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Abstract: The orbital drilling is a complex operation. Due
to the tool trajectory, which is helical, chip thickness is
highly variable. This is why the cutting forces are very
difficult to estimate.

The aim of this study is to develop a model to predict cutting
forces depending on the tool geometry and cutting conditions
in order to control the final quality of the machined hole. At
first, the geometry of the chip is modeled taking into account
the parameters defining the trajectory and the tool. A cutting
force model based on the instantaneous chip thickness is then
set up. An experimental part validates the cutting force model
through measures of cutting force made during orbital
drilling tests.

Keywords: Orbital drilling, TiAl6V4, tool geometry,
cutting forces,

1.

The orbital drilling, also called helical milling, is a process
notably used in the aeronautical industry. It is very different
from the axial drilling. It consists in machining a hole with a
tool which has a smaller diameter, driven on a helical
trajectory (Figure 1).

Introduction

Figure 1 Orbital drilling’s trajectory

This process is used especially because it generates low
cutting forces [Lutze, 2008]. As a consequence, the burr
formation at the entry and at the exit of the hole is largely
reduced, and also the risk of delamination when drilling
composite materials is highly reduced. [Denkena and al.,
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2008] [Brinksmeier et al., 2008]. Operations such as
cleaning or deburring are then considerably reduced.

For the cutting force model in orbital drilling, three
approaches are possible: the numerical approach, the
analytical and the semi analytical approach. The numerical
approach used in the work of Lorong [Lorong et al, 2002]
aims to simulate chip formation by a finite element study.
Analytics approaches as Merchant’s model Merchant, 1945]
or Oxley’s model [Oxley, 1989] consist to describe the most
physically possible the cutting phenomenon in order to
calculate the cutting forces. The semi-analytics approaches,
also called mechanistic approaches, are the most used one to
calculate machining cutting forces and particularly when the
process is complex [Fontaine, 2004], like helical milling.
This approach is based on analytics approaches by
simplifying all the parameters of the tool geometry or of the
tool/workpiece couple by a constant experimentally defined
with calibration test.

2. Modeling of orbital drilling

2.1,

In order to be able to develop a model of the chip geometry,
the input data of the model and the references that are
necessary to form the equation, need to be previously
defined.

Geometrics settings of the orbital drilling

1.1.1 The defining data of the tool’s geometry:

The global tool geometry (Figure 2) is generically defined
using the following parameters:
Tool outside radius: R;

Number of tooth: Z

- Number of tooth with center cut: Z,
Corner radius: Ry,
Radius without center cut: R,

Tool cutting edge angle: x,
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Tooth profile
with center cut

Rt

Tooth profile
without center
cut

" Rb

Rcc

Figure 2 : Tool geometry

1.1.2 Cutting’s parameters:

In order to determine the chip thickness, it is necessary to
define the cutting parameters. The tool feed, along helical
trajectory, can be decomposed in an axial feed f, and a
tangential feed f..

Drilling radius: Ry,

Interpolation radius, called offset: Rss= Ry, — Ry

Pitch (mm): P

Cutting speed (m/min): Vc

Axial feed (mm/rev): f,

Tangential feed (mm/rev): f;

Axial feed per tooth: f,, = %“
Tangential feed per tooth: f,; = %

Tool helical
trajectory

i
i
I
I
Figure 3 : Feed definition.

1.1.3

Hole center to drill: HL
Machine’s reference: this reference is fixed.
R,, = (HL,X,Y,Z)
Orbital reference: this reference permit to define the tool’s
positions « i » on the helical trajectory.
Ry = (HL, X, Y1, Z)

References definition:
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| Xoi=c0s0;.X+sin6.Y
with: Yoi=—sin0;.X+cosb.Y

The angle 6; defines the tool angular position considered in
the machine reference. The tool center position in position
«i»iscalled CL;, at a distance Ry to HL.

Tool reference: This reference can get the location of every
points of the tool « i » in the orbital reference.
Rt = (CLi!Xci'Yci!Z)

X =cos@;. Xy +sing;.Y,y

Wlth YCi = —Sin (pi'XOi + cos §0i- YOi

The angle ¢; defines the angular position of considerate point
of the tool in the orbital reference

Y

“‘.----.

Yoi

X

Q.

LETTTESS

b

HL

. .
ay .
"xamnn®

Figure 4 References definition

2.2. Representative function of cutting edge

profile

In order to calculate the chips section, it’s necessary to define
the cutting edge profile. The function H,(r) is established, to
give the elevation of each cutting edge point versus radius r.
The lowest tool point « k » is defined at the elevation Z = 0.
This function is decomposed into several successive
functions, to take into consideration the different tool
geometries.

Examples, the evolution of the function H(r) for a tooth

without center cut, is represented Figure 5.
. IfO<r<R.:

H,(r)=d
d is a value arbitrarily set to ensure the non-participation of
the area during the machining.

IfR,, <7 <R,—R,:
T
He(r) = [r = (Re = Ry)]-tan (5 — ;)
Ith_Rb <T<Rt.

H) = By = [Ry? = [ = (R = R
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5l Cutting edge profile
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Figure 5 : Representation of the cutting edge profile « k »
without cutting tool center

2.3. Calculation of the machined chip section

by a tooth

Hypothesis:
As the cutting speed is largely higher than the tool feed

speed, two simplifying hypothesis are made:
e  The tooth trajectory is considered circular (cycloid
neglected) [Segonds et al., 2006]

e  The calculation of volume machined by the tool at the
present moment is the result of a Boolean subtraction
operation between the volume of the machined work
piece at the previous moment and the volume
envelope of the tool, the tool being positioned on its
trajectory.

Therefore, to calculate the chip section machined by a tool
tooth « i » at the present time (the tool identified by its tool
center’s point CL;) two calculation steps are made:

First, each point A; belonging to the envelope surface of
the tool «i» is detected in R, from its coordinates
Xui, Yain Za1) in function of 1, et ¢@; (ry€[0,R.],
@;€[0,2m]), and the function H, applied at the tool « i » :

XAi(rAil ¢l) = Tai-COS (Di
A; 3 Yai(rai, 9,) = 1ap.sin g,
Zyi(rai ) = Hi(rap)
The set of the points 4; for a constant ¢, , represent the tooth

where the chip section is assessed on.
Then, to identify the surface location previously

machined on each point 4;, all the locations of the tool that
interve before the location « i » on a complete orbit
revolution are considered. It will then be possible to estimate
the height of the machined material at the point 4;. Each
considered previous location is identified by its tool center
point CL

Paper Number

The difference of altitude following Z between two tool
locations CL; and CL is called H,;. Knowing that the tool
describes a helical trajectory characterized by its pitch P

(Figure 3), the height H,,; is defined according to the relative
angular position of CL; and CLy on the trajectory
characterized by 8,; (Figure 6):

P X 6y

Hyi (Oyi) = P — X7
Then, for each tool point A; considered, the set of the point s
A,, of which the coordinates in the locator R,; are such that
(X4, = X4, Y4, =Y, ) are identified. The coordinate Z,,
of the point A, can be calculated through the function H,, :

Xak (rAi' %) = X
Ay Yar (rAi' (/)i) =Yy
Zak ks Oni) = Hie(rage) + Hyi (8yi)

For this the radius r 4, has to be previously determined. From
Figure 6, by considering the triangle(CL,, A, HL) :

Tak (TAi' (20 eki)
= \/|rki2 + Raffz -2 X Roff X T, X COS(eki - a)|

2 2 2
Tki“+Roff"—Tai
ZxrkiXRoff

With: a(ry;, ¢,) = cos™ (

And by considering the triangle(4;, HL, CL;) :
Tki (rAi' CDL-)

= \/|rAi2 + Roffz -2 X Roff X Ty X COS(TI,' - (pl)l

Figure 6 Locating a tool “k” relative to the tool “i”

For each point A; considered, points A, for every tool
location « k » of the previous orbit revolution are calculated.
To determinate the location of the machined surface, the

point A, with the weakest altitude is kept and called S,,.
KXsk (rAi' (Pi) = Xak
Sk Ysie(Tai ©;) = Yar

\Zsk (raie,) = Osrar;l(iiQZn(ZAk)
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The chip section on a tooth is then obtained by plotting the
set of points A; and the associated pointsS,, for a fixed
angle ¢; (representing a tooth of the tool) and for r,;€[0, R,]
(Figure 7).

This section is then split into trapezoids of thickness h, and
width by.

The thickness h;, is the normal distance to the tool profile
between the profileA; and the previously machined
surface Sy, it represents the chip thickness.

The width b, is the distance between points 4;, it is set
arbitrarily.

A A
Cutting edge
el profile \’
1S
% Sk hy 0
c Machined Minimum >
-% surface distance :::
> profile b
o N —
L DT TITF T3 A DA

Radius rai (in mm)

Figure 7 : Decomposition of the chip section

If the decomposition is sufficiently thin (small width by
compared to the radius of the tool), each trapezoid can be
approximated and simplified by a rectangle. The chip section

S, can then be written:
Rt

Sc(p) = Z bk(TAi'(Pi)-hk(rAir(pi)

T4i=0

2.4.

The chip section in each moment being determined, the
forces applied on the tool during drilling can be modeled.
In this article, only the modeling of the cutting force normal
to the chip section is presented and discussed. This effort is
the most important and is the main cause of tool bending.
The other two components can be modeled in the same way.
The modeling approach is semi-analytical [Merchant, 1945],
which gives for the same tool/work piece couple:

Fot =K. XbXh

Calculation of the cutting force

Where K, is a specific cutting coefficient that will remain
constant for the first part of the study and will be identified
with calibration tests.

dF.
dF,

dF,

dF. : Normal force in chip section
" | dF, : Radial force to the tool
dF, : Axial force to the tool

Figure 8 : Forces applied on the tool for a chip section

Paper Number

This model is applied to each trapezoid of the chip section
and then summed to obtain the total cutting force when the
tooth is in position ;.

AFe i (rai, @i) = K, X}I:gc(rAirQDi) X hy (a1, 01)

Feoi(g) = Z aF.(rai, 91)
r4i=0
The evolution of the cutting force of a tooth on a tool
revolution is calculated by varying ¢; from 0 to 2z (Figure
9).

~

\

Modeled cutting force Fc

N
0 2m 7

Tool revolution represented by ¢;

Figure 9 : Evolution of the cutting force for a tooth
without the center cut on a tool revolution

This cutting force F,;(¢;) must be calculated for each tooth
of the tool, taking into account the differences in the tooth
profile which may exist (ex: with or without center cut).

X
i Xoi
I:C yAl > <~(£|
YOi CLi cz2
Y. \
HL
Fc z3

Figure 10 : Representation of cutting forces on a tool with
three teeth and with a single tooth with center cut.

To calculate the resulting force, every effort is expressed in
the orbital reference R,;, so (Figure 10):
Fcut z1 (Qoi)- Sin( <pi)
Fepiy- cutzz(¢6)-cos(§0i)-

Roi

2m\ . 2m
Fcut z2 ((pi + 7) . Sln( @+ 7)

2r 21
_Fcut z2 (‘pi + 7) . COS( @+ 7)
0

Fczz

Roi
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4N . 4n
Fcut z3 ((pi + 7) . Sll’l( @i + 7)
4 4
_Fcut z3 ((pi + 7) . COS( @+ 7)
0

The resulting force F. is then:
Fo=F;p+Fepp+Fep

Fcz3

Roi

3. Experimental procedures

All tests were performed in a test piece in TiAI6V4 of 19mm
thick. The cutting conditions are as follows:

V= 30mm/min;

Fza=0.005mm/tooth;

Fzt= 0.04mm/tooth.

The tool used is a tool with three teeth (Z=3) ,with a single
tooth with center cut and of diameter D; = 9mm.

3.1.

To identify the specific cutting coefficient Kc, tests of slot
machining were carried out on a machining center. The force
measurement is performed using a Kistler dynamometer. The
cutting coefficient, assumed to be constant, can be identified
from the measurement of the maximum cutting force. The
chip thickness is 0.04mm per tooth, the depth of cut is
0.75mm, and so the maximum chip section is 0.03mm 2.

Fi
It can be deduced: K¢ = —max
Cmax

Maximum force Fxy observed during the test is 205N. This
gives a specific cutting coefficient for our tool/work piece
couple of: K¢ = 3500N/mm 2,

This Kc value is a first approximation for model validation. It
doesn't take into account influence of chip thickness or
possible influence of speeds. And thereafter, two coefficient
will be identified, one for the axial part and one for radial
part, because the radial and axial parts present different
cutting angles.

Identification of specific cutting coefficient

3.2.

Tests are also conducted in orbital drilling, in order to have a
database to validate the modeling. These tests are performed
on a drill bench equipped with an orbital spindle. On all tests,
cutting forces are recorded using the dynamometer Kistler
and sampled at 10 kHz. On the signals obtained when
measuring just a taring is performed.

The hole diameter is 11.1mm and it is made with the same
tool which has diameter of 9mm.

Force measurement in orbital drilling

4. Results and discussions

The Kistler 9257B dynamometer allows measuring the
resultant force in the plane normal to the axis of the tool Fxy
With Fxy = /Fx? + Fy? (Figure 11)

The force F¢ obtained by modeling differs from the real
effort measured Fxy (Figure 11)

Paper Number

"‘ One tool revolution Fc
c A
s | 3
g
=
o
3 < /V\/ )I
[ =
3
2 ; . _ 4 ;
S 0 200 200 600 800 1000 >1z
Tool revolution (in degrees)
Sgeaun oo

<
~

7.1

4
T
72 725

Tomps (s)
Figure 11: Comparison of the evolution of the cutting force
over three revolution of tools (modeling at top; measure down)

The evolution of the modeled force on a tool revolution
shows the successive passage of three teeth. This is explained
by the fact that the radial chip is not constant on the tool
revolution. In addition there is a single tooth with center cut,
therefore causing disruption on the tool revolution.

The force measurement Fxy shows only two peaks of effort.
Either the force is compensated perfectly on the third
revolution, or either the chip is not constant for all three teeth.
This difference between the two graphs is the lack of taking
into consideration of cutting phenomena. To improve the
model, the tool will be divided into two different parts, in
order to better understand how each part works. The axial and
radial part of the tool is defined as (Figure 12).

Radial
part

Axial part
Figure 12: Tool division in two parts
The tool performance and the cutting phenomena caused by
the radial part of the tool are known and already considerably
studied in the literature. Modeling the cutting force of the
axial part is more complex because the tool profile of the tip
(Figure 12) combined with the tool trajectory is not classical.
In order to better understand the mechanisms during drilling,
the evolution of the tangential force F; at the contact point
tool / work piece (according to Y,;) and of the radial force F,
(Figure 13) are modeled.
These two efforts strongly oscillate on a tool revolution,
causing a variable bending force of the latter.
So a dynamic phenomenon is established and must be taken
into account in the model to adjust the chip thickness of the
radial cut. The Figure 13 shows that when the tooth with
center cut is located in the "A" area (0 < ¢ < g), the radial

force and tangential force are positive but quite low, not
causing a significant modification in radial section.

When the tooth with center cut (z,) is located in the "B" area
(37”< @ < 2m), the radial force and tangential force are
positive. Therefore this resultant force tends to push the tooth
being machined towards the surface.

When the tooth with center cut is located in the area "C", the
radial force is positive and tangential force is negative.
Therefore this resultant force tends to push the tooth (z,)

Copyright of IDMME - Virtual Concept - Improve - Ingegraf
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towards hole surface and in reverse tends to withdraw the
tooth (z3) of hole surface.

And when the tooth with center cut is located in the area "D",
the radial and tangential force are negatives. Therefore this
resultant force tends to withdraw the tooth (z3) of hole
surface.

Modeling of cuting force of the tool axial part

o
=
=10
5
2a / /
E] E =
E [}
85
g A|B|C|D
=

(] £ n [T, 800 1000

Tool revolution (in degrees)
Radial cut
area

Figure 13 Modeling of the radial and tangential force of the tool
axial part, taking into account the three teeth.

The hypothesis is that the radial section isn't homogeneous
for the three teeth, because bending forces are different to
each passage of various teeth on the radial cut area. The
radial chip thickness machined by the tooth z, is greater than
that machined by the tooth zs.

After integration of this dynamic phenomenon in the model,
the force profile is similar to the force measure by its
evolution and maximum values (Figure 14).

160 Modeling cutting force on three tool revolution.
T T T T T

M~ B
==
T T

=
1=
T

@
=

Cutting force evolution (in N)
=

1 L 1 L
0 200 400 600 800 1000 1200

Revolution tool (in degrees)
Figure 14: Modeling the cutting force from the corrected
model.

A further difference is found between the model and the
measure (denoted "B" in Figure 14).

In these areas, modeling tends to decrease cutting force
versus measured force. This difference is explained by the
hypothesis made on the "Kc" at baseline: the cutting
coefficient is not constant and tends to increase in areas
where the chip thickness is very low. This evolution of

cutting coefficient will be therefore taken into account in
order to improve the model.

5. Conclusions

This model, with the integration of the tool geometry,
allowed knowing the exact geometry of the chip. With this
knowledge, the modeling of the cutting force is possible
which allows a better understanding of the cut phenomena
when orbital drilling with a specific tool. It is therefore
possible to vary the tool geometry or the cutting conditions in
the model to predict the cutting forces, and thus be able to
optimize these parameters. If the link between effort and
drilling defects are known (ex: bending force — decrease in
diameter), it is possible to optimize these parameters to
improve the quality of the hole.
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