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Abstract – In the aerospace industry, deburring operations are often diﬃcult to achieve and can be very
costly. Hence, burrs generated during the machining should be studied. In this research, the drilling operations were performed and analysed for a stack composed of carbon ﬁbre reinforced polymer (CFRP),
titanium and aluminium alloys, using three cutting feeds and three cutting speeds for each material. A
monitoring method is presented to predict the burr heights in the titanium and aluminium layers. The
cutting force signals obtained during the drilling of the CFRP layer were analysed using the regularization
fractal analysis, resulting in an estimation of the fractal dimension. This fractal analysis was optimized in
order to monitor the clearance tool wear and the burr heights. The burr heights, measured at the outlet
of the titanium and aluminium alloys, were observed in terms of the thrust force, the torque, the hole
diameter and circularity, and the clearance tool wear. This fractal analysis technique can be implemented
for an on-line control to predict the generated burr heights in the metallic layers while drilling the previous
CFRP layer.
Key words: Stack drilling / burr height / fractal analysis

1 Introduction
The use of carbon ﬁbre reinforced polymer (CFRP)
has been increasing over the past decades in the aircraft structures, notably due to its high strength/weight
ratio. During airplane assembly, CFRP panels are used
alongside with metallic parts, e.g. made of aluminium
or titanium alloys. In the aerospace industry, to assemble and fasten those parts together, traditional drilling
and mechanical bolting operations are usually conducted.
The drilling process can be operated on diﬀerent types
of stacks, such as: CFRP/titanium, CFRP/aluminium,
aluminium/CFRP/titanium, etc. Bolting is used in order to assemble the parts and also to easily dismantle
them for maintenance and repair purposes. Nevertheless, to increase the hole precision, all layers of the stack
should be machined at once. Therefore, one-shot drilling
is preferred [1].
On the other hand, the one-shot drilling process yields
additional problems. Tönsheﬀ et al. [2] found that when
drilling of sandwiched materials, various problems may
a
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occur, such as dissimilar diameter, intense tool wear,
heat damage, intra- and inter-laminate delamination,
erosion, etc.
Moreover, the hole quality, such as the hole surface roughness and the hole straightness to the generating line, greatly impacts the eﬃciency of the bolting
joints. It is therefore desirable to machine holes with tight
hole straightness tolerances. However, drilling operation
is more challenging to control, particularly due to the different machining characteristics of the layers within the
stack [3]. In this study, the diameter of the hole is measured at diﬀerent hieghts along the hole depth.
Burr formation is a critical factor occurring during
the drilling of metallic parts. After machining operations,
parts are deburred which cost can account for up to 30%
of the total cost of the components [4]. However, in the
aerospace industry, before stacking and drilling of the
parts together, a shim resin is usually applied between
each layer. That complicates the observation of one part
only and the measurement of its burr heights [5].
In this paper, two main aspects were studied. The
ﬁrst one is the burr heights measured at the outlet of
the metallic layers. The second one is the monitoring and
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Fig. 1. Box counting example for a ﬁve circle inversion fractal.

diagnosis of the burr heights and the tool wear thanks to
the fractal analysis of the cutting force signals from the
CFRP machining. The generated burrs remain a challenge in the industry and needs to be evaluated through
the scope of various elements such as the tool wear, the
cutting parameters and the cutting forces. The fractal
analysis of the cutting force signals allows monitoring the
burr height generated and so keeping required inside burr
height tolerance.

2 Fractal analysis
The term “fractal” was ﬁrst introduced by
Mandelbrot [6] to describe the “roughness” or singularities or length of the coastline of Britain. Depending
on the scale of the observation of a coastline, the length
may vary. The traditional geometrical approach is
ineﬀective to provide an accurate measurement of the
coastline length. A fractal is an object or a set which
owns a self-aﬃne or self-similar pattern or singularity [7].
Fractals can be deﬁned by their fractal dimension.
This parameter may be estimated through few fractal
analyses. One of the simplest and probably the most
commonly used is the capacity fractal analysis, also
called the box counting fractal analysis. This technique
is illustrated in Figure 1. The object is observed through
a mesh with a box size of ε. For each mesh size, boxes
that contain a part of the object are numbered giving the
minimal number of boxes number Nε required to cover
the object.
Then, the capacity dimension can be expressed as follows:
ln (Nε )
(1)
DC = −limε→0
ln ε
For the example from Figure 1, the calculated capacity
dimension DC is close to 1.328, the fractal dimension of
this object.
Fractal analysis is used to provide a measure of the
irregularity or “roughness” of a signal from a dynamic
system. The health information of a machine or its subset
parts can be extracted from the fractal analysis of their
vibration signals [8, 9].
Few fractal analysis methods can be found in the literature. One of them, the regularization analysis, was used
for signals analysis in order to describe the irregularities
in non-linear dynamical systems [8]. This method is used
in this study to show its possibilities to analyse the cutting force signals. One of the main reasons of choosing
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this method is its robustness [10]. Feng et al. [6] used it
for processing the accelerometer signal to assess the gear
damage.
Besides, contrary to isotropic and homogenous materials such as metal alloys, CFRP is made of two diﬀerent
components – carbon ﬁbres which are very hard to machine and epoxy resin which has a high machinability index. During the machining of CFRP, the carbon ﬁbres are
fractured due to the mechanical load of the tool applied
on the ﬁbre.
The fracture of the carbon ﬁbres causes an additional
noise on the cutting forces signals comparing to the signals obtained during the machining of the homogenous
metallic materials. This noise may depend on the wear
state of the tool, the nose radius, the cutting parameters,
etc.
Usually, this noise is not taken into account in the
analysis of the cutting forces. However, it may give additional information relative to the machining such as the
tool condition, the quality of the surface generated and
the hole surface condition. With the increase of the tool
wear or the change of the cutting parameters, the noise
– or “roughness” – on the signal might change. Indeed,
to fracture the ﬁbres with a worn tool, the mechanical
load applied may need to be higher. In this case, the use
of fractal analysis could give a possibility of monitoring
the tool condition by analysing the noise from the cutting
force signals.

3 Workpiece materials
3.1 CFRP
Besides problems occurring due to the stacking of
diﬀerent materials, various issues may appear from the
drilling process: ﬁbre-resin delamination which could appear at the inlet or outlet of the hole, burnt composite,
pulled and uncut ﬁbres, etc. [11–13].
Due to the high sensibility of the epoxy resin to the
heat, the temperature generated during the drilling can
locally burn the resin. Due to the low conductivity of the
epoxy resin, the temperature is diﬃcult to ease. Thus,
during dry drilling, the machining generates higher temperatures than with coolant use.
Due to the abrasiveness and hardness of the carbon
ﬁbres, abrasion is the main wear mechanism aﬀecting the
tool [14]. Tsao et al. [15] shown that the tool condition has
an impact on the tool wear: an increased tool wear leads
to more delamination. They found that delamination can
also be inﬂuenced by the feed rate and the drill diameter.
3.2 Titanium alloy
Titanium alloys are widely used in the aerospace industry thanks to their superior properties e.g. a high
strength/weight ratio, a low density, a high fatigue and
a high corrosion resistance. But, titanium alloys are also
known to be diﬃcult-to-machine materials [16].
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Their low thermal conductivity causes high temperatures generated in the primary cutting zone during
machining That results in an intense and rapid tool
wear [17, 18].
In addition to the severe tool wear, the surface integrity and the quality of the holes drilled are inﬂuenced
mostly by the high temperature in the cutting zone. This
impact may be observed through the surface roughness
parameters, the burr height, the hole diameter, as well as
the changes in the microstructure near the surface of the
walls of the holes [19].
Because of the generated heat caused by the drilling of
the titanium layer, the experiments were conducted using
peck drilling to, consequently, reduce this heat [4, 20, 21].

Fig. 2. Stack material speciﬁcations.

3.3 Aluminium alloy
Contrary to titanium alloys, aluminium alloys have excellent machinability properties. Although the aluminium
machinability index is relatively high, problems occur
when drilling such alloys. One of the main problems is
the adhesion of cut material on the tool cutting edges.
This causes a tool wear increase and consequently to a
low surface quality. On one hand, increasing the cutting
speed can reduce this adhesion eﬀect. But, on the other
hand, the cutting speed increase raises as well the temperature in the cutting zone [22, 23].
Commonly used in the aerospace industry, the aluminium grade selected is one of the 7000 aluminium series. This grade was chosen for its good characteristics,
such as high machinability index, high strength and heat
treatment capacity. The drawback of this grade is its low
resistance to corrosion [24, 25].

Fig. 3. Experimental set-up of the ﬁxture of the workpiece,
mounted over the Kistler force measurement table and a junction part.

Fig. 4. Top view of the holding table and frame of the stack.

4 Experimental set-up
The upper layer of the composite/metal stack tested
was a CFRP laminate manufactured with an autoclavecured 24-ply CFRP laminate using the pre-impregnated
ply technology. This CFRP was prepared with lay-up continuous unidirectional ﬁbre layers with 0◦ , 90◦ and ± 45◦
orientations, with a total thickness of 3.3 mm and a volume ﬁbre fraction of 64%. The titanium layer was a Ti6Al-4V, with a thickness of 2.0 mm. The aluminium layer
was comprised of one 3.5 mm thick 7000 series aluminium
grade.
The machining experiments were carried out using the
r
high speed machining centre Huron
K2X10. This 3-axis
computerised numerical control (CNC) machine allows a
maximum spindle speed of 28 000 RPM at 40 kW. For
health and safety purposes, a dust extraction system was
mounted onto the machine.
Figure 2 depicts the components of the workpiece used
for the experiments. In industrial application, shim resin
is applied between each layer of the stack. However, to allow the measurement and the analysis of the burr heights,
r
was
shim was not applied and a thermoreactive paper
placed instead. Due to the high heat generated during the

machining of the titanium layer, the thermoreactive paper
side was placed towards the titanium layer. This 0.05 mm
thick paper allows a temperature range detection at the
interface of two materials to see if the temperature generated at the interfaces was not too high to aﬀect the
materials of the stack. The reactive range of this colourreacted paper detects temperatures between 90 ◦ C and
150 ◦ C. Above the upper limit, the paper becomes darker
and darker until it combusts.
The experimental set-up is shown in Figure 3. A
sponge ﬁlled with coolant was placed close to the working
area allowing to slightly lubricate the tool tip during the
drilling of the metallic layers.
Figure 4 shows the mounting that allows the drilling
of 120 holes, with a maximum diameter of 6 mm in an
80 mm × 300 mm workpiece.
The torque and thrust force were measured for each
r
drilling using a 9255B Kistler
piezoelectric dynamometer table. The signals obtained were transmitted through
an ampliﬁer. Then, the signals were digitalised using
an A/D converter with a 24 MHz frequency rate and
recorded with a data acquisition set.
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Table 1. Conducted plans of experiments for the twist drills.
Tool # Number of holes drilled
Experiments
1
118
2 Taguchi + 1 Full
2
64
1 Taguchi + 1 Strategy
3
56
1 Full + 1 Strategy

5 Methodology

with a width of a. Then, the convolution product sa can
be expressed:
sa = s ∗ g a
(2)
The Gaussian kernel ga used in our calculation was the
ﬁrst derivative of the 1-D Gaussian function with a width
of a.
The hypothesis is that sa has a ﬁnite length called la ,
for the size of a [10,26]. The regularization dimension DR
is then obtained with:

5.1 Design of experiments
DR = 1 − lima→0
The aim of the conducted experiments was to improve
the stability of the process, as well as the hole quality during the drilling of the multimaterial stack composed of CFRP, titanium and aluminium alloys. Therefore, burr heights were inspected in the outlets of the
metallic layers. Diﬀerent cutting parameters, as well as
diﬀerent drilling strategies, were applied during those experiments. The heights of pecks during peck drilling, the
feed variations while cutting, and the heights of cutting
parameter changes (from one material cutting parameters
to another) were the chosen parameters for the drilling
strategy. Nevertheless, due to a minor impact of the selected drilling strategies, only the cutting parameters variations versus the burr heights were presented. Three cutting feed and three cutting speed levels were selected for
each type of material within the stack. The design of experiments, which was divided into two parts, included a
L27 (36 ) Taguchi plan of experiment and a full plan of the
couple feed-speed for each of the three materials.
Only the cutting parameters were selected as experiment variables for these two plans of experiments. Each
design of experiments was performed three times and the
order of the drillings was randomized for each repetition.
Three twist drills, with a common geometry and coating, were used to perform two series of 120 holes. During the experiments, the drills were put in contact with
a sponge ﬁlled with coolant before each change of cutting parameters. The use of these diamond-coated tools
is listed in Table 1.
The levels of the cutting parameters are presented as
normalised values using the central selected point as the
cutting parameter reference.

5.2 Analyses performed
Analyses of variance (ANOVA) were performed for the
thrust force, the torque burr height, the hole diameter and
the circularity, allowing an identiﬁcation of their impact
and the quantiﬁcation of the diﬀerent cutting parameters.
The fractal dimensions of the CFRP cutting force
signals were calculated using the regularization fractal
analysis to evaluate the complexity of the signal. The
regularization fractal analysis was chosen for its relative
robustness [8, 10].
Regularization dimension is obtained after convolutions of the signal s with diﬀerent Gaussian kernel ga
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ln la
ln a

(3)

The limit, in the Equation (3), is usually estimated as
the slope value when a values are close to 0 and when
the coeﬃcient of determination R-squared of the linear
regression of a part of the curve is close to 1.
The thrust force signals obtained during the machining of the CFRP layer were analysed with this regularization technique giving the fractal dimensions. The relation
between the computed fractal dimensions and the number of holes previously drilled was observed, as well the
relations between the calculated fractal dimensions and
the tool wear V BB max and between the calculated fractal dimensions and the burr height ratio in the titanium
and in the aluminium outlets.
Although the fractal dimension was computed on the
torque and the thrust force signals acquired during the
machining of the CFRP, titanium and aluminium, only
the results of the thrust force fractal dimension during
the CFRP machining are presented in this article.

5.3 Measurements
The on-line measurements of cutting forces – thrust
force and torque – were performed. The average values,
calculated from the cutting force signals, were compared
to the burr height ratio. As well as for the cutting parameter values, the results of the burr heights are presented
as normalized, in percentage. The burr height ratio corresponds to the measured burr height over the maximum
burr height obtained for the layer.
A digital probe indicator was used to measure the hole
burr heights at the outlet of the titanium and aluminium
layers. For each hole, the burr height value was assessed
as an average of three measurements.
Both clearance faces of the twist drills were inspected
every ﬁve drillings using the digital optical microscope
r
VHX-600+500F Keyence
. The tool wear V BB max was
estimated using the digital images captured with the microscope. The tool wear V BB max presented in this article
is expressed as the average of the tool wear estimated on
both drill faces.
The hole dimensions were measured using the Mitutoyo Bright Strato coordinate measuring machine (CMM)
in order to check the hole straightness to the generating
line. The diameter and circularity were measured for each
hole, and at the same depths from their references A, B
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Burr height ratio vs. tool wear

Burr height ratio (%)
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Fig. 6. Titanium burr height ratio versus the tool wear
V BB max.
Fig. 5. Depths for the measurements of hole diameter and
circularity (the references are at the top of each layer in the
stack).

and C, for CFRP, titanium and aluminium, respectively,
as depicted in Figure 5.
The presented thrust force and torque values are the
averages of the signal obtained during one peck when the
drill cutting edges are fully engaged in a same material.
The ﬁnal thrust force and torque values are estimated by
the average of all the pecks.

6 Results and discussion
6.1 Burr height analysis
6.1.1 Titanium burr height analysis
The tool wear of identical tools can diﬀer from the
same cutting conditions after a certain number of drilled
holes. This is why the burr height versus the tool wear
was preferred to the burr height versus the number of
drilled holes. The evolution of the measured titanium
burr heights versus the measured clearance tool wear
V BB max is shown in Figure 6. A regression was calculated using a third-order polynomial function showing the
dependency between the burr height ratio and the tool
wear.
Moreover, although the experiments were conducted
on the stack of materials where there was no clearance at
the titanium layer outlet, no limit seems to be reached by
the burr heights. Nonetheless, the burr heights measured
should instinctively tend to a maximum value for a high
tool wear, due to the presence of the aluminium layer at
the outlet side of the titanium layer. Two possible reasons
can be taken into consideration. Firstly, the limit of the
tool wear may not have been reached in our tests. In this

Table 2. Means of the titanium burr height ratios for each
couple of feed and speed corresponding to the titanium layer.
Feed/Speed
Titanium
Titanium
Titanium
levels
speed 70% speed 100% speed 130%
Titanium feed 60%
51.3
48.5
50.6
Titanium feed 100%
42.9
43.9
42.2
Titanium feed 140%
36.6
40.4
26.8

case, further experiments might show a maximum or at
least a reduction in the burr height increase versus the
tool wear. The second reason may be that the mechanical
characteristic diﬀers for the titanium and aluminium alloys. Under the pressure applied from the tool during machining, the titanium burr is pushed onto the aluminium
layer. Due to the lower hardness of the aluminium comparatively to the titanium, the aluminium part is locally
deformed by the titanium burr.
The results of the titanium burr heights versus the
thrust force and the torque are presented in Figures 7
and 8, respectively. The presented results were obtained
from the titanium machining with the same cutting conditions in the titanium layer, which cutting parameters
where selected at the central point of the titanium cutting speed and feed levels. The R-squared coeﬃcient, calculated from the linear regression, is lower for the torque
due to a higher dispersion, which equals 0.77 for Figure 7
and 0.5 for Figure 8.
The means of the burr height ratio measured for each
set of cutting parameters are shown in Table 2. According
to the results, the cutting speed in the titanium layer does
not aﬀect signiﬁcantly the burr height as opposed to the
cutting feed. The higher the feed is, the lower the burr
heights are.
The relative standard deviation of the burr height
was calculated using the measurement results of the holes
drilled with the same cutting conditions with a tool wear
lower than 0.20 mm, giving the result of 5.5%.
114-page 5
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Burr height ratio vs. thrust force

Burr height ratio vs. tool wear
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Fig. 7. Titanium burr height ratio versus the thrust force
under same cutting parameters corresponding to the central
point of the variation parameters for titanium.

Burr height ratio vs. torque
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Fig. 8. Titanium burr height ratio versus the torque under
same cutting parameters corresponding to the central point of
the variation parameters for titanium.

On the thermoreactive paper, a dark halo around the
hole was observed for each hole. The radial value of the
halo was measured on the thermoreactive paper placed
between the titanium and aluminium layers where the titanium burrs are investigated. The measured radial values
of the halo were within the range between 0.02 mm and
0.05 mm. No other colour could be identiﬁed around this
halo. Thus, the temperature gradient at the outer limits
of the halo was high.
6.1.2 Aluminium burr height analysis
Firstly, the observations at the outlet of the holes on
the aluminium layer presented no attachment onto the
114-page 6
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Fig. 9. Aluminium burr height ratio versus the tool wear
V BB max.

exit surface such as ring or drill cap. This statement was
valid for all the cutting feed or speed levels and for all the
cutting strategy selected.
The evolution of the measured aluminium burr height
versus the tool wear V BB max is depicted in Figure 9. A
regression was calculated using a third-order polynomial
function showing the dependency between the burr height
ratio and the tool wear.
Figure 10 shows the measured aluminium burr height
versus the thrust force. The dependency between the burr
height and the thrust force is illustrated by the calculated
exponential regression function drawn in Figure 10. The
R-squared coeﬃcient calculated from the exponential regression equals 0.54. Although a correlation can be observed between the burr height and thrust force, no signiﬁcant correlation can be detected between the torque
and the aluminium burr heights. Dispersion of the results
is relatively high and the correlation coeﬃcient calculated
was close to zero.
Table 3 shows the means of the burr height ratios measured for each set of aluminium cutting parameters. According to these results, for high cutting speed, the aluminium burr heights remains steady whatever the feed is.
However, for low and central cutting speed levels, higher
burr heights are generated for higher cutting feed levels.
The relative standard deviation calculated for the aluminium burr height was computed using the measurement
results of the holes drilled with the same cutting conditions with a tool wear inferior to 0.20 mm, giving the
result of approximately 10%.
6.2 Fractal analysis of cutting forces
The observation of the cutting force signals during
drilling the CFRP, titanium and aluminium suggested
performing fractal analysis on those signals. Figures 11
and 12 show an example of the measured thrust force
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Table 3. Means of the aluminium burr height ratios for each couple of feed and speed corresponding to the aluminium layer.
Feed/Speed levels
Aluminium feed 75%
Aluminium feed 100%
Aluminium feed 125%

Aluminium speed 60%
29.2
34.6
40.5

Aluminium speed 100%
31.0
35.7
42.0

Burr height ratio vs. thrust force

Thrust force signal vs. time
190

100

170

80

150
60

Thrust force Ff (N)

Burr height ratio (%)

Aluminium speed 140%
33.7
32.2
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40
20
0
100
Tool #1
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Thrust force Ff (N)
Tool #2
Tool #3
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160
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10

Fig. 10. Aluminium burr height ratio versus the thrust force
under same cutting parameters corresponding to the central
point of the variation parameters for titanium.

-10
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Normalized time during CFRP machining (%)
Sharp tool

The signal acquired during the whole CFRP machining, shown in Figure 11, highlights the more erratic character of the sharp tool comparing to the worn one. This
observation is conﬁrmed with the graph presented in Figure 12 which is a magniﬁcation of the frames from Figure 11. The worn tool signal over a period seems to be
close to a periodical function whereas the signal is more
irregular.
As mentioned above, the regularization fractal analysis was processed on the signals of the cutting force. In the
preliminary study, it was performed for the thrust force
signals obtained with one tool at diﬀerent tool wear levels
under the same cutting conditions. Figure 13 shows the
graph ln la (length of the convolution product estimated
for the size a) versus ln a, for one tool while drilling the
hole numbers 1, 17, 34, 55, 82 and 115. In order to estimate the slope value and so, the fractal dimension, the
least square (LS) method was used. However, it is crucial
to determine the range where the slope value is calculated.
According to the fractal dimension deﬁnition, this range
is selected where the slope derivative remains stable and
for the lowest values of a. Nevertheless, we found that the
obtained results from such a range show very low impact
towards the number of holes drilled or the tool wear. Depending on the scale of observation, the noise from the
dynamometer or the CNC machine prevails on the signal

Fig. 11. Measured thrust force signals for sharp and worn
tools during CFRP machining.

Thrust force signal vs. time
140
130
120
Thrust force Ff (N)

signals during the machining of CFRP, obtained with a
sharp tool and a worn tool.

Worn tool + 50N

110
100
90
80
70
60
50
40
0

20
40
60
80
Normalized time during a period of CFRP
machining (%)
Sharp tool

100

Worn tool

Fig. 12. Measured thrust force signals for sharp and worn
tools over a period during CFRP drilling (magniﬁcation of
the frames from Fig. 11).
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ln la vs. ln a

ln la vs. ln a
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Fig. 13. Graphs ln la (length of the convolution product estimated for the size a) versus ln a computed from the thrust
force signals obtained during the CFRP machining using one
tool after drilling the holes 1, 17, 34, 55, 82 and 115.

1,68
1
55

2,08
ln a
17
82

34
115

Fig. 14. Graphs ln la (length of the convolution product estimated for the size a) versus ln a from the thrust force signals obtained from the CFRP machining using one tool after
drilling the holes 1, 17, 34, 55, 82 and 115 (magniﬁcation of
the area between the vertical lines from Fig. 13).

Thrust force signal vs. time
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Thrust force Ff (N)

of the cutting forces. This is why the range determination
needs to be re-established.
From preliminary analyses, the best ﬁt for the upper
limit of this range was found for the sampling points acquired during one third of the tool rotation period. The
lower limit was selected for a ﬁxed sampling length, which
does not depend on the cutting speed. No relevant feed
rate impact was found over those two limits. This range
selection was used for the following fractal dimension estimations. The selected range between those upper and
lower limits is represented by dot lines in Figure 13. The
graph presented in Figure 14 corresponds to the magniﬁcation of the graph area within the selected range in
Figure 13.
For each hole, the regularization fractal analysis was
performed on the thrust force and on the torque signals
from the CFRP machining. Though, only the results computed from the thrust force show less dispersion and are
presented.
This analysis was similarly realized on the torque and
on the thrust force signals obtained during the titanium
and aluminium machining. From this investigation, the
computed fractal dimensions show an even higher dispersion. However, the use of the fractal analysis on the cutting force signals in these homogeneous materials, such
as employed aluminium and titanium alloys, may not be
relevant. Even if the shape of the cutting force signals is
more jagged with a worn tool, the diﬀerence is not as visible as for the signals from the CFRP machining. Figure 15
depicts the thrust force signals for a sharp tool and a worn

250,0

230,0

210,0

190,0
0

20
40
60
80
100
Normalized time during titanium machining (%)
Sharp tool
Worn tool - 125N

Fig. 15. Measured thrust force signals for sharp and worn
tools over a period during titanium machining.

tool over one tool rotation period. Admittedly, the amplitudes of both periodical curves are diﬀerent, but they
share, relatively, similar curvature and similar noise.
After adapting the regularization fractal analysis to
our case, the repeatability of this analysis needs to
be check to evaluate the results. Fractal dimension
was calculated for diﬀerent sampling lengths of a single thrust force signal. Each relative standard deviation
was computed from one hundred fractal dimensions DR
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Table 4. Means of the calculated force signal fractal dimensions DR for each couple of feed and speed levels corresponding to
the CFRP layer.
Feed/Speed levels
CFRP Feed 70%
CFRP Feed 100%
CFRP Feed 130%

CFRP Speed 60%
1.66
1.65
1.57

CFRP Speed 100%
1.59
1.53
1.56

DR vs. hole number

Relative standard deviation depending
on the signal length

1,8

18
1,7

12
6
0
0

1500
3000
4500
Sampling length (points)

6000

Fractal dimension DR
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Fig. 16. Relative standard deviations of fractal dimensions
DR , calculated for diﬀerent sampling lengths.
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Fig. 17. Fractal dimension DR versus the number of hole
drilled for 100% CFRP cutting speed and feed levels (LS 1–3:
fractal dimension DR estimated with least square method for
tools 1–3, Min: minimum limit of fractal dimension DR , Max:
maximum limit of fractal dimension DR ).

LS DR vs. tool wear
2
Fractal dimension DR

calculated from signal sections. The relative standard deviations were calculated using diﬀerent sampling lengths,
which is presented in Figure 16.
The relative standard deviation is around 17% for
short signal lengths (around 300 points). For a treated
signal of 4000 points and more, the relative standard deviation drops under 2%. All the signals analysed from the
CFRP machining had a wider length than 4000 points.
Table 4 shows the means of the fractal dimensions DR ,
computed on the thrust force signals during the CFRP
drilling for each hole. The means were calculated for each
level of the CFRP cutting parameters (feed and speed).
Those mean values point a maximum of 15% variation
and need to be taken into account for further considerations. Figure 17 depicts the calculated dimensions for
cutting speed and feed at 100%. For each signal, three
slope values were estimated using the LS method and the
minimum (Min) and maximum (Max) limits by consecutives eliminations.
All the results of the calculated fractal dimension versus the tool wear V BB max are presented in Figure 18.
A third degree polynomial regression was drawn with a
0.52 R-squared value. The fractal dimension remains relatively constant until it drastically drops for a higher tool
wear.
Figures 19 and 20 depict the fractal dimensions versus the titanium burr height ratio and the aluminium
burr height ratio, respectively. For all the results, regardless the cutting parameters of any layer, a linear regression was drawn as an approximation of the results with
a R-squared value of 0.45 for both, titanium and aluminium, burr heights. Regarding the results of the aluminium burrs for one tool used with same cutting parameters selected, the R-squared score jumps to 0.65 and

1,5

1
0

0,1
0,2
0,3
Tool wear VBBmax (mm)
All results
Tool #3

Tool #1
3-Poly Reg

0,4

Tool #2

Fig. 18. Fractal dimensions DR using least square (LS)
method versus the tool wear V BB max.
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LS DR vs. titanium burr heights

7 Conclusion

Fractal dimension DR

2

1,5

1
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50,0
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Burr height ratio (%)
All results
Tool #1
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Linear Reg

Fig. 19. Fractal dimensions DR using least square (LS)
method versus titanium burr height ratio.

LS DR vs. aluminium burr heights

Fractal dimension DR

2

1,5

1
0,0

25,0
All results
Tool #3

50,0
75,0
100,0
Burr height ratio (%)
Tool #1
Tool #2
Linear Reg

Fig. 20. Fractal dimensions DR using least square (LS)
method versus aluminium burr height ratio.

0.84 with a two and three degree polynomial regression,
respectively.
In addition to the tool wear or cutting forces in
titanium and aluminium layers, fractal dimension DR
calculated from the thrust force signals during the CFRP
machining can be another feature to monitor the burr generation. It may also be possible to evaluate the tool wear.
The advantage of this method results in the prediction of
the burr heights in the titanium and aluminium outlets
before the tool drills these layers. This allows preventing
oﬀ-tolerance burr heights without altering the production
time.
114-page 10

A method to monitor the burr heights in a multimaterial stack was developed based on the regularization
fractal analysis. In the industry, a deburring process may
not be performed following the drilling of a multimaterial
stack, the burr heights need to be monitored. The thrust
force signals acquired during the drilling of the CFRP
layer were analysed using an adaptation of the regularization analysis, giving the fractal dimension. This fractal dimension allows to monitor and to estimate the burr
heights in the metallic layers of the stack composed of
CFRP, titanium and aluminium. Using the cutting forces
obtained from a dynamometer table, the burr heights can
be estimated when the tool is drilling the CFRP layer
and before it reaches the titanium and aluminium layers.
Hence, this technique allows preventing to generate hole
burr heights outside tolerance requirements and improving production eﬃciency. Even if the use of a dynamometer table remains complicated to integrate in some industry processes, this analysis and monitoring technique may
be implemented e.g. for signals from AE sensors placed
onto the CNC machine relatively close to the spindle.
To feature this monitoring technique, multimaterial
stack drilling experiments were conducted using diamondcoated twist drills. The burr heights versus factors such
as speed and feed levels, tool wear, thrust force, torque,
diameter and circularity were studied. The results show
that the titanium burr heights can be reduced using a
higher feed. For titanium burrs, the process can be observed thanks to the torque average while drilling the titanium layer and, for more accuracy, with the thrust force
average. The tool wear is also an eﬀective way to check
the burr height. The aluminium burrs can be reduced by
increasing the cutting speed or by decreasing the feed.
The aluminium burrs can be monitored as well with the
thrust force average while drilling the aluminium layer,
and also with the tool wear.
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[22] H.K. Tönsheﬀ, T. Friemuth, M. Groppe, A solution
for an economical machining of bore holes in composite materials (CFK, aluminum), in: Proceedings of 3rd
International Conference on Metal Cutting and High
Speed Machining, Metz, France, 2001
[23] C.C. Tsao, H. Hocheng, Eﬀect of tool wear on delamination in drilling composite materials, Int. J. Mech. Sci. 49
(2007) 983–988
[24] J. Yang, Y. Zhang, Y. Zhu, Intelligent fault diagnosis
of rolling element bearing based on SVMs and fractal
dimension, Mech. Syst. Signal Process. 21 (2007) 2012–
2024
[25] X. Yang, C. Richard Liu, Machining titanium and its
alloys, Machin. Sci. Technol. 3 (1999) 107–139
[26] P.F. Zhang, N.J. Churi, Z.J. Pei, C. Treadwell,
Mechanical drilling processes for titanium alloys: a literature review, Machin. Sci. Technol. 12 (2008) 417–444

114-page 11

