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Optimization of Ball End Milling Feedrate considering Variation of
Slopes in the CNC Machining of Sculptured Surfaces

Hee-young Maeng, Jang-sang Yoon"

Abstract

This study presents the analysis of ball end milling machinability and its application to the
determination of the optimum feedrate in the CNC machining process of sculptured
surfaces. The methods which estimate the cutting force system is approached
experimentally. The estimation strategy, named technological processor, was applied to the
machining process of sculptured surfaces for finding optimum variable feedrate. From the
result of practical implementation for the test model, it is ascertain that the technological
processor have brought the dispersion of force profiles. As compared with conventional
imposing of cutting conditions, the machining time has reduced by more than 60%.

Key Words: Sculptured Surfaces, Ball End Milling, Variable Feedrate, Technological
Processor, Machining Time, CNC Machining.

1. Introduction

The sculptured surfaces have long been
machined by using the ball end mill cutters in the
aerospace and die/mold industries. Most of them
are recently worked on the CNC milling machines
or machining centers owing to the advances in
CAD/CAM technology.

As compared with other machining operations,
the ball end milling process brings the fall-down of
machinability that is easy to cause the chipping
near the cutter tip. It is, therefore, somewhat
difficult to increase the operating parameters, such

as feedrate. There have been several Japanese
researches” ™ which studied on the ball end
milling ability and cutting performance for the
various types of ball mill geometries. However,
most of their studies are localized on the simple
model testing to get the machinability data in the
case of inclined milling or oblique cutting
mechanism., Wang® attempted a solid modeling
approach to optimize the metal removal rate of
3-dimensional NC end milling, and Armstrong”
et al. have achieved the numerical code
generation from a geometric modeling system.
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Maeng et al® have studies the fundamental
analysis about the cutting force system, cutter life,
and economic cutting speed using the cutting
parameters shown in Fig. 1 in the ball end milling
of sculptured surface model. This results was used
to impose the machining conditions in the
rough-cut NC machining process by applying the
chip load to the solid modeler or invasive
machining process.
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Fig. 1 Cutting parameters used to machine
sculptured surfaces.

When the cutting analysis is applied to NC
cutter path planning of sculptured surface, it is
required a practical estimation modeler and an
abundant machining data, which could be used in
the real time estimation procedures. The modeler of
machining for sculptured surfaces requires the
geometric parameters, such as pickfeed direction
and feedrate direction, in addition to the
elementary operating parameters, such as the axial
depth of cut and cutting width.

In order to overcome the above requirements,
this study constructs the methods that estimate the
cutting force system by the new approach model,
and then determine the cutting speed by using the
cutter life equation during the process optimization
stages.  Also, this approach is proved
experimentally to be adequate for the practical use
from an accuracy point of view and for the real
time application. The technological processor, as is
shown in Fig. 2, is applied to the determining the
variable machining conditions during the NC path

generation process of sculptured surface models.
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Fig. 2 Process diagram of process optimization
module.

2. Evaluation of cutting force system

2.1 Average cutting force system

During the ball end milling process, the force,
acting on an infinitesimal cutting edge, is made up
of two components, one of which is a component
proportional to the undeformed area of cut, and the
other is a component proportional to the length of
cutting edge engaged™ ” The cutting force system
acting on a spiral edge could be determined by
transforming the local chip load to the fixed
coordinates, and then integrating along the axial
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depth of cut. The average cutting force system
therefore could be estimated by further integrating
these components during one revolution, and by
superposing for the m-pieces of cutting edge.

As a result, the average cutting force system
could be expressed in down milling by defining the
integrated factors as cutting action accumulating

coefficients such as I}, I, , -, 18(7), as follows

Fx
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where M,(6) is a torque, and £(6)and {(8)is
cutting existence function, K, 7, 7, 73 #;and h

is cutting constants, f, is feed per tooth.

2.2 Cutting action accumulating coefficients

In the above equation (1), a cutting action
accumulation coefficient was an integrated factors
over the one revolution of cut in the cutting action
region and along the helix cutting edge. For
instance, in the case of [> ry the I, may be

integrated as follow

11=ﬁ[f022 G,(8) - sind-dé+ Ry- sin? ¢, (2

where G,(8) is an integrating operator in the
spherical part edge, and & is the location angle of
infinitesimal cutting edge.

These coefficients could be calculated according
to the cutting parameters such as pickfeed
direction, feedrate direction, axial depth of cut,
width of cut that is non-dimensionally determined
by dividing the cutter radius, regardiess of cutting
constants”. When the technological estimation is
processed, these coefficients may be interpolated by

the neighboring values which are searched in each
stepped cutting parameter by searching the random
access data-file to be pre-calculated. A variation
example of cutting accumulating coefficient /; and

I, is simulated in Fig 3.
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(b) Cutting action accumulating coefficient I,
Fig. 3 Variation of I, and I; with respect to u
and A

2.3 Force concentration ratio
Compared with the chip load of cylindrical part
edge, the chip load of spherical part edge acts as if
it is turned over. Thus, the overall chip load
configuration could be mapped into the one of flat
end milling having an equivalent cutter radius. The
equivalent cutter radius could be expressed as

follows
ry'= Iil' = 4, =7

Fro B bfiEra

fio I+ B Iy
fio i+ B+ I

e (3)
Hence the torque pattern could be superposed

as the case of peripheral milling which has an
equivalent cutter radius. The torque patterns have

- 211 -



five modes in actual ball end milling and they have
a good agreement with the experimental results?,
Therefore, the force concentration ratio in each
geometrical cutting mode could be determined in
terms of torque pattern models and they could be
used to drive the actual peak force system.

3. Applicaton to CNC machining

3.1 Determination of cutting parameters
Consider a cutter path moving along the curve

_ _[ (D
u= wo=[ ) ©)
on parametric surface r = 2{u, v) as follows
ru, ) = Hu, v) + rp-n )

where 7, is the cutter radius, and # is the unit
normal vector.

Then the four geometric cutting parameters such
as g, A, f,and [ could be estimated by using
following relations.

First, we could express the unit tangent vector T
as follows

T T T ®
where 4 = [—‘;—; —3—;]
and G=47-4
As the y-component of T is zero, it is given by
(cosd, 0. sind=( Tx*+ Ty% 0, Tz) )
Also the unit normal vector has the z-component

as

# .= cosp - cosA (10)

As th pickfeed vector ; has the relation of
P
;P = fp* [?XIIVV] = /p( {3, m:."a)

, its z~component could be estimated as follows
ny = sind-cosd = (T, n,— Ty n) /[ TxN]
(11)

The distance of A& 7, parallel to denoted by

dis

d= [b r;xT) (12)

Therefore the pickfeed, ie. the distance 7,

between the two cutter center of sphere is
determined by

fy = (11—:"—) [A 73 T] (13)
Also the axial depth of cut is determined by
subtracting the z-value of cutter center location

from the z-boundary value of upper blank
Il= 24— 2+ 7, (14)

3.2 Construction of process constrains

When the sculptured surfaced is machined at
the 3-axis NC milling machine, we could practically
construct the following process constraints.

As a restraint of peripheral force,
Vit ri’  Ru-m- ro K- (f,» i+ h"+ I) < Fpe

(15)
A restraint of thrust is given by
Ru-m- rg K- (fye vy Is+ b vy Ig) < F.
(16)
and a restraint of torque is given by
Ru-m+ 7o’ K- (fio it b™+ Iy) < M, 17)
and maximum feedrate is restricted by
m- frn< fn (mm/min.) (18)

Therefore these constrains could be satisfied by
following procedure.

{(a) STEP I : Search for f, given by

MIN ( fixs, fors, fen)
(b) STEP 1I : Calculate the spindle speed # 5
(c) STEP III : Calculate the feedrate

fm=m°fl.n'

3.3 Implementation to the processor
We have called the “technological processor’ as
the procedure that determine the optimum cutting
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conditions by processing the previous 3 steps. This
procedure should be performed at each segment of
cutter path and be executed in a real time for the
practical use. Because the estimation algorithms are
used by simple search process, we could
fortunately execute this procedure within real time,

4. Case study

This technological processor is applied to the
test sculptured surface model that is composed
with the form of explicit function as follows

z = fx, ») = 0% #*— y¥)/( £*+ ¥*+0.25)

as is shown in Fig. 4. The shape of blank is cube
form that has a size of 120X80X 50 mm, and inner
tolerance is 0 mm, and cusp height is 0.2 mn. Also the
cutter path is determined using the pendulum
mode path so that down milling always should be
applied. Fig. 5(a) and (b) show the simulation of
operational geometry and Fig. 6 is the resultant
variable cutting condition applied to the machining
of aluminium alloy(3003H12) workpiece. In this
example, total length of cutter path is 5385.6 um.
The total machining time has been required 31.3
minutes for carbon steel(SM45C) workpiece. If the
skillful technician works on the machining of this
aluminum alloy workpiece with the feedrate of 80
nm/min, it requires 79.8 minutes, and in the case of
carbon steel workpiece, it requires 147 minutes
with the feedrate of 40mm/min.

Therefore the total machining times is saved 60.7
% for aluminium alloy workpiece and 62.7 % for
carbon steel workpiece. Fig. 7 is the comparison of
cutting force profiles between constant feed and
variable feed machining with a cutter path. This
indicates that variable feed machining exhibits the
force dispersion and full use of the machine tool
capability effectively.
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Fig. 4 View and cutter path of a test sculptured
surface model.
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(b) Simulation of axial depth /
Fig. 5 Simulation of operational geometric
parameters.
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Fig. 6 Variable feedrate resulted from
technological process optimization.
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(b) variable feedrate
Fig. 7 Comparison of cutting force profiles
between constant and variable feedrate.

5. Conclusions

Through the technological estimation analysis
about the ball end milling system, the practical
expressions could be applied in this study to the
NC machining of sculptured surfaces in the
optimization process of operating parameters.

It has been defined the cutting action
accumulating  coefficients, force concentration
ratios, and economic cutting speed equation,
which could be evaluated as the function of
geometrical parameters regardless of cutting
constants. And then, these factors were prepared
for the practical use as the random access files after
being calculated in advance for the each stepped
cutting parameters. Therefore, the process
constraints could be estimated within a real time
and within a proper accuracy.

The technological processor has been used to
find the variable cutting conditions in each segment

of cutter path for the test sculptured surface
models. It is finally recognized that variable
machining conditions have made an effect on the
saving of total machining time over 60% and have
resuited the dispersion of cutting force profiles
remarkably than the conventional determination of
cutting conditions.
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