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Abstract: In aerospace applications, drilling is one of the most common
operations. However, this machining stays complex and expensive, especially
for difficult-to-cut materials such as titanium alloys. Because drilling is a blind
operation, the physical measurements in-situ or the observation of phenomena
close to the cutting edge is hard to observe. This study focuses on two different
methods allowing the evaluation of the local forces along the main cutting
edge. The first method is based on a physical decomposition of the drill edge.
The global forces are measured when drilling samples with various external
diameters: 1) smaller or larger than the drill diameter; 2) with or without pilot
hole. The forces measurement for each sample lead to the determination of the
elementary forces along the cutting edge and the margin. The second method
decomposes the forces during the progressive drill point entry in the work
material. On each Z level, the drill edge engagement is geometrically
determined, allowing the knowledge of the elementary forces applied along the
cutting edge and the margin.
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1 Introduction

Aerospace industry uses more and more titanium alloys mainly for its high mechanical
properties such as high strength-to-weight ratio, high resistance at elevated temperatures,
and an elasticity modulus close to the carbon fibre reinforced plastic, enabling a good
repartition of the stresses within the stack (Ezugwu and Wang, 1997; Ezugwu, 2005).
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Drilling of Ti6Al4V alloy is a critical application because of the blind aspect
operation combined with the low machinability of this material (Cantero, 2005). Most
studies are focused on the global forces to understand the macroscopic cutting
phenomena, the surface qualities (Dornfeld et al., 1999), and the thermo-mechanical
modelling aspects (Ozcelik and Bagci, 2006). To increase the robustness of these models,
the local forces along the cutting edge have to be known (Li and Shih, 2007a, 2007b).

Methods developed in the past to discretise the forces along the cutting edge could be
presented in two mains categories.

e Method #1, based on a physical decomposition (Dargnat, 2006) is often used with
various pilot holes and could be applied in different work materials, like bones (Lee
et al., 2012), CFRP (Hamade et al., 2006) or titanium alloys (Bonnet, 2010).

e  Method #2, developed more recently, is based on the decomposition of the forces
during the drill point engagement in the work material (Claudin et al., 2008; Lazar
and Xirouchakis, 2011, 2013).

These two methods are detailed in this paper by three particular experimentations in order
to compare them.

Those experimental results can be compared to mechanistic models (Bissey, 2005;
Campocasso et al., 2013; Lopez de Lacalle et al., 2009; Sui et al., 2014; Parsian et al.,
2014) or finite elements simulations (Abele and Fujara, 2010).

2 Experimental procedures

2.1 Tooling and equipment

Ti6Al4V B treated alloy samples are composed of 20 mm diameter rods machined in a
25 mm thickness plate. Drilling experiments were performed on two NC machines-tools.
The first one is a two axis lathe (SOMAB Transmab 400) equipped with an 8,000 rpm
spindle speed. The samples were gripped with an ER32 collet. The thrust force and the
drilling torque were measured by a six components piezoelectric dynamometer
Kistler 9121. The Z axis and spindle positions were acquired respectively by the 0.1 pm
and 0.35° resolution optical coder. The second machine tool is a three axis DNC milling
machine (DMC 65V) equipped with an 18,000 rpm spindle speed. Ti6Al4V specimens in
this case were clamped directly on the milling table. The thrust force and torque were
also measured by a six components piezoelectric dynamometer Kistler 9123. The Z axis
position and spindle speed frequency were collected by the analogical output of the DNC
(Siemens 840D) respectively with a 20 um and 0.08 rpm resolution.
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Table 1 Drill geometry

WC-Co drill (Grade K20)

Drill diameter 12 mm
Flute length 55 mm
Point angle 140°
Helix angle 32°
Clearance angle (near outer diameter) 15°
Rake angle (near outer diameter) 32°
Back taper 0.5%
Margin width 0.8 mm

The signals were monitored by an A/D board (NI 9188 and three NI 9215 cards, National
Instrument, USA, with a 50 kHz data acquisition frequency) and recorded on a PC using
data acquisition software (Dasylab 11, NI, USA). The data were then operated with
Matlab R2007b software.

A commercial drill (Seco-K20 type uncoated) recommended for titanium drilling was
selected for this investigation. Main cutting tool parameters are listed in Table 1.

2.2 Experimental design

A previous study (Poutord et al., 2013) has permitted to select the suitable cutting
parameters sets (Vc&f) (summarised in Table 2).

Table 2 Cutting conditions

WC Co drill (Grade K20)

Work material Ti6Al4V B
Cutting speed (Vc) 10 m/min
Spindle speed (N) 265 rpm
Feed (f) 0.2 mm/rev
Lubrication condition Dry

A wear study of a drill selected in the same batch showed that the global cutting forces
does not change significantly during the 18 firsts holes during Ti6Al4V drilling (Poutord
et al., 2013). That point has been confirmed by a repetition of the first drilling test at the
end of the experimental campaign.

2.2.1 Method #1: physical decomposition by varying the external diameter
(discrete approach)

The first experiment used to subdivide the main drilling edge is based on a ‘physical
decomposition’ as pointed out on Figure 2 and Table 4. Different edge portions of the
drill are used during the drilling operation by varying the external diameters of the
sample which could be prepared with or without a pilot hole as shown in Figure 1. The
local forces are deduced by subtracting the global forces from neighbour trials. Table 3
presents the machining tests carried out in order to determine the local forces on seven
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sections of the edge drill. The pilot hole enables the physical subtraction of the chisel
edge influence during the drilling operation.

Figure 1 Physical drill decomposition (see online version for colours)

@external  @pilot hole

Table 3 Drilling experiments

Test # Pilot hole radius [mm] External radius [mm] e [mm]
1 1.5 20 4.5
2 1.5 5.95 4.45
3 1.5 5.5 4
4 1.5 4.5 3
5 1.5 3.5 2
6 1.5 2.5 1
7 No pilot hole 20 6
8 No pilot hole 5.95 5.95
9 No pilot hole 5.5 5.5
10 No pilot hole 4.5 4.5
11 No pilot hole 3.5 35
12 No pilot hole 2.5 2.5

Table 4 Edge subdivision

Edge subdivision # Radius [mm]

1 0-1.5

2 1.5-2.5

3 2.5-35

4 3.5-45

5 4.5-5.5

6 5.5-5.95

7 5.95-6 margin included
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Figure 2 Edge subdivision
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The procedure to calculate the global force on the chisel edge is based on the average of
six values, as shown in equation (1):

1
Fééslcu = E'Z(Fl&easu - Fl\lfleasl s ) (1)
k =[2.5;3.5;4.5;5.5;5.95;10]

and FJ

Meas;j

With, FJ

Calg which are respectively the force calculated and the force
measured on an edge subdivision (i to j) of the drill radius.
The next edge segment from 1.5 mm to 2.5 mm on the radius is calculated by using

the force calculated previously equation (2):

1

FCZE'HSC]‘S = E : (( F’\iESaSo - F’\1/|495a5() )+ Flglésasl,s ) (2)

The same methodology is used for the determination of the whole segments. Equation (3)
presents the way to calculate the force applied on an edge segment i to k on the radius.

ko1
Calc; 4

(( Fl\‘/(leaso - Fl\illeaso )+ ( Fl\ll(les]_5 - Fl\i/lesl,s )+ ( Fl\l;Ies(] - Fcialco )+ ( Fl\l;Iesl,s - FCiaIclvs ))

The same calculi are used to determine the amount of the torque (T,) applied on each
segment of the edge. The local torque is then converted in the local cutting force (F;)
which is supposed to be constant on the entire edge segment [equation (4)].

e 3-(k2-i2)
4 2.k -i?)

)

Fck=T @)
All the local forces are divided by the length of the segment in order to calculate the
elementary force (except for the part of the edge near the margin). This allows the
comparison between edge segments that have not the same length. The results are
presented in the following section.
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2.2.2 Method #1: physical decomposition by varying pilot hole diameter
(discrete approach)

The previous way to discretise the edge was based on a reduction on the drilled diameter.
In this experiment, the external radius drilled is always 12 mm, but the pilot holes are
pre-drilled in order to reduce physically the contact length between the drill edge and the
machined specimen.

Table 5 indicates the various radius of the pilot holes. Each configuration has been
repeated three times in order to diminish the uncertainty on the measured values. Figure 3
presents the six different pilots holes performed for the edge decomposition.

This procedure permits to obtain practically similar lengths compared to the first
experiment. The same kind of calculus is deployed to predict the elementary force in both
cutting and thrust directions.

Table 5 Drilling experiments

Hole # Radius of the pilot hole [mm]
1 No pilot hole

2 1.5

3 2.5

4 3.5

5 45

6 5.5

7 5.9

Figure 3 Plate of Ti6Al4V pre-drilled for the edge decomposition (see online version for colours)
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2.2.3 Method #2: point drill decomposition (continuous approach)

This method is based on the decomposition of the thrust force and the cutting torque
during the progressive penetration of the drill point in the work material, so-called ‘point
drill discretisation’. With a precise determination of the point angle of the tool, the edge
engagement can be deduced from the axial position of the tool as shown on Figure 4.
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Figure 5 shows the variation of the thrust force and the cutting torque during the
drilling of the Ti6Al4V workpiece. During the transient stage Figure 5(b), the edge is
progressively engaged in the radial direction. As a result, the elementary force on the
various sub-divisions is deduced by subtracting the effect of the previous sub-divisions.

To find the distribution along the main edge, the local torque is calculated in the same
manner than the thrust force in order to determine the local tangential cutting forces. This
cutting force is assumed to be constant on each edge segment and the application point of
the equivalent local force located in the middle of each segment.

Figure 4 Link between the axial penetration and the drill edge engagement (see online version
for colours)

SECO Tools drill @ 12 mm

_Tool tip

Deph of cut

Edge engagement

Figure 5 (a) Forces acquisition, (b) Zoom on the transient zone during the drilling of the test
hole #7 (see online version for colours)
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3 Results and discussion

3.1 Thrust force

The comparison between the three experiments concerning the thrust force is presented
on Figure 6. The forces are indicated in (N/mm) to facilitate the comparison between
each segment having various lengths.
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The local forces distributions present a similar tendency whatever the methods used.
However, the experiment 3 is easier to perform because there is no need to prepare
specific specimens.

The force on the margin in experiment 1 is higher due to the low variation of the
segment length situated in between (edge sub-division #7 Table 4) the tool tip and the
margin. Thanks to the repetition, the calculated standard deviation is around 10-15 N/mm
for the thrust force.

Each experiment shows that the chisel edge is the ‘cutting’ area where the elementary
axial forces are the higher. Approximately 50% of the global thrust force is due to the
chisel edge located from 0 to 1.5 mm radius. This decomposition points out the
importance of the chisel edge design for a drilling operation. The tool tip and the margin
are of prime importance as well. The experiments 2 and 3 highlight that the local thrust
force could be negative on this edge area, tending to pull up the plate during the drilling
operation.

Figure 6 Thrust force distribution along the cutting edge for the three experimentations
(see online version for colours)
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3.2 Cutting force

The approach used to compare the cutting forces is similar to the one used for the thrust
force discussion (Section 3.1). Figure 7 presents the cutting forces by edge length
(N/mm) in order to compare easily the various segments with different lengths.

Both local cutting forces distribution seems to present the same profile.

Each of the three experiments presents a quasi constant cutting force level all along
the main cutting edge (= 150 N/mm). The level is twice as much high on the subdivisions
situated between the web and 2.5 mm edge radius because the rake angle is almost null
along the web edge area (Figure 8). Furthermore, the cutting speed is close to zero
inducing high specific cutting forces. In consequence, a good design of the web thinning
is important to limit the tool breakage.
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If the tool tip and the margin show low forces level, the cutting speed and the amount
of material removed by this part of the tool imply that the consumed power on that part of
the tool is higher than on all the other parts of the tool.

That high level of energy on a little part implies heat elevation and tool failure risk.
During wear tests on drilling, the part of the drill that breaks firstly is the tool tip,
confirming the importance on the study of the power consumed by the cutting operation

in function of the part of the edge to determine the critical part of the tool.

Figure 7 Cutting force along the edge for three methodologies (see online version for colours)
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3.3 Sensitivity of the methods

Each analyse is based on the hypothesis of the segments independence. The only way to
confirm that would be to collect the forces directly from a single edge part, like specific
split tools (Kato et al., 1972; Barrow et al., 1982), that not seems to be possible for drills
yet.

The physical decomposition (method #1), based on the discrete machining of multiple
samples, implies a highly sensitivity to the tool wear and to the effective edge
engagement. Each local force has to be calculated by various combinations of the global
drilling forces in order to limit the errors. In turning (experiment 1), six combinations are
used to calculate the influence of the drill web and four for each others areas. Moreover,
the coaxiality between the tool and the sample needs to be precisely checked. In our case,
the defect was inferior to 0.05 mm. During the pilot hole decomposition (experiment 2),
few combinations are used, implying repetability tests to increase the precision of the
model.

Method #2 is based on the numerical decomposition of the signals of the forces,
implying a high sensitivity to the tool geometry, especially the point angle. In this study,
the given point angle was 140°, whereas the measured one was 146.6°, associated to a
drill point height of 1.8 mm. The numerical calculation must not shift the signals, and
filtering the high frequency noise (the two frequencies with the most impacts appears one
and two times a rotation).

4 Conclusions

If each method permits the evaluation of the local forces along the cutting edge, a few
advantages and inconvenients are listed for each ones.

From an experimental point of view, the drill point decomposition method is easily
carried out, the main constraint are the high velocity acquisition and the high sensitivity
to the skin effect of the material (variation of the mechanical properties with the drilled
depth engagement). The main advantage is that only one test is needed. The physical
decomposition method is more difficult because many drilling operations are needed, also
the influence of the drill wear.

The drill point decomposition needs a specific algorithm to treat the data; the starting
point and the point angle have to be known precisely for a good reconstruction. The
physical decomposition method has data that can be extracted easily.

The main advantage of the drill point decomposition method is the continuous aspect
of this method. The length of the edge segments could be much more thin compare to the
physical decomposition method; 0.1 mm length segments can be extracted with a good
precision.

For the physical decomposition data, repeatability test for each diameter machined
should be carried out to confirm the forces level for each parameter set. Some
experiments allowing confirming the hypothesis done on the cutting forces part will be
conducted.

Due to the proximity of the results, the point drill decomposition can be considered as
the easier way to determine the forces along the cutting edge. This methodology based on
single drilling opens perspectives on the determination of the bests cutting conditions to
improve the precision of the tool material pair methodology (NF E 66 520). The other
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perspective can be linked with the drills design, allowing to determinate the most
constrained part of the drill and the level of the forces on each part of it.
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