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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 sometimes very complex tool geometry, the geometry of the chip is very variable along the cutting edge and during a
revolution of the tool. tool. This complexity explains why the cutting forces are very variable during drilling and they are very
difficult to model and estimate for different tool geometries. The aim of this study is therefore to develop a cutting force model
taking into account the geometry of the tool and the cutting conditions. The final objective is to control the final quality of the
machined borehole. First, the geometry of the chip is modeled from the cutting parameters defining the trajectory and from the
macro-geometry of the tool. Cutting force models, based on the instantaneous chip thickness and applied to the drilling, are then
implemented. An experimental study validates the modeling by cutting force measurements carried out during orbital drilling
tests. From this modeling, 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 drilling.
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1. Introduction

For mechanical assembly of structures, the realization of the fastening holes is an important matter. Especially in the aeronautical
industry, the drilling process must reach high level requirements about hole quality, material 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 increasing 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, aluminium alloys... [3, 4]. A number of research
studies have been brought on the characterization of new solutions in terms of cutting tools technologies and of processes as
VAD [5, 6], or more recently the development of smart drilling [7]. Among these solutions can be cited the orbital drilling
process. 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 (Figure 1).
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Figure 1 : Orbital drilling trajectory.

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 drilling 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 deflection issue) [8]. Nevertheless,
from a global economic point of view, the orbital drilling process may permit to reduce the number of operations to reach the
finished borehole. In that case, it appears to be better 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 developed for this purpose, proposing orbital drilling units with an eccentric spindle [12]. The impact on the microstructure
and the fatigue behaviour 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 behaviour the one obtain with axial drilling. After that, the control of the quality of
the borehole quality has to be done through an optimization of the process: cutting conditions, and tool geometry [14]. Ozturk et
al. [15] proposed a unified mathematical model which predicts 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. Considering tool
geometry, the influence of both axial and tangential feeds on borehole diameter quality has been investigated for simple flat-end
tools [4, 16], based on a simple modelling of the chip geometry in orbital drilling with this 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 considering 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, according to the evolution of the edge geometry. Finally, this model makes it possible to simulate the geometry of the
instantaneous chip and thus to have a 3D view of the material removal carried out. It also makes it possible to simulate the cutting
forces as a function of the geometry of the tool considered, and to highlight the important role of the shape of the axial part of
the tool. This allows for a better understanding of cutting phenomena in orbital drilling (e.g. deflection of the tool). In terms of
applications, this model can be used to optimize the cutting conditions and the tool geometry in relation to the cutting forces
generated (in direction and in amplitude). From the simulation of drilling defects due to the cutting forces (e.g. diameter decrease
due to tool deflection), the model will permit to optimize the cutting conditions and/or the tool geometry in relation to the drilling
quality. 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 better 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 requires precise knowledge of the geometry of the chips. To
carry out a first model on the geometry of the chip, 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 as well as the cutting parameters
are first defined. It is then the calculation of the instantaneous section of machined chip which is 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 of the tool geometry:

The tool macro-geometry (Figure 2) is defined using the following parameters:



Tool radius R,
Number of teeth Z

Number of teeth with center-cut Zee
Corner radius Ry
Radius without center-cut R,
Tool cutting edge angle Ky

Table 1: Geometrical parameters of the tool.
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Figure 2 : Representation of the cutting edge profile.

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

A function H(r) is established in order to define analytically the edge profile, it allows to give the altitude along the tool axis of
each point of the edge versus radius 7. The lowest tool point is defined at the altitude Z = 0. The function H(r) is decomposed
into several functions, to take into consideration the different parts of the edge:

. Central partif 0 <r < R :

H(r) = (Rcc - (R — Rb)) X tan (g - KT‘) + (Ree —7) X tan (8 - g)

With § = k, in the case of the edge with center-cut (red dot line on Figure 2).
. Axial part (tip): if R, <7 < R; — R} :

s
H(r) = [r— (R, — Rp)]. tan (E — Kr)
. Radial part (chf)if R, — R, <r <R;:

HO) = By = [Ry? = [ = (R = R

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; (Figure 3).
The cutting parameters are thus presented in table 2.

Drilling radius Ry
Interpolation radius, called offset Rosr = Ry — R,
Pitch P
Cutting speed V.
Tool revolution speed (rev/min) Ve

" 2m X R,
Axial feed (mm/rev) fa
Axial feed per tooth (mm/tooth) _fa

fza - 7




Axial feed speed (mm/min) Vea = fa XN

Tangential feed (mm/rev) fi
Tangential feed per tooth (mm/rev/tooth) _ fe
f zt — E
Tangential feed speed (mm/min) Vie = ft XN
Orbital revolution speed N = Vre
" 721 X Rysy

Table 2: Process parameters for orbital drilling.

Figure 3 : Feed definition.

Now the geometrical parameters of the tool and the cutting conditions are defined, references need to be set to model the chip
section.

2.1.3. References definition:

In this work, a local cutting force model is used. So it's necessary to define a local reference to calculate the elementary cutting
forces on the cutting edge. These elementary forces obtained are then added together in order to simulate the overall resulting
cutting forces, it is therefore necessary to define other references to express the resulting forces in the tool and machine reference.
The index “i” is used to define the position of the tool on the orbital trajectory. Firstly, two characteristic points of the tool
trajectory are defined:

e (L, : the tool center location for the position

oo
L.

e HL; : the borehole center at the same altitude than CL;.
The distance between HL; and CL; has been defined as the interpolation radius R,¢.
Several references are then defined (figure 4):
e Machine reference: this reference is fixed in rotation.
R, = (HL,X,Y,Z)
e Orbital reference: this reference permits to define the tool position “i”
by the tool angular position 8; in relation to the machine reference.
Roi = (HLy, X1, Y 01, Z)

on the helical trajectory. This reference is described

Xoi=c050;.X +sin6,.Y

With: Y, = —sin6;. X + cos 6,.Y

and gi = (X! Xoi)

o Tool reference: This local reference describes the angular position ¢; of the considered point of the tool in the tool
revolution.
Rt = (CLi'Xci' Yci' Z)



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

Wlth: Yci = —sin ¢i'XOi + cos ¢i- YOi

and  @; = (Xo5, X¢i)

The tool center location CL; is defined with the offset:
HLiCLi = Roff-Xoi
The derivation of the angle ¢; is the tool revolution speed N.
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Figure 4 References definition.

The geometrical parameters of the orbital drilling operation and the references have been defined, now the calculation of the
instantaneous chip section can be developed.

2.2. Calculation of the instantaneous machined chip section

As the cutting speed is largely higher than the tool feed speed, two simplifying assumptions are made:

e The tooth trajectory is considered circular (cycloid effect neglected), according to Segonds et al. [20].

e The calculation of the volume of the chip machined by the tool at each instant is the result of a Boolean subtraction
operation between the volume of the machined work piece at the previous instant and the volume generated by the tool
revolution at the position “i”.

Therefore, to calculate the chip section machined by a tooth in position “i”, two calculation steps are made. First, each point 4;
belonging to the envelope surface of the tool in position “i” is described in R,; in function of the radius ||CL;A;|| = ry;
(r4;€[0,R:]), @; (9;€[0,2m]) and H(r) applied at the tool position “i”:

cr
l

Tai Xai(Tai,0,) = Ta.cos o,
CLiA; = { 0 ] Yy (Tai, (Pi) = Ty SinQ; (eq.1)
ZAi(rAi' (Pl) = H(rAi) R H(TA')
c : Roi

The set of points A; for a constant ¢; represents the edge where the chip section is assessed on.
Then, to calculate the section of the chip, it is necessary to identify the location of the previously machined surface above each
point A4;. For this, all the locations of the tool that are before location “i”” on a complete orbital revolution are considered. Each
considered previous location is identified by its tool center point CL.
The difference of altitude following Z between two tool locations CL; and CL,, is noted Hy;. Knowing that the tool describes a
helical trajectory characterized by its pitch P (Figure 3), the height Hy,; is defined according to the relative angular position 0y;
of both tool positions “i” and “k” (Figure 5):

P X 0y;

Hyi(0) = P = —— -
The function Hy; is defined such as the tool location “k” is above the tool location

0y is equal to zero.
Then, for each point 4;, the set of points 4, above 4; is identified in the reference R,; as:

(eq:2)

on the helical trajectory when the angle

o
l



KXok = XAi(rAL" §0i)
CLiA, = Yar = Yai(rair 0,) (eq.3)
Zpy = H(rar) + Hii (0k:) Ro;
To calculate Zy, the radius 74, has to be previously determined. For this purpose, the radius r;, which represents the radial

position of the points A; and A, in the reference R,,, and the angle a« = (HL;CL;, HL;A;) have to be calculated first. They can
be expressed by considering the triangle (HL;, CL;, A;) (Figure 5):

rki(rAi, goi) = \/|rAi2 + Roffz — 2 X Rypp X1y X cos(m — (pi)| (eq.4)

2 2 2
a(r, ¢,) = cos™? Tia” & Ropy” — T
AL T 2 X Tki X Roff

(eq.5)

From Figure 5, considering the triangle (HL;, CLy, A;), the expression of 1, can be deduced:

Y,

Tool in
position “k”

Tool center
trajectory (Rys5)

I

Figure 5 Locating a tool position “k” in relation to the tool position “i”.

Tak (T, ¢7i16ki) = \/|7”ki2 + Ropf? — 2 X Ropp X 1y X €05 (0 — )| (eq.6)

The set of points A4 related to every tool location “k” of the previous orbit revolution are calculated for each point A4; considered.
To determine the location of the machined surface above A;, the corresponding point A, with the lowest altitude is kept and
noted S;.

X (T’Ai: (Pi) = Xak = X
CLiSi =

YSi (TAi, (pl) = )/Ak = YvAl (eq'7)
\Zs: (rai0,) = min, (Zu) | )

For a given tool position “i”, the set of points S; associated to the set of points A; describes the previous machined surface. It
permits to calculate the chip height on each point of the tool:

ASi.Z= 75 (1a9,) = Z 4, (Tas9,) (eq.8)
Along a cutting edge, the chip section is then obtained by plotting the set of points A; and the associated points S;, for a fixed
angle @; (representing a tooth of the tool) and for r,;€[0, R,] (Figure 6). The chip section obtained is discretized into trapezoids.
The decomposition is considered to be sufficiently thin, to be able to approximate each trapezoidal surface by a rectangular
surface characterized by two values: its thickness h; and its width b;. The thickness h; is considered normal to the edge profile.

oo
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Figure 6 : Decomposition of the chip section.

From this calculation of the instantaneous chip sections it is possible to simulate the three-dimensional geometry of the chips
obtained on a tool revolution. (Figure 7: see interactive figure in the online version).

£ (rmrm)
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Figure 7: 3D visualisation of the chip (V_c=30m/min; f z_a=0.005mm/tooth; f_z_t=0.04mm/tooth)

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
[21] [22]. Knowing the instantaneous chip section, the cutting forces applied on the tool during drilling can be expressed. This
section of chip is discretized along the cutting edge making it possible to calculate the local forces “dF” on each discrete element:
dF =K*.h.b (eq.9)
Where K™ is a specific cutting coefficient. As the thickness of the chip (h;) is highly variable, the specific cutting coefficient is
considered non-constant [23] [24] and estimated by the following function [25]:
K*=K.h™1 (eq.10)
With K and g two constants.
Applying this model to each discrete element, three elementary forces applied on the tool are defined (Figure 8):
dF, = K. h;'~%.b;
dFE, = K,.h;' "™ b, (eq.11)
dF, = K,.h;* . b,
Where h; and b; are dependent on the angular positiong; and on the radius 7y;.



Chip geometry

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

Figure 8 : Local forces applied on the tool for a given chip section.

It was previously defined that the cutting edge of the tool would be broken down into 2 parts; the axial part (also containing the
central part and noted “tip”) and the radial part (noted “chf”) (Figure 2). On these parts, the geometry of the chip during the
revolution of the tool is very different. The cutting conditions (cutting speed) are also variable along the cutting edge. Therefore
the cutting mechanisms can be different in these different parts. This is the reason why the modelled cutting forces on the axial
part of the tool and on its radial part are so considered separately. The corresponding cutting parameters K and g are also
identified separately with specific calibration tests. The modelling of the cutting forces becomes:
o if0<7r<R;—Ry:
dF, = dF i (Ta;, 0) = Kc_tip-hi(rAixQoi)l_qc-“”-bi(r,qixﬁoi)
dF, = dFy_4ip(Tai, @) = Kn_tip- hi(rai, @)% by (13, 1) (eq.12)
dF, = dF; 11y (Tai, 01) = Ky gip- i (T, 0) 042 by (15, 9;)
. if Ry — Ry, <7 <Ry

dF, = dF. cnf (rai, @) = Ke_cng-hi(Tag, 9)" " 9ehf by (a5, @)
dFy = dFy cng (T, 01) = Koy_cng- i (T, 9) "I by (15, 9;) (eq.13)
dF; = dF; cng(Tai, 01) = Kp cng- hi (T, 0 0 by (ra, 91)

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

On the axial part of the tool, the above-mentioned modelling is applied on each tooth of the tool. To obtain the total cutting

[73 1)

forces for the tooth “z” in position ¢;, the elementary cutting forces are summed along the edge:

Rt—Rb Rt—Rb

Fc_tip (@) = z ch_tip 2(Tair @) = Kc_tip- z hi (T4 (pi)l_qc‘tip- b; (rai, ¢1)
T4i=0 T4i=0
Rt—Rb Rt—Rb

9 Fn_tip @) = Z an_tip 2(Tai @) = Kn_tip- Z hi (T, ¢i)1—Qn_tip_ b; (rai, @1) (eq.14)

T4i=0 T4i=0
Rt-Rb Rt-Rb

Fi tip 2(@i) = Z AF¢ tip 2(Tais 1) = Ki ip- Z hi (T4, @) 0t by (15, 1)
T4i=0 TAi=0

These cutting forces F¢ tip (9;), Fn_tip 2(@;) and Fy 1, ,(;) are calculated for each tooth of the tool, taking into account the
differences in the tooth profile which can exist (with or without center-cut) (Figure 9).



\n_tip 2 ((pl)
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Figure 9 : Representation of forces generated on the axial part of a tool with three teeth (forces Fy ¢, ,(@;) are represented
perpendicular to the figure).

For each tooth, the cutting force F, .;, ,(¢;) applied on the axial part is normal to the chip section. Due to a local rake angle
which is null, this force is included in the plane (X¢; ¥¢;), or (X, Y 4;). The normal edge force F, 1, ,(¢;) is included in the
plane perpendicular to the cutting force Fc s, ,(¢;), and nearly to be perpendicular to the edge. The tangential edge force
Fy ¢ip z(@;) is also included in the plane perpendicular to the cutting force F, 1, ,(¢;), and nearly to be tangent to the cutting
edge.
For this cutting force model related to the axial part of the tool, 6 axial cutting parameters have to be identified: K tip, Ky _tip,
Ki tip and q¢ tip» Qn_tip» e _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 centre of the tool, as
degraded cutting mechanisms or extrusion. To take into account this phenomenon into the modelling, an axial indentation force
is added to the model. The selected modelling is the one proposed by Williams for axial drilling [26]:

Fina = Kind'Vfaqind-S (eq.15)
Where S is the projected surface of the indentation zone under the centre of the tool. For a given tool, S can be considered as a
constant since the axial feed speed remains low [6, 26]. This is especially the case in orbital drilling. Thus this parameter can be
included into the coefficient K;,4.

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

On the radial part of the tool (“chf™), the modelling proposed (eq.13) for elementary forces dF, cpr ,(9;), dFy_cny -(@;) and
dFy cnr (1), is applied for each tooth “z” (Figure 10).

) dFt,chfz

an_chf z

Figure 10: Elementary forces applied on the chamfer.

It can be noted that the direction of the elementary normal force dF, .nr,(@;) and of the elementary tangential force
dF; cnr (i) vary along the chamfer, according to the evolution of the local tool cutting edge angle k..



The elementary forces are then summed along the chamfer to obtain the total cutting forces applied on the radial part of the tooth

“z” in position ¢;.
Rt Rt

Fe cng (@) = Z AFe cng ,(Tair 0i) = K cny- Z hi (rai, @) ~eenf by (ra;, 1)
T4;=Rt—Rb TAi=Rt—Rb
Rt Rt
 Fneny 2(@0)) = Z AFy_cnf z(Tair 01) = Kn_cng- Z Ry (rag, ) et by (11, @) (eq.16)
T4;=Rt—Rb rai=Rt—Rb
Rt Rt
Fe cnr (@) = Z AFe cnf z(Tai @) = K¢ cny- Z hi(rai, i)~ ehs by (11, 9;)
T4i=Rt—Rb Tai=Rt—Rb

These forces F, cnr ,(9i), Fy_cn z(®:) and Fy cpf ,(@;) are calculated for each tooth of the tool (Figure 11).

Fn,chf 1 ((pl)

Fcfchf 1 ((pz)

Fc,ch[ 2 ((pl)

N‘n_chf 3(@)

Fc,chf 3((pi)

Fo chy2 on

Figure 11 : Representation of forces generated on the radial part of a tool with three teeth (forces Fy_cy ,(@;) are brought
back into the plane of the figure and forces Fy cpf ,(@;) are not shown).

For each tooth, the cutting force F, .nr ,(¢;) applied on the radial part is normal to the chip section. Due to a local rake angle
which is null, this force is included in the plane (X.;; Y;), or (Xo4; Yo;). The normal edge force Fy, cpf ,(@;) is included in the
plane perpendicular to the cutting force F¢._cps ,(¢;), and nearly to be locally perpendicular to the edge. The tangential edge force
Fy cnr 2(@;) is also included in the plane perpendicular to the cutting force F; opf ,(¢;), and nearly to be locally tangent to the
cutting edge.

As for the axial part, the modelling of the forces applied on the radial part of the tool considers 6 radial cutting parameters 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 take into account different cutting phenomena that occur under the tool tip and on the chamfer.
The parameters of the modelling have to be identified separately for both parts, in order to be able to simulate the global forces
generated in orbital drilling.

3.3. Experimental setup and calibration procedure

In this paper, the case of a three-flute tool (Z=3) of diameter D,=9mm, with a corner radius R,=Imm, and with a single tooth
with center-cut (R..=2.2mm) is presented. The machined material was titanium alloy TiAl6V4 of 19mm thick. The identification
of the model parameters “K” and “q” needs calibration tests to be conducted, respectively for the axial part and for the radial
part of the tool. These calibration tests were performed on a DMG DMU50eVo CNC machining centre, equipped with a
24000rpm/25kW spindle. Once the model was identified, its validation was done by comparing simulated forces and measured
forces in orbital drilling. The associated orbital drilling tests (borehole diameter D,=11.1mm) were performed on a specific drill
bench equipped with an orbital spindle, property of AIRBUS. For all tests (calibration and validation), cutting forces were
recorded using the 6-component 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 30m/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].

All 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 coefficients K.* and K,,* are calculated for a given value of h from (eq.10). 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 be also noted that
coefficients K,* and K, are nearly equal for a given part of the tool. This expresses the importance of normal edge forces in
orbital drilling, while cutting forces normal to the chip section are often considered as preponderant. The influence of the edge

sharpness must also be considered.

Kc qc KC* = Kc- h~4e Kn Adn Kn* = Kn' h~an (h Kind's Qina
(h =0.01mm) =0.01mm)
Radial Part 1643 0.229 4590 446 0.483 4124 - -
Axial Part | 192.79 | 0.577 2750 48.505 | 0.811 2010 2.5887 1

Table 3: Summary of the identified coefficients.

Since the models for the axial and the radial parts of the tool are calibrated, the global cutting forces can be simulated, analysed
and compared to experimental measurements.

Figure 12: Global cutting forces on the tool

3.4. Result of the cutting forces modelling

First, from the identified coefficients, it is possible to simulate the forces applied on the axial part of the tool, considering the

same parameters for the three teeth. For this, the forces F 4, and Fy, ;, are firstly projected along the axis ¥ ;, X,;. The resulting

forces are respectively Fr .;, (tangent to the borehole, along ¥ ;) and Fy 43, (radial to the borehole, along —X ;). The axial force

Fy_tip is obtained by adding the projection of F;, 4;;, along axis Z and the indentation force Fi,q (Figure 12):
VA

z=1

z=1

z=1

VA
FA_tip = Z[Fn_tip z Z] + Finag

FT?tip = Z[Fcftip z Yoi + antip z Yoi]

A
3 FR_tip = _Z[Fc_tip 2 Xoi Fn_tip z-Xoi]

(eq.17)

In the same manner, the forces F, ¢ and Fy, ¢y, applied on the radial part of the tool, are simulated and projected along the axis
Y,i, Xo; and Z. The resulting forces are respectively Fr ¢,r (tangent to the borehole, along Y,;), Fg cnf (radial to the borehole,
along —X,;;) and F, _¢p,5 (axial force, along Z) (Figure 12):



3
FT_chf = Z[Fc_chfz- Y, + Fn_chf 2 Yoi

z=1
3

3 FR_chf == Z[Fc_chfz-xoi + Fn_chfz-Xoi] (eq.18)

z=1

3
FA_chf = Z [Fn_chf z Z]
z=1

Fr = Fr yip + Fr_cny
Fp = Fp tip + Fr cny (eq.19)
Ey = Fptip + Fa_cny

The precise angular position of the tool in the borehole during 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 ¥ 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 were based on the resultant force applied on the tool in the plane perpendicular to its axis (noted

F,,) and on the axial force F,. From the measurements, Fy,, can be calculated with the measured forces Fy, and F:

Fyy = /sz +F? (eq.20)

The measured forces F,, and F; can be respectively compared to simulated forces Fgr and F,, where:

Frr = /FRZ + Fp? (eq.21)

The comparison between simulations and experimental measurements is performed considering the tool fully engaged into the
material. The evolution of the cutting forces during the entry phase of the tool into the material would have been different but it
has an insignificant influence on tool behaviour and on hole quality. Thus in the paper, this entry phase is not presented.

The measured cutting forces are firstly presented for a complete orbital revolution (Figure 13). It corresponds approximatively
to 55 tool revolutions and 3s. An analysis of the signals in the frequency domain is also presented. It appears that the force
evolution is stable. More, Fy,, vary at a frequency equal to the tool revolution frequency (17,7Hz), while the axial force signal F,
present a frequency three times greater (53Hz). This validates the observations made earlier on simulations.
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Figure 13 : (a) Cutting forces measurements during orbital drilling (V.=30m/min; f,,=0.005mm/tooth; f,.=0.04mm/tooth);
(b) analysis of force signals in the frequency domain.

The observed frequencies permit to compare simulations to experimental measurements only on a few tool revolutions. Three
tool revolutions are presented (Figure 14).
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Figure 14: Comparison of simulated and measured cutting forces. V,=30m/min; f,,=0.005mm/tooth; f,.=0.04mm/tooth.
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It can be noted that the simulated axial force F, represents with a good fidelity the axial forces generated in orbital drilling. The
edge passing frequency is found. Moreover, the amplitude of the axial force is really close to the measured one F,.

The simulation of the resultant force Fry shows also very good results. The characteristic evolution of this force is found, in
relation with the evolution of Fr and Fy explained above. On the measurement of Fy,,, the two characteristic frequencies clearly
appear. 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.

As a result, the error between simulation and experimental results was assessed through Bravais-Pearson correlation coefficients
Rgr and Ry. For the transversal cutting force Fgr the coefficient Ry is 0.89. The mean error is 15N, 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 12N, 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 now.

4. Influence of tool geometry

4.1. Influence of the geometry on the simulated cutting forces

Using a model, it is possible to simulate the cutting forces for different tool geometries and thus study the influence of this
geometry on the forces. The goal is to link the geometry of the tool with the dimensional quality of the hole. This work will
therefore focus on the forces having an impact on the final diameter of the hole and therefore partly 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 making the surface
of the hole. It was therefore chosen to study the force Fr when each tooth is machining the surface of the hole. Thus, a force is
calculated for each tooth, the force (Frzi) is calculated when the tooth Z1 is in contact with the surface of the hole by taking into
account the radial force Fr averaged over the area shown in Error! Reference source not found.. 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.



Figure 15 Area taken into account for the calculation of the effort Fr

Thus an Frz; force is obtained for each tooth. It is considered that the final surface of the hole is made by the tooth with the least
effort because it is the tooth that will flex the least. It is therefore this effort (Frzmin) that will be used to compare the different
geometries. Different tool geometries will be tested. For these simulations, the cutting conditions used are: V.=30m/min;
f,.=0.005mm/tooth; f,=0.04mm/tooth.

As the geometry of the tool is complex, only a few characteristic points will be studied. First, modeling will be used, by varying
the geometry of the tool at the level of the axial zone of the tool, because in these works this zone is quite problematic. It could
be identified that 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 utility of this center cut and the impact it has on drilling.

Figure 16 Tooth wear with center cut t

The cutting area near the tool center is always a problem area in tools machining at the end of the tool 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 real cutting speed ( Vi ,..q; ) by taking into account the combination of the two rotations (N and N, ):

Ve reat(Tai 9,) = Tai X 21T X N = 11 (Taz, 9,) X 27 X Noyp X cos( — a (7, 9,) — 9,) (eq.22)
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Figure 17 Cutting speed evolution during orbital drilling (a : all the tool ; b : locating on the tool
center)(N=1100 tr/min; No»=21 tr/min)
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And thus plot the evolution of the cutting speed along the cutting edge on a tool lathe (Figure 17-a), this result shows the cutting
speed tending towards a zero value near the center of the tool as is the case with axial drilling. However, by analyzing more
precisely the area near the center of the tool, the cutting speed becomes negative (Figure 17-b) due to the combination of the
rotation of the tool and the orbital rotation. In the case of orbital drilling even if the orbital rotation seems negligible on the value
of the rotation speed of the tool, it can still have an impact on the deterioration of the cutting conditions in the center of the tool.



It is therefore normal that the axial zone is also problematic in orbital trimming. Using the model, different tool geometries will
be simulated to see the possibility of eliminating or reducing the material to be machined in this sensitive area. The first
simulations consist in simulating material removal with a tool without a cut in the center, so all the teeth will have a similar
profile with a non-cutting radius at the center R,..

Unmachined
area
o

Rofr>Rec Ropr=Rec Roff<Rcc

Figure 18 : Simulation of material removal for different values of the radius without center-cut

The simulation of the trace left by the rotation of the tool shows a maximum non-cutting radius equal to the interpolation Rost
radius. It is therefore essential to keep a non-cutting radius at the center lower than the Rosr radius to ensure that the cutting part
can perform all of the machining. This non-cutting radius varies for the study between 0 mm and 1.5 mm (R,) for a tool without
a cut in the center. R, = [0; 0,5; 1; 1,5] For simulations with a tool having a center cut, the non-cutting radius varies between 0
and 2.5 mm R, = [0;0,5; 1; 1,5; 2; 2,5]. Because there is a tooth with a cut in the center, it is possible to have a non-cutting
radius (Rcc) greater than the interpolation radius (Rof).

The other characteristics of the tool geometry remain identical to the tool used previously. A three-flute tool (Z=3) of diameter
D;=9mm, with a corner radius R,=I1mm, and with a tool cutting edge angle x,=93°.

The bending force (Frzmin) is simulated for the different tool geometries with the following cutting conditions: V.=30m/min;
f,2=0.005mm/tooth; f,=0.04mm/tooth.

The result of all these simulations is presented in Figure 19. These graphs show that in general the increase of the tool cutting
edge or of the radius without center-cut leads to a decrease in the bending force Fgy;y. In the case of a tool with a center cut,
these variations are very significant, they go from 77N to -12N. This negative bending force means that all of the cutting forces
generated by the three teeth tend to push the tooth machining the surface 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 77N to 31N and therefore never becomes negative.
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Figure 19 : Modeling results for the different geometries

To understand this result, we must be interested in the influence of these parameters on the evolution of the geometry of the chip
of the axial part. The increase in radius without center-cut or the presence of teeth with center-cut, significantly modifies the
geometry of the chip (Figure 20). In Figure 20-a the increase in the non-cutting radius causes an increase in the section of the
chip section at the back of the tool and a decrease in the chip section at the front of the tool. The presence of a cut in the center
has the same effect by increasing the chip section at the back of the tool (Figure 20-b). However, by working by 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’s a reason why the minimal bending
force decreases as the radius without center cut increases (Figure 19-B-D).
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Figure 20 : Influence of the radius without center-cut (a) and the presence of the cutting center (b) on the
geometry of the axial chip

The other parameter studied with the simulation is the tool cutting edge angle k..

|
i : Tool traiectorv
[
i

A
.
.
S
N

S
S
N

.

1 ~ TS
| <

Figure 21 : Influence of the tool cutting edge angle i, on the
geometry of the axial chip

Figure 21 shows the influence of the tool cutting edge angle on the chip section and as with the other two parameters discussed
previously, the chip section at the back of the tool increases as the tool cutting edge angle increases.



It is therefore normal that the simulation shows a reduction in the minimal bending force when the tool cutting edge angle
increases (Figure 20-A-C) for the same reasons.

In Figure 14, the measured force Fxy and the modeled force Frt show the successive passage of three teeth over the revolution
of the tool. This is explained by the fact that the radial chip is not constant over the revolution of the tool. However, the
differences between the peaks come from the presence of a single tooth with a central cut which causes a disturbance on the
revolution of the explaining tool. Thanks to the modeling it is possible to study the evolution of the cutting force 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 already considerably studied in the literature. The cutting
phenomena of 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, (Figure 22) are modeled only for the axial part.

during one revolution of the tool, these two forces oscillate strongly, which means that the bending force is itself highly variable.
So a dynamic phenomenon is established and must be study to understand the chip thickness of the radial cut. The Figure 22
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 (%ﬂ < ¢ < 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») 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

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 z3.
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Figure 22 Modeling of the radial and tangential force of the tool axial part, taking into account the three teeth.

Results and discussions

To validate these observations on the simulation, tests were carried out. These tests are performed on a drill bench equipped with

an orbital spindle. The cutting forces are recorded using the dynamometer Kistler and sampled at 10 kHz. A taring is performed
on the signals obtained when measuring.

The hole diameter is 11.11mm and it is made with the same tool which has diameter of 9mm.
Three different geometry tools are tested (Figure 23). Only the axial part is different. The first tool is the tool previously studied
with tool cutting edge angle (k,, = 93°), one teeth with cutting tool center and the others with a radius without center cut R, =

2mm . The second tool is a similar tool, only the tool cutting edge angle is different. The axial part of the second tool is flat so
K, = 90°. The third is the same than the second without the cutting tool center.



Tool N°1 Tool N°2 Tool N°3
Kkr=93° kr=90° Kr=90°
With cutting tool center (Without cutting tool center

Figure 23 : The different geometry tool
For comparison of the three tools, cutting conditions have remained the same and are the conditions recommended by the
manufacturer: V.=30m/min; f,,=0.005mm/tooth; f,=0.04mm/tooth.
In order to bring out this dynamic phenomenon, a series of holes is created with each tool, with the similar conditions (material,

cutting parameters, hole diameter) for each tool. And then the diameters of the holes will be measured on the three-dimensional
measuring machine (MMT).

Tool N°1 Tool N°2 Tool N°3
Kr=93° Kr=90° Kr=90°
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Figure 24 : Average profile measured on the hole for each tool

These measurements (Figure 24) show that with same cutting conditions the profile of the hole can be different. And especially
that the axial part of the tool is very important on the profile, therefore on the bending tool.
On the profile of the first tool the entrance hole diameter is larger than output. This validates the result of the modeling of the
cut (Figure 22) that the cut of the axial part of the tool causes a positive average radial force, increasing the hole diameter. And
at the end of the drilling there is no cutting of the axial part therefore the diameter of the hole decreases.
Between the profile of the first tool and the second, only the tool cutting edge angle is different. The influence of this angle on
the axial chip is showed on the Figure 21.
Therefore, the axial chip for the second tool is more homogeneous, which can be seen also on the modeling effort (Figure 25).
The maximum radial force modeled for the second tool is 100N whereas for the first tool it's 150N, it's a reason why the variation
of hole diameter is less important for the second tool
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Figure 25 : Modeling of the cutting force of the tool axial part for the three tools



As regards the third tool, the three teeth are identical and the axial part is flat so the chip is identical for the three teeth. That is
why the model shows no cutting force (Figure 25) because the forces on each tooth cancel each other.

Without the radial force generated by the axial part, the tool during the drilling bend and therefore realized a smaller diameter.
The increase of diameter at the end of drilling, is due to the relaxation of the tool.

For tools n°1, n°2, and n°3, the Fyy,y force is respectively 9.5N, 25N, and SON (Figure 19), which reflects an increasing bending
for these tools and therefore a reduction in the drilled diameter. This is in agreement with the measurements carried out (Figure
24). The value of this force is difficult to use to predict the bending of the tool because it is important in this type of bending to
take the dynamics into account. 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. However, this value appears to be an interesting criterion for optimizing the geometry of the
tools and/or the cutting conditions in order to limit the bending of the tool.

5. Conclusions

In this paper, a new modelling of orbital drilling is proposed. Previous 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. However, a modelling considering a more complex tool geometry was not available, though it is necessary to reach
an optimization in terms of tool design. In this paper, a model of chip geometry and cutting forces is proposed for complex tool
geometries. The novelty is based on the integration of the tool geometry into the modelling, by considering local conditions and
forces. The tool geometry is firstly expressed analytically, before being divided into elementary edge portions. On each portion,
a local cutting force model is applied. The elementary forces are then summed, according to the evolution of the edge geometry.
Finally, this model permits (i) to simulate the geometry of the chip, separately for the axial and for the radial parts of the tool,
(ii) to simulate the cutting forces in relation to the tool geometry considered, including the important role of the shape of the
axial part of the tool, and (iii) to dissociate the role of each part of the tool on the chip and forces generated, and so a better
understanding of the cutting phenomena in orbital drilling (e.g. tool deflection).

To finish a study on the impact of the geometrical characteristics of the tool allowed to better understand the forces generated
during the drilling and made it possible to link the geometry of the tool to the geometry of the drilling. A criterion has been
developed in order to be able to carry out optimizations on the geometry of the tool but is also possible on the cutting conditions.
In terms of applications, this model can be used to optimize the cutting conditions and the tool geometry in relation to the cutting
forces generated (in direction and in amplitude). From the simulation of drilling defects due to the cutting forces (e.g. diameter
decrease due to tool deflection), the model will permit to optimize the cutting conditions and/or the tool geometry in relation to
the drilling quality.
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