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Abstract

The orbital drilling process is a very complex machining operation. Due to the helical path of the tool in the material and
the tool geometry that can be very complex, the geometry of the chip is very variable along the cutting edge and during a
revolution of the tool. This complexity leads to variable cutting forces during drilling and makes it difficult to model and
estimate for different tool geometries.

The aim of this study is, therefore, to use a modelling of the orbital drilling process in order to study the influence of the
geometry of the tool and the cutting conditions on the cutting forces. The final objective is to identify their impact on the
quality of the drilled hole and, thus, to control the final quality.

First, the chip geometry is modelled from the cutting parameters and the macro-geometry of the tool. It needs to determine
the tooth trajectory into the material for each point of the cutting edge. Cutting force models, based on the instantaneous chip
thickness, are then implemented. An experimental study validates the modelling by cutting force measurements carried out
during orbital drilling tests. From this modelling, it is now possible to study the influence of the geometry of the cutting tool

on the forces in order to control the loading on the tool and therefore the final quality of the drilled hole.

Keywords Orbital drilling - 3D chip geometry simulation - Tool geometry optimization

1 Introduction

For mechanical assembly of structures, the drilling of the
fastening holes is an important matter. Especially in the
aeronautical industry, the drilling process must reach not
only high-level requirements about hole quality and mate-
rial integrity control but also economical target in terms of
productivity [1, 2]. It explains the constant interest brought
to the drilling process by academic researchers as through
industrial solution developments. According to the increas-
ing diversity of materials used in aircraft structures and their
different characteristics, the process had to evolve to allow
the drilling of holes in multi-material stacks made of highly
different materials as composite laminates, titanium alloys,
aluminum alloys etc. [3, 4]. A number of research studies
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have been brought on the characterization of new solutions
in terms of cutting tools technologies and of processes as
vibration-assisted drilling [5, 6] or, more recently, the devel-
opment of smart drilling [7]. Among these solutions, the
orbital drilling process can be cited. Orbital drilling, also
called helical milling, involves making a hole with a tool of
a diameter smaller than the diameter of the hole, driven on
a helical path (Fig. 1).

Developed at the beginning for wood drilling, it has been
brought to industrial application for metal drilling and then
composite drilling for different reasons. First, it allows the
drilling of different diameter holes with the same tool [4].
Also, the interrupted cutting process occurring in orbital drill-
ing leads to a good chip fragmentation, and thus to an easier
and improved chip evacuation through the radial gap between
the tool and the borehole surface [8]. It can be added that this
process generates low cutting forces that lead to a reduction
of classical drilling defects as burrs in metallic materials or
delamination in composite laminates [4, 9, 10]. Moreover, this
process is also justified for drilling titanium alloys [11]. But its
use has been also reduced because of the drilling duration and
the more complex control of the trajectory (with tool deflec-
tion issue) [8]. Nevertheless, from a global economic point
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Fig. 1 Orbital drilling

of view, the orbital drilling process may permit to reduce the
number of operations to reach the finished hole. In that case,
it appears to be more productive to obtain the final hole in one
operation of orbital drilling rather than in 2 or 3 operations
of axial drilling and reaming. And considering the matter of
trajectory programming, industrial solutions have been devel-
oped for this purpose, proposing orbital drilling units with an
eccentric spindle [12]. The impact on the microstructure and
the fatigue behavior of drilled aerostructures was also studied,
and Sun et al. [13] showed that orbital drilling has to be well
optimized to reach the same level of fatigue behavior the one
obtains with axial drilling. After that, the control of the hole
quality has to be done through an optimization of the pro-
cess: cutting conditions and tool geometry [14]. Ozturk et al.
[15] proposed a unified mathematical model which predicts

Fig.2 Representation of the
cutting-edge profile

three-dimensional chatter stability as a function of orbital
pitch length, spindle speed, and orbital speed of the tool and
permits the optimization of the cutting conditions. Consider-
ing tool geometry, the influence of both axial and tangential
feeds on the hole diameter has been investigated for simple
flat-end tools [4, 16] based on a simple modelling of the chip
geometry in orbital drilling dedicated to these simple-shape
tools. For more complex tool geometries, another model of
chip geometry and cutting forces was developed and proposed
by Rey et al. [17] or, more recently, by Zhou et al. [18]. The
tool geometry was introduced into the modelling by consid-
ering local cutting conditions (cutting speed gradient along
the cutting edges) and forces. The tool geometry was firstly
expressed analytically before being divided into elementary
edge portions. On each portion, a local cutting force model
was applied. The elementary forces were then summed accord-
ing to the evolution of the edge geometry. Finally, this model
makes it possible to simulate the geometry of the instantane-
ous chip. The cutting forces simulation is then possible as a
function of the geometry of the tool considered and permits to
highlight the important role of the shape of the axial part of the
tool. This allows a better understanding of cutting phenomena
occurring in orbital drilling (e.g., tool deflection). This model
can be used to optimize the cutting conditions and the tool
geometry in relation to the cutting forces generated. Based on
this type of modelling, Zhou et al. [19] proposed an analysis
of the chip-splitting performance of a dedicated cutting tool in
dry orbital drilling. In this paper, this model is used to simulate
the impact of different tool geometries in order to give a bet-
ter understanding of the role of each part of the tool. A tool
optimization is then possible. The results are discussed and
compared to experimental tests for validation.

2 Kinematic modelling of orbital drilling
The modelling of the cutting forces by a semi-analytical

approach used in this paper is based on the work of Rey
et al. [17] and is summarized in this paper. It requires precise
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Table 1 Geometrical parameters of the tool

Tool radius R,
Number of teeth z
Number of teeth with center-cut Z,.
Corner radius R,

Radius without center-cut

Tool cutting edge angle K,

knowledge of the chip geometry. To carry out a model of
the chip geometry, it is necessary to define the input data of
this model as well as the references which will be used. The
geometry of the tool, with the definition of the profile of the
cutting edge, and the cutting parameters are first defined.
The calculation of the instantaneous chip section is then
developed. In the present study, the drilling operation was
simulated by down-milling but the model developed could
also be used for up-milling.

2.1 Geometrical definition of orbital drilling
2.1.1 Definition and modelling of the tool geometry

The tool considered in this study is the one of Rey et al. [17].
Its macro-geometry (Fig. 2) is defined using the following
parameters (Table 1):

Each cutting edge is discretized into two parts: the
radial part noted “chf,” and the axial part noted “tip,”
which includes the central part when the tool is without
center-cut.

A function H(r) is established in order to define analyti-
cally the edge profile. It allows to give the altitude along the
tool axis of each point of the edge versus the radius r. The
lowest tool point is defined at the altitude Z=0. The func-
tion H(r) is decomposed into several functions to take into
consideration the different parts of the edge:

e Central partif O0<r<R,.:
H() = (R = (R = Ry)) xtan (5 = k) + (Ree = 7) xtan (5 - 5
with 0=k, in the case of the edge with center-cut (red
dotted line on Fig. 2)
e Axial part (tip): if R,.<r<R,—R,,:
H() = [r = (R~ Ry)]tan(Z — &, )

e Radial part (chf) if R,—R,<r<R,:

Fig. 3 Feed definition

H(r)=R, - \/Rb2 —[r= (R -R,)|

The surface (A,) of revolution of the tool can now be mod-
elled [17] (Fig. 5).

2.1.2 Definition of cutting parameters
The helical trajectory of the tool in orbital drilling can be

decomposed into an axial feed f, and a tangential feed f,
(Fig. 3). The cutting parameters are thus presented in Table 2.

Table 2 Process parameters for orbital drilling

Drilling radius R,
Interpolation radius, called offset Ry=R,—R,
Pitch P
Cutting speed V.
Tool revolution speed (rev/min) N = 5 V"R
TXR,

Axial feed (mm/rev) fa
Axial feed per tooth (mm/tooth) fu= fa

a 7
Axial feed speed (mm/min) V=, XN

Tangential feed (mm/rev) fi

Tangential feed per tooth (mm/rev/tooth) fu= fi

z
Tangential feed speed (mm/min) Vi=f,XN
Orbital revolution speed N Vi

@ Springer
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2.2 Calculation of the instantaneous chip section
2.2.1 References definition

e Machine reference: fixed

R, = (HL.X,Y,Z)
e Orbital reference: permits to define the tool position “7”’
on the helical trajectory. This reference is described by
the tool angular position 6, in relation to the machine
reference

R, = (HL, X, Y, Z)
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Fig.4 References definition

Fig.5 3D visualisation of
the chip (V.=30 m/min;
J2a=0.005 mmitooth;
f.:=0.04 mm/tooth)

L (mm)

Machined surface (Si)
at instant t

e Tool reference: described by the angular position ¢; of
the considered point of the tool in the tool revolution

Y

ci’

R, = (CL.X

ci»

z)

2.2.2 Modelling of chip volume and calculation
of the instantaneous chip section

In order to determine the chip section, the machined
surface at instant (¢) is firstly defined. This machined
surface (§;) is modelled by scanning the envelope sur-
face of revolution of the tool (A) on the helical trajectory
(Fig. 4).

The position of the tool in the next moment (¢ + Af) is
defined by a step along the trajectory calculated from the
tooth feed. The surface obtained is the surface of revolu-
tion (A, ;) of the tool on this new position.

The chip geometry between (f) and (¢ + At) is calcu-
lated by making the difference between these two surfaces
(Fig. 5).

The instantaneous chip section is given by cross-section
of the chip modelled (Fig. 6).

The chip section obtained is discretized along the cut-
ting edge into elementary chips of thickness /; (normal to
the edge profile) and of width b,.

The calculation of the volume of material removed and
the geometry of the instantaneous chip are more detailed
in Rey et al. [17].

Envelope tool surface (Ai+1)
atinstant t + At

Z; (mm)

Vi (mm)

Hai (mm)

Chip geometry for one revolution
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Fig. 6 Instantaneous chip section

3 Cutting forces modelling

In this work, a semi-analytical cutting model is chosen as it
permits to reduce the number of coefficients and calibration
tests [20, 21]. The model of Rey et al. [17] is used in this
work. Knowing the instantaneous chip section, the cutting
forces applied on the tool during drilling can be expressed.
For this, the local forces “dF” on each discrete chip element
are modelled as follows:

dF =K*XhXxb €))

where K* is a specific cutting coefficient. As the chip thick-
ness (#;) is highly variable along the cutting edge and during
the tool revolution, the specific cutting coefficient is consid-
ered non-constant [22, 23] and estimated by the following
function [24]:

K*=Kxh™ )

with K and g as two constants
Thus three elementary forces applied on the tool are defined
(Fig. 7):

dF, =K. x h;'™% x b,
dF, =K, x h;'% x b, 3)
dF, =K, x h,)™% x b,

Fig. 7 Local forces applied on
the tool for a given chip section

Machined surface

profile

Cutting edge
profile

where £; and b, are dependent on the angular position ¢; and
on the radius ry;.

Considering that the chip geometry and the cutting speed
are highly different in the axial part (noted “tip”’) and the
radial part (noted “chf’) of the tool (Fig. 2), the coefficients
of the cutting force model are considered different (and iden-
tified separately with specific calibration tests). The model-
ling of the cutting forces becomes the following:

[ ]
dF, = dFC np (rain @; ) K. iy X Iy (i q,i)ll:qc,ap X by(rar ;)
dF - an tzp rAl’ (P-) = n _tip X h; (rAi’ (pi)liqwip X bi(rAi’ (pi)
dF - dFt _tip rAz’ (pz) - t _tip X h (rAt’ i) i Xbi(rAi’ (pi)
“

e ifR,—R,<r<R;

dF, = dFCth(rAi, (pi) = Kcichf X h,-(rAl., q,i)t%,mf % bi(rAi’ (Pi)
dF, = dF, oy (ran @;) = Koy X i (rass (Pi)]_q"’”hf X by(rai> #:)
dF, = dF, g (ras @;) = K, gy X hi(raee @) " X by(ras, ;)

)

3.1 Modelling the cutting forces applied
on the axial part of the tool

On the axial part, the cutting forces F,._,, (@), F, ;;, (),
and F, ,, (¢;) are calculated for each tooth z of the tool, tak-
ing into account the differences in the tooth profile which can
exist (e.g., with or without center-cut) (Fig. 8 - Rey et al. [17]).

For this, 6 axial cutting parameters have to be identified:
Kc_tip’ Kn_tip’ Kt_tip and QC_ti[?’ Qn_tip’ Qt_tip‘ These parameters
are considered to be the same for each tooth.

These force components only consider cutting mechanisms.
But specific mechanisms may occur under the center of the
tool as degraded cutting mechanisms or extrusion. To consider
this phenomenon into the modelling, an axial indentation force
is added to the model. The selected modelling is the one pro-

posed by Williams for axial drilling [25]:

Width b /

Thickness h;

dF .: Force normal to the chip section
dF,: Normal edge force

Chip geometry

dF,: Tangential edge force
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F¢ tip 3(@;)

Fig. 8 Representation of forces generated by the axial part of a tool
with three teeth

Fipg = Kipg X Vi, Tt X S (6)

where S is the projected surface of the indentation zone
under the center of the tool. For a given tool, S can be con-
sidered a constant since the axial feed speed remains low [6,
25]. This is especially the case in orbital drilling. Thus, this
parameter can be included into the coefficient K, ;.

3.2 Modelling the cutting forces applied
on the radial part of the tool

On the radial part of the tool, the cutting forces F,_.,-.(¢)),
F, ard@), and F, .. (¢,) are calculated for each tooth z of
the tool (Fig. 8).

As for the axial part, 6 radial cutting parameters have to be
identified.

The proposed modelling expresses the local cutting forces
for each tooth of the tool. The axial part and the radial part of
the tool have been dissociated in order to consider different
cutting phenomena that occur under the tool tip and on the
chamfer. The parameters of the modelling have to be identi-
fied separately for both parts in order to be able to simulate the
global forces generated in orbital drilling.

3.3 Experimental setup
In this paper, the case of a three-flute tool (Z = 3) of diam-

eter D, = 9 mm, with a corner radius R, = 1 mm, and with
a single tooth with center-cut (R, = 2.2 mm) is presented.

@ Springer

The machined material was titanium alloy TiAl6V4 of
19-mm thick. The identification of the model parameters
“K” and “q” was performed through calibration tests on
a DMG DMU50eVo CNC machining center, equipped
with a 24,000 rpm/25 kW spindle. The methodology for
the identification of these coefficients is presented in Rey
et al. [17]. The identified coefficients are summarized in
Table 3.

It is difficult to compare these coefficients directly as
different cutting mechanisms are involved and different
chip thicknesses are encountered. In order to compare
the results of the calibration phase, the equivalent coef-
ficients K.* and K,* are calculated for a given value of
h from (Eq. 2). It appears that the coefficients for the
radial part of the tool are nearly twice as important as for
the axial part. This can be explained by the differences
in terms of cutting geometry. On the radial part and on
the axial part of the tool, the rake and clearance angles
are different. Moreover, the edge sharpness may also be
different. But also, the cutting speed may explain a part
of this difference. It can also be noted that coefficients
K *and K,* are nearly equal for a given part of the tool.
This shows the importance of normal forces in orbital
drilling, while cutting forces (normal to the chip section)
are often considered preponderant. The influence of edge
sharpness radius must also be considered and studied.
Many studies have shown that this parameter could have
a strong influence on cutting forces and more particu-
larly on titanium alloys which are considered to have
low machinability [26, 27]. It is recommended to have a
low edge radius for this material to minimize the cutting
forces. In this study, the edge radius was estimated for the
axial part between r,= 10 fo 14 ym and for the radial part
between r,=18 fo 25 um. These values could therefore
partly explain the greater values of the coefficients of the
radial part.

The validation of the model was done by comparing sim-
ulated forces and measured forces in orbital drilling of holes
of diameter D, = 11.1 mm. For all tests (calibration and
validation), cutting forces were recorded using the 6-com-
ponent Kistler 9257B dynamometer and sampled at 10 kHz.
The cutting conditions were variable for the experimental
plan. Only the cutting speed V. was kept at a constant value
of 30 m/min (prescribed by the tool manufacturer to ensure
the maximum tool life) as its influence on the cutting forces
is negligible for small variations [4].

3.4 Result of the cutting forces modelling
First, from the identified coefficients, it is possible to simu-

late the forces applied on the axial part of the tool, con-
sidering the same parameters for the three teeth. For this,
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the forces F, , and F, ,, are firstly projected along the
axes Y,; and X,;. The resulting forces are respectively Fr_;,
(tangent to the borehole, along Y,;) and Fy_,;, (radial to
the borehole, along X,,;). The axial force F, ,, is obtained
by adding the projection of F along axis Z and the

indentation force F;,; (Fig. 9):

_tip

FT?tip = Zzzzl [Fcftip z X Yoi + Fnﬁzip z X Yui]
Fryp=— Zf:] [F ctip 2 X Xoi ¥ Fyip - X Xoi] @)
FA_tip = Zzzzl [Fn_tip z X Z] + Find
In the same manner, the forces F,_,and F, ., applied
on the radial part of the tool, are simulated and projected
along the axis Y,;, X,;, and Z. The resulting forces are
respectively Fr ., (tangent to the borehole, along Y,),
Fr_y(radial to the borehole, along X,,;), and F, ., (axial

force, along Z) (Fig. 9):

/[\ Xci

Fig. 9 Global cutting forces on the tool

-

3
Fchhf = Zz§1 [F - chf z X Yoi +F _chf z X Yoi]
9 FR_chf =- zzzl [Fc_chf 2 X Xoi + Fn_chf 2 X Xoi] (8)

F A_chf = Z;l [F n_chf z X Z]

Fr=Fr 4+ Fr oy
Y Fr=Frp+ Fr oy 9
Fo=Fy i+ Fa_ay

The precise angular position of the tool in the borehole dur-
ing drilling (6;,) can be easily calculated. But experimentally,
this angular position is difficult to measure during a drilling
test. Therefore, the simulation of the cutting forces along X and
Y axis cannot be compared to experimental results as the shift
angle cannot be identified. For this reason, the comparison
between the modelling and the measurements was based on
the resultant force applied on the tool in the plane perpen-
dicular to its axis (noted F,,) and on the axial force F,. From
the measurements, ny can be calculated with the measured
forces F, and F;:

Fo=1/F>+F? (10)

The measured forces F,, and F, can be respectively com-
pared to simulated forces Fy and F, where:

Frr = \/Fp* + F;* (11)

The measured cutting forces are presented in Rey et al. [17].

The comparison between simulations and experimen-
tal measurements was performed considering the tool fully
engaged into the material. Thus, in the paper, the entry and exit
phases are not presented. Three tool revolutions are presented
(Fig. 10).

It can be noted that the simulated axial force F, represents
with a good fidelity the axial forces generated in orbital drill-
ing (F).

The simulation of the resultant force F; shows also very
good results. The characteristic evolution of this force is
well simulated, in relation with the evolution of F; and Fj
explained above. So, the proposed model permits to represent
and to explain the specific evolution of this bending force (in
a plane perpendicular to the axis of the tool). Moreover, the
amplitude of this effort is well predicted, which validates the
modelling and the identification of the cutting parameters.

Table3 Summary Of: the Kc qc :* = Kc X h™ Kn n Kn* = Kn X h™ Kindxs ind
identified coefficients [17] (h = 0.01 mm) (h = 0.01 mm)
Radial part 1643 0.229 4590 446 0483 4124 - -
Axial part 192.79  0.577 2750 48.505 0.811 2010 2.5887 1

@ Springer
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Fig. 10 Comparison of 300
simulated and measured cutting
forces. V. = 30 m/min; f,, =
0.005 mm/tooth; £, = 0.04 mm/
tooth
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Tool revolution
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As aresult, the error between simulation and experimen-
tal results was assessed through the Bravais-Pearson cor-
relation coefficients R, and R,. For the transversal cutting
force Fgy, the coefficient Ry is 0.89. The mean erroris 15 N,
corresponding to 18.8%. This percentage is relatively high
because of the low values of the cutting force. For the axial
cutting force F,, the coefficient R, is 0.67. The mean error
is 12 N, corresponding to 5.3%. These results reflect a high
correlation between simulation and experimental results.
The proposed modelling permits a good estimation of the
forces generated in orbital drilling and can be used for the
optimization of the process.

4 Influence of the tool geometry

4.1 Influence of the geometry on the simulated
cutting forces

Using the developed model, it is possible to simulate the cut-
ting forces for different tool geometries and, thus, study the
influence of this geometry. The goal is to correlate the tool
tip geometry with the dimensional quality of the hole. This
work will therefore focus on the forces having an impact on
the final diameter and on the geometric quality of the hole.

The forces having an impact on the machined diameter
are the forces that tend to bend the tool as a tooth is machin-
ing the surface of the hole. It was therefore chosen to study
the force Fy when each tooth is in contact with the surface of
the hole. Thus, the force (Fyy;) is calculated when the tooth
Zi is in contact with the surface of the hole by considering
the radial force F averaged over the area shown in Fig. 11.
This zone is centered on the position where the tooth is in
contact with the surface and represents 5° on each side of
this position.

It is considered that the final surface of the hole is made
by the tooth with the least effort because it is the tooth for

@ Springer
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Fig. 11 Area considered for the calculation of the effort Fy

which the tool bending will be minimal. It is, therefore,
this effort (F,,,;,) that will be used to compare the differ-
ent geometries.

Different tool tip geometries will be tested. For these
simulations, the cutting conditions used are as follows:
V.=30m/min; f,,=0.005 mm/tooth; f_,=0.04 mm/tooth.

As the geometry of the tool is complex, only a few char-
acteristics will be studied. This work focuses on the axial
zone of the tool. Indeed, it was identified that this zone
is quite problematic. The tooth with the cut in the center
was particularly fragile and wore very prematurely during
the first holes. It is therefore interesting to study the util-
ity of this center-cut and its impact on the drilling quality
(Fig 12).
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The cutting area close to the tool center is always an issue
for axial tools because the cutting conditions at this location
are greatly degraded by the very low or zero cutting speed.
Regarding orbital drilling, it is easy to calculate the effec-
tive speed in the (X, Y) plane (V, yy) by considering the
combination of the two rotations (N and N ,,):

Veixy(rAl-, (pi) =71y X2T XN — rkl-(rAi, (pl-) X2 XN,

o X €08 (7 — a(ry, ;) — 9;)

the material to be cut in this area. The first task con-
sisted in simulating material removal with a tool without a
center-cut, so that all the teeth have a similar profile with
a non-cutting radius at the center R_. (Fig. 15).

This simulation shows that it is essential to keep a non-
cutting radius at the center lower than the offset radius

12)

The evolution of the effective speed along the cutting
edge (Fig. 13-a) shows that it tends towards a zero value
close to the center of the tool as it is the case with axial
drilling. However, by analyzing more precisely the area
close to the center of the tool, the effective speed becomes
even negative (Fig. 13b) due to the combination of the
rotation of the tool and the orbital rotation. Thus, even
if the orbital rotation seems negligible in comparison to
the rotation speed of the tool, it can have a significant
impact on the cutting conditions in the center of the tool.
It explains why the axial zone is so problematic in orbital
drilling.

Using the model, different tool geometries will be sim-
ulated to study the possibility of eliminating or reducing

Fig. 12 Tooth wear with center-
cut
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Fig. 13 Effective speed evolution during orbital drilling a entire tool b at the tool center (N = 1100 tr/min; N,
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(R,p) to ensure that the cutting tool can perform all of
the machining. In this study, the non-cutting radius var-
ied from 0 to 1.5 mm (R, for a tool without a center-
cut: R,.=[0;0,5;1;1,5]. For simulations with a tool hav-
ing a center-cut, it is possible to have a non-cutting radius
(R,.) greater than the interpolation radius (R,z). In this
case, the non-cutting radius varied from 0 to 2.5 mm: R,
=10;0,5;1;1,5;2;2,5].

The other characteristics of the tool geometry remain
identical to the tool used previously: three-flute tool (Z
= 3) of diameter D, = 9 mm, with a corner radius R, = 1
mm (Fig. 14).

The other parameter studied with the simulation was the
tool cutting edge angle «,.
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Fig. 14 Simulation of material removal for different values of the radius without center-cut
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Fig. 15 Modelling results for the different geometries

The bending force (Fyy,,;,) is simulated for the different
tool geometries with the following cutting conditions: V, =
30 m/min; f,, = 0.005 mm/tooth; f,, = 0.04 mm/tooth.
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The result of all these simulations is presented in

Fig. 15. These graphs show that in general, the increase
of the tool cutting edge angle or of the radius without
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center-cut leads to a decrease in the bending force Fi,,i,.-
In the case of a tool with a center-cut, these variations are
very significant, they go from 77 to —12N. This negative
bending force means that the cutting forces generated by
the three teeth tend to push the tooth machining the sur-
face of the hole towards it. For the case of a tool without a
center-cut, these variations are less important; the bending
force goes from 77 to 31 N and never becomes negative.

To understand this result, the influence of these parame-
ters on the evolution of the chip geometry of the axial part
needs to be studied. The increase in radius without center-
cut or the presence of a tooth with center-cut significantly
modifies the geometry of the chip (Fig. 16). In Fig. 16a,
the increase in the non-cutting radius causes an increase
of the chip section at the back of the tool and a decrease of
the chip section at the front of the tool. The presence of a
center-cut has the same effect by increasing the chip sec-
tion at the back of the tool (Fig. 16b). However, by work-
ing in down-milling, the forces generated by the machining
of the back part of the tool are oriented so as to push the
tool towards the surface of the hole and therefore counter
the bending forces generated by the radial part of the tool.
It is a reason why the minimal bending force decreases as
the radius without center-cut increases (Fig. 15b—d).

Fig. 17 shows the influence of the tool cutting edge
angle on the chip section. It can be noted that the chip

Front

Fig. 17 Influence of the tool
cutting edge angle k, on the
geometry of the axial chip

section at the back of the tool increases as the tool cutting
edge angle increases.

This simulation explains the decreasing of the minimal
bending force when the tool cutting edge angle increases
(Fig. 16a—c).

In Fig. 10, the measured force Fyy and the modelled force
Frr show the successive passage of three teeth over the tool
revolution. This is explained by the fact that the radial chip is
not constant during the revolution of the tool. However, the
differences between the peaks come from the presence of a
single tooth with a center-cut. Thanks to the modelling, it is
possible to study the evolution of the cutting forces to better
understand the phenomena generated by the geometry of the
axial part of the tool. The tool performance and the cutting
phenomena caused by the radial part of the tool are known and
considerably studied in the literature. The cutting phenomena
on the axial part are more complex due to the combination of
the geometry of the tool tip and the complex tool path.

To better understand the mechanisms during drilling,
the evolution of the tangential force F, at the contact point
tool/work piece (according to Yoi) and of the radial force F,
(Fig. 18) was modelled only for the axial part.

During one revolution of the tool, these two forces oscil-
late strongly, which means that the bending force is highly
variable. As a consequence, a dynamic phenomenon is estab-
lished and must be studied to understand the chip thickness

—— - — - - = —
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Fig. 18 Modelling of the radial

Modeling of cuting force of the tool axial part
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of the radial part. Fig. 18 shows that when the tooth with
center-cut (Z,) is located in the “A” area (0 < ¢ < %), the
tangential force is positive, and the radial force is negative
but quite low, not causing a significant modification in radial
chip section. When the tooth with center-cut (Z,) is located
in the “B” area (37” < @ < 2x), the radial and tangential
forces are both positive. Therefore, the resultant force tends
to push the tooth being machined towards the surface. When
the tooth with center-cut (Z;) is located in the area “C,”
when the tooth (Z,) is in contact with the hole surface, the
radial force is positive and the tangential force is negative.
Therefore, the resultant force tends to push the tooth (Z,)
towards the hole surface and in reverse tends to withdraw the
tooth (Z) from the hole surface. Finally, when the tooth with
center-cut (Z,) is located in the area “D,” when the tooth (Z5)
is in contact with the hole surface, the radial and tangential
force are both negatives. Therefore, the resultant force tends
to withdraw the tooth (Z;) from the hole surface.

The hypothesis is that the radial chip section is not homo-
geneous for the three teeth because bending forces are dif-
ferent for each passage of the various teeth on the radial cut
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Tool revolution (in degrees)

Radial cut
area

area. The radial chip thickness machined by the tooth (Z,) is
greater than that machined by the tooth (Z5).

5 Results and discussions

To validate these simulations, orbital drilling tests were
carried out. These tests were performed on a drill bench
equipped with an orbital spindle. The cutting forces were
recorded using the dynamometer Kistler and sampled at 10
kHz.

The hole diameter was 11.11 mm.

Three different tool geometries were tested (Fig. 19).
Only the axial part was different. The first tool is the tool
previously studied with a tool cutting edge angle (x,=93°),
one tooth with center-cut and the others with a radius with-
out center-cut R,,=2mm . The second tool is similar, only
the tool cutting edge angle is different (x,=90° — flat tool
tip). The third is similar to the second but without center-cut
and with R..=1.5 mm. All the tools used were especially
made for the study.
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Tool No.1

Tool No.2

Tool No.3

K, = 93°

K, = 90°

K, = 90°

With center-cut Without center-cut

Fig. 19 The different tool geometries tested

The cutting conditions remained the same: V, = 30 m/
min; f,,= 0.005 mm/tooth; f,, = 0.04 mm/tooth.

A series of holes was performed with each tool, with
the same conditions (material, cutting parameters, hole
diameter). The diameter of the holes was measured on
a three-dimensional coordinate measuring machine
(CMM).

Fig.20 Average profile meas-

The results in terms of diameter (Fig. 20) show that the
presence of a tooth with center-cut on the axial part of the
tool has a significant impact on the hole profile due to the
bending phenomena. The hole profiles obtained with the
tools no. 1 and 2 show an entrance hole diameter larger than
the output diameter. This validates the previous simulation
results (Fig. 18): the axial part of the tool causes a positive
average radial force, increasing the hole diameter. At the
exit of the hole, the axial part is not anymore into the mate-
rial; therefore, the diameter of the hole decreases due to tool
bending caused by the radial part of the tool.

Between the first tool and the second, only the tool cut-
ting edge angle is different. The influence of this angle on
the axial chip is showed on Fig. 17. The chip section for
the second tool is more homogeneous between the back
and the front parts of the tool, which can be seen also on
the modelled cutting forces (Fig. 21). The maximum radial
force modelled for the second tool is around 70 N whereas it
reaches 90 N for the first tool. It explains why the variation
of hole diameter is less important for the second tool than
for the first one.

Tool revolution (in degrees)

Tool revolution (in degrees)

Fig.21 Modelling of the cutting force of the tool axial part for the three tools
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Considering the third tool, the three teeth are identi-
cal and the axial part is flat so the chip is identical for the
three teeth. That is why the model shows no cutting force
(Fig. 21), the forces on each tooth cancelling each other.

Without the radial force generated by the axial part, the
tool is submitted to a bending force due to the radial part,
generating a smaller diameter. The increase of diameter at
the exit of the hole is due to the relaxation of the bending
force as the tool exits the material progressively.

For tools no. 1, no. 2, and no. 3, the Fi,, ..., force is respec-
tively 9.5 N, 25 N, and 50 N (Fig. 15), which reflects an
increasing bending force for these tools and, therefore, a
reduction in the drilled diameter. This agrees with the diam-
eter measurements carried out (Fig. 20). The value of this
force is difficult to use to accurately predict the final diam-
eter because it would be important to take into account the
dynamics of the cutting process. In addition, this force is
extracted from a homogeneous cutting model over the whole
of the axial part and comes from an estimate of a force at the
center of the tool where the cutting conditions are strongly
degraded for which the model has not been validated. How-
ever, this value appears to be an interesting criterion for
optimizing the geometry of the tools and/or the cutting con-
ditions in order to limit the tool bending.

6 Conclusions

In this paper, the use of a force model for orbital drilling per-
mitted to study and to better understand the important role
of the geometry of the axial part of the drilling tool. Models
available in the literature were developed for simple flat-end
tools. But industrial tools used in orbital drilling are more
complex, and their geometry has a great influence on the
process. In this paper, a model of chip geometry and cutting
forces developed in previous work was used for simulating
complex tool geometries. This model permits to simulate
the complex chip geometry and the associated cutting forces
and to dissociate the role of each part of the tool on the chip
and forces generated, helping to better understand the cut-
ting phenomena occurring in orbital drilling (e.g., tool bend-
ing). This model was thus used to study the impact of the
geometrical characteristics of the tool. It allowed to better
understand the forces generated during the orbital drilling
process and made it possible to link the geometry of the tool
to the geometry of the drilled hole.

This model can be used to optimize the cutting condi-
tions and the tool geometry in relation to the cutting forces
generated (in direction and in amplitude). Currently, the
orbital drilling process struggles to meet the level of require-
ments of the aeronautical sector especially for the drilling
of titanium alloys or multi-material stacks. The modelling
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developed could permit to improve the performance of this
process.

The development of an accurate prediction of the tool
bending magnitude and of the dimensional quality of the
hole will be conducted in future works. This will need to
pursue the development of the model to consider the micro-
geometry of the tool cutting edge and the evolution of wear,
which remains a very critical point during the machining of
this type of material.
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