cutting velocity based on
the given conditions. Figure 6 shows the averaged
end milling forces and measured forces of the
equivalent oblique cutting versus the equivalent
underformed chip thickness and cutting velocity.

There was no significant difference between the

two sets of cutting forces. Therefore, as a first
approximation, the appropriateness of analyzing the
friction and shear processes of an intermittent
cutting using the equivalent oblique cutting system
was confirmed.

B85 8Bl

Measured Force (N}

000 005 010 015 020 025 0.30 035 040
000 036 010 G.15 020 025 030 035 0.40 Time{sec)

Time{sec)

(a) Vel. = 15.9m/min

1600

1200 b el
raz
z = h g
X LR
0 = —
g g
°
-« g 0
-0 wolf i
420
a
0000050.100.150.200250.300.350400450.50 0.000.050.100.150.200.250.00.350.400.45 0.50
Tirre(sec) Time(sec)

(b) S: = 0.2302mm/tooth
Fig. 5. Measured forces and tangential and
radial forces(F, and F,) in up-end milling.

w0 nd:-nn: = 1 o :-oﬁf -
4w S otfcum sty z""" 400 = eqivalart otiicue cutting
b et 3R oy A
f 200 f 200
T ——— e
S w g . -~
o [
t— e e 4
004 0052 0056 0060 6.064 00B8 0072 KR XK
‘Equivelart urdieformad chip thickness, h_{rivn) Custing velocty, Wrntrin)

(a) Vel. = 15.9m/min  (b) S; = 0.2302mm/tooth
Fig. 6. Average cutting forces in up-end milling
and equivalent oblique cutting.

4.2. Shear and friction characteristics

Table 2 shows the shear and friction characteristic
factors in the up-end milling and the equivalent
oblique cutting under the given cutting conditions
presented in Table 1. The factors were calculated
by substituting the replaced cutting forces into the

1.

oblique cutting mode The friction forces and

specific friction energies consumed in the end
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milling process were somewhat larger than those
consumed in the equivalent oblique cutting.

While the shear forces and specific shear energies
were vice versa. In case of vel.=15.9m/min, 66 ~
68% and 70 ~ 71% of the total energy was
consumed in the shear processes in the end miiling
and the equivalent oblique cutting, respectively.

In case of S=0.2302mm/tooth, 70 ~ 72% and 75
~ 72% of the total energy was consumed in the
shear processes in the end milling and the
equivalent oblique cutting, respectively.

In addition, the specific cutting energy decreased
with an increase in the undeformed thickness and
cutting velocity in the end milling process. As
such, these results coincided well with those of

previous studies™®.

Table 2 Shear and friction characteristics
(a) Vel. =

15.9m/min

q 1752 ~ 1995 | 161.8 ~ 173.8
8127 ~ 717.8 | 783.3 ~ 682.1
189.9 ~ 230.8
1957.7 ~ 1736.8
2711.8 ~ 2315.1
0.34 ~ 0.32 0.29 ~ 0.30
0.66 ~ 0.68 0.71 ~ 0.70

179.6 ~ 163.4
683.5 ~ 691.9
227.9 ~ 196.5

2076.6 ~ 1803.9

.312760.1 ~ 2495.8

0.25 ~ 0.28
0.75 ~ 0.72

0.30 ~ 0.28
0.70 ~ 0.72

5. Conclusions

The ecquivalent oblique cutting model has been
proposed to analyze the friction and shear processes
of an up-end milling process which has not been
attempted previously. The model was verified
through two sets of experiments.

The experimental results show that the proposed
model is suitable to analyze the shear and chip-tool
frictional characteristics of up-end milling process.
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