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Influence of flute number and stepped bit geometry when drilling
CFRP/Ti6Al4V stacks.

Abstract

Hybrid stacks made of carbon reinforced plastic (CFRP) and Ti-6Al-4V alloy (Ti) are often drilled
together to reduce positional errors, enhance tight tolerances and minimize machining time.
However, this is a complex task due to the dissimilar properties of each material. Tool geometry has
a significant impact on the machinability of CFRP/Ti stacks. In this study, the influence of flute number
and stepped bit design was experimentally investigated. Confocal and SEM microscopy were used to
analyse the evolution of the cutting-edge micro-geometry and the dominant wear modes. The results
have shown that a stepped design with three flutes leads to a slower wear progression, lower cutting
forces and less hole damage. Furthermore, this paper also highlights the influence of the geometrical
characteristics of the stepped tool design on the drilling stage number and on the shape of the thrust
force signal. The information gathered can be used for the improvement of the process
competitiveness in terms of the reduction of production time and cost.

Keywords: CFRP/Ti stacks; Drilling force; Wear modes; Quality inspection;

1. Introduction

In the aerospace industry, hybrid stacks of carbon reinforced plastic (CFRP) and Ti-6Al-4V titanium
alloy (Ti) are being more widely used for structural applications due to their superior
mechanical/physical properties. Such hybrid CFRP/Ti combination offers the advantages of both
materials while minimizing their individual weaknesses. CFRP, for example, has high specific stiffness,
good corrosion resistance and excellent fatigue strength. Titanium shows high strength to weight
ratio, high fracture resistance and isotropic behaviour [1]. Moreover, the composite and metal
alliance improves the impact strength and reparability problems of composites [2].

Due to these advantages, manufacturers such as Boeing or Airbus are employing CFRP/Ti stacks in
new generation aircrafts to substitute single metal alloys (typically titanium or aluminium alloys). The
potential applications for these hybrid materials include fuselages or wing connections, engine
cowlings, fairings, door structures, wing panels etc. and its use is expected to grow in the next decade
[3-5].The assembly of composite skins to metallic parts is preferably done using bolts and/or rivets.
This process requires the machining of large number of holes where the control of the drilling
operation becomes crucial.

CFRP and titanium plates are often drilled together using a one-shot strategy to improve productivity
and reduce positional errors [5]. However, their dissimilar mechanical and thermal properties make
it difficult to obtain the desired hole quality. The abrasive behaviour of the composite fibers and the
low thermal conductivity of titanium are the main causes of the appearance of defects in both layers.

When drilling the composite plate, fiber delamination is the matter of greatest concern since it affects
surface finish and, more importantly, mechanical strength. Delamination can happen either at the
entrance or at the exit of the CFRP layer due to two different mechanisms known as “peel-up” and
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“push-out” delamination. Generally push-out delamination is more extensive and thus, has to be
considered more dangerous than peel-up delamination [5]. In CFRP-Ti stacks, push-out delamination
can be reduced by starting the drilling process in the composite layer [6]. Other defects such as fiber
pull-out, thermal matrix degradation or inter-ply delamination may also appear in CFRP. During the
drilling of the titanium layer, high temperatures can result in large burrs and a poor diameter
tolerance.

The appearance of such defects is greatly dependent on tool geometry, on the selected machining
parameters and on wear evolution. Previous works have investigated the influence of some
geometrical features of the tool when drilling CFRP-Ti stacks. Kumar et al. [7], for example, analyzed
the effect of point angle on tool behavior and reported that flank wear increases faster in a tool with
a point angle value of 118° as compared to one with an angle of 130°. Lazar and Xirouchakis [8]
showed that a double point angle tip would result even in lower forces when drilling fiber-reinforced
polymers (when compared to a single point angle drill). Kuo et al. [9] concluded that double-angle
geometry improves ‘self-centering’ capability, reduces tool deflection and leads to better tolerances
in drilling of Ti/CFRP/AI stacks.

Wilka et al. [10] compared the performance of four drills varying in flute number and helix angle. For
drills with a helix angle of 20°, cutting torque in titanium was higher for a two-fluted drill as compared
to a three-fluted one. When a helix angle of 40° was used, the opposite trend was observed. The
reason of this cutting torque trend was not discussed in the paper. The influence of tool geometry
on tool wear evolution was not evaluated either.

On the other hand, the use of stepped drills has been proved to be an effective solution for
distributing mechanical loads in several cutting edges. With this optimized design, the hole is pre-
drilled in the first stage and it is finished in the second one. Brinksmeier and Janssen [11] reported
that the use of adapted step drills improves diameter tolerances, surface quality, and tool wear when
drilling Al/CFRP/Ti and CFRP/AI stacks. Likewise, Shyha et al. [12] found that a stepped drill geometry
reduces feed force when drilling CFRP due to a lower interaction between the major cutting edge
and the workpiece. In a more recent work, Feito et al. [13] confirmed this result and pointed out that
the improvements are more noticeable at lower feed rates. Nevertheless, there is still a lack of
knowledge on the influence of tool geometry (step size, diameter ratio...) on the process forces.
Besides, there are no studies that evaluate the influence of flute number in stepped drills when
drilling CFRP/Ti stacks.

As aforementioned, excessive tool wear is one of the main causes of the appearance of damages in
the workpiece. In this regard, Wang et al. [14] presented a comparative study based on the drilling
of CFRP/Ti stack as well as its individual plates (CFRP-only and Ti-only). Edge rounding caused by the
abrasiveness of the carbon fibers was regarded as the most relevant wear mode when drilling CFRP-
only. For Ti-only tests, flank wear and edge chipping were the dominating tool wear modes. However,
when both materials were machined together in the stacked configuration, tool wear was a
combination of the edge rounding wear from drilling the top CFRP layer and the flank wear from
drilling the bottom Ti layer. This result was also observed by Park et al. [15] for non-coated tungsten
carbide drills.

Tool wear level is often quantified based on the measurement of the flank wear land. However, when
a combination of flank wear and edge rounding occurs, local wear quantity (LWQ) has been proven



to be a more appropriate parameter for describing tool wear [10,16]. It is interesting to note that
Wang [14] also observed that the LWQ value after drilling CFRP/Ti stacks was the sum of those
obtained when drilling CFRP and Ti separately.

One of the strategies to reduce tool wear consists on changing the cutting conditions automatically
according to the material being drilled. The identification of the drill position can be done by
monitoring the thrust force (Fz) and by assigning lower and upper limits for each material. When
drilling CFRP/Ti stacks, signal steps are significantly distinct and good results have been observed
using this method [17]. However, the magnitude of Fz limits has to be adjusted as tool wear increases
and, in order to do so, the variation of cutting forces with hole number should be studied. It is also
important to note that the shape of the Fz signal is affected by the geometry of the drill. For non-
stepped tools, Xu et. al [3] observed that five different zones in the Fz signals. Each zone was
associated to a cutting stage of the drilling process. No works have been found on the influence of
the stepped geometry in the cutting stage number and on the shape of Fz signal.

Considerable efforts have been devoted to understanding the cutting physics of CFRP/Ti and to
improving drilling technology. However, there are still some key issues that should be addressed. This
work aims to reveal the influence of a stepped drill design and its flute number on cutting forces and
on tool wear. One of the main objectives is to describe the impact of the stepped geometry in the
cutting stage number and in the shape of Fz signal. Moreover, the variation of the magnitude of
cutting forces with hole number is evaluated for different tool designs. A special focus is also made
on the study of the dominant wear modes and on the quantification of tool wear level by means of
LWQ. Other fundamental process outputs such as the resulting hole diameter and the drilling-
induced damages are also analysed.

2. Experimental procedures

2.1. Workpiece materials

The composite plate used in the experiments was made of unidirectional ply of carbon fibers in an
epoxy matrix with the following lay-up sequence [45/-45/90/0/90/0/45/-45/0/90/45/-45/45/-45/0],.
The content of carbon fiber for each lamina was about 65% with an average ply thickness of 0.180
mm and a total thickness of 5.5 mm. This material is in accordance with the Airbus AIMS 05-27-002
specification and can be considered quasi-isotropic.

The titanium plate used in the experiments was Ti-6Al-4V (ASTM grade 5) alloy with a thickness of 5
mm and a hardness of 340 HV. The nominal chemical composition of the titanium and the

fundamental mechanical/physical properties of both materials are shown in Table 1 and

Table 2 respectively.

Table 1. Chemical composition of Ti-6Al-4V (ASTM grade 5) alloy.

C H N o Fe Vv Al Ti
Content (wt%) <0.08 <0.015 <0.05 <0.2 <0.4 3.5-45 5.5-6.75 Balance




Table 2. Basic properties of the studied CFRP/ Ti-6Al-4V specimen.

CFRP Ti-6Al-4V

Tensile strength 1050 MPa Tensile strength 896 MPa
Young modulus 62 GPa Young modulus 114 GPa
Shear strength 75 MPa Poisson’s ratio 0.342
Glass transition temperature 167°C Compressive yield strength 860 MPa

2.2. Drill bit material and geometry.

Uncoated drills made of 1ISO K30 tungsten carbide (WC) were used in the investigation. Regarding the
tool geometry, all the drills had the same helix angle (30°) and point angle at the first stage (130°).
An overall view of the tools is shown in Fig. 1 and the main geometrical parameters of the drills used
in the experiments are summarized in Table 3. One non-stepped (A) and two stepped (B and C) drill
geometries have been investigated. A lower web thickness was measured on tool B; that could give
less rigidity to the tool; nevertheless, smaller thrust forces are also expected.

Non-stepped drill with 2 flutes (A) Stepped drill with 2 flutes (B) Stepped drill with 3 flutes (C)

Fig. 1 Front and side views of the used tools. Geometries of tool.

Table 3. Drill geometries

Tool geometry A B C
Flute number 2 2 3
Stepped/non-stepped Non-stepped Stepped Stepped
Diameter - first stage (mm) 5.86 5.06 5.06
Diameter - second stage (mm) - 5.85 5.87
Point angle - first stage (°) 130 130 130
Point angle - second stage (°) - 155 155
Helix angle (°) 30 30 30
Web thickness (um) 150 40 230



2.3. Experimental setup for drilling tests.

The drilling trials were performed on a five-axis CNC machining center Hurco VMX 42 UHSi under dry
conditions. CFRP/Ti-6Al-4V specimens were clamped by a fixture from the top side as shown in Fig.
2a. The stack sequence was CFRP on the top and Ti-6Al-4V on the bottom and was established with
the industrial partner. As exposed by Ramulu et al. [18], this configuration generates less
delamination in the composite material. During the tests, thrust force and cutting torque were
registered using a Kistler 9170A rotating dynamometer (Fig. 2b). A multichannel charge amplifier
(type 5238B from Kistler) connected to a Dewe43-A data acquisition instrument was used to convert
the force signals into voltage signals. Afterwards, the software DewesoftX2 was employed to plot the
recorded data. In this study, tool performance was analysed during the drilling of 65 holes or until
the failure of the tool. In literature, the total number of holes drilled to carry out a tool wear study in
CFRP/Ti-6Al-4V rarely exceeds 60 holes (even less when the drilling is done without any cutting fluid).

(a) ' (b)

Fig. 2 Experimental setup for drilling tests: (a) fixture configuration and (b) rotating dynamometer

2.4. Selection of cutting parameters.

Proper selection of machining parameters is essential to achieve high quality drilling results. In
CFRP/Ti-6Al-4V stacks, this is not an easy task since the ideal parameters for CFRP are not effective
for Ti-6Al-4V and vice versa. High feed rates (0.05-0.1 mm/rev) and low cutting speeds (10-30 m/min)
result in an overall improvement of the hole quality in the titanium, but these conditions are
damaging for the composite part since the high axial force increases delamination [18]. For CFRP
machining, it is more advantageous to use lower feeds (0.01-0.05 mm/rev) together with higher
cutting speeds (150-200 m/min) [19]. Since titanium causes the biggest problems, cutting conditions
consisting of moderate feed speeds (around 0.05 mm/rev) and low cutting speeds can provide good
results in both materials [1,20]. The machining conditions used in the experiments are summarized
in Table 4. This parameter combination was chosen based on the results of a preliminary set of drilling
tests and on the tool manufacturer recommendations. For each tool geometry, two drill bits have
been tested.

Table 4. Cutting conditions

Tool geometry A B C
Cutting speed (Vc) 15 15 15
Spindle speed (N) 796 rpm 796 rpm 796 rpm
Feed per tooth(fz) 0.02 mm/rev 0.02 mm/rev 0.02 mm/rev
Feed (f) 0.04 mm/rev 0.04 mm/rev 0.06 mm/rev




2.5. Tool wear evolution and hole quality analysis.

In order to investigate tool wear, the change of cutting tool edge micro-geometry at different stages
of drilling was studied. Among the parameters proposed in literature, local wear quantity (LWQ) was
chosen to characterize the cutting edge dullness due to the combination of flank and edge rounding
wear. Its value is calculated by subtracting the area of the current profiles to the one of the unworn
tool, as shown in Fig. 3b. At first, the 3D geometry of the main cutting edge was obtained by using a
Keyence VHX-1000 confocal microscope and a depth composition function. Afterwards, a two
dimensional profile was obtained at a distance of 600um from the cutting edge corner and the LWQ
value was calculated. Cutting edge profile measurements were taken before the tests when drills
were new. Then, they were repeated after 5, 25, 45 and 65 holes to investigate tool wear evolution.

(a) (b)
260

: 240
pasurement zone LwaQ

220

' 200

Tool corner

— Unworn tool

120 I —— Worn tool \
100 T T T 1
50 100 150 200 250
WD=365mm EHT=1500kV Mag= 139X Signal A =SE1 8wl [T -
X (um)

Fig. 3 (a) Tool edge geometry measurement zone. (b) Local wear quantity (LWQ) calculation.

In addition, a Zeiss Evo scanning electron microscope (SEM) was used to identify tool wear modes.
High magnification pictures of the cutting edge near the margin and the chisel edge were obtained
for all cutting tools. The cutting edge at the tool step was also analysed for geometries B and C. SEM
pictures were taken when the drills were new and they were repeated after 5 holes and at the end
of the tests.

Regarding hole quality assessment, hole diameter was measured at 2.5 mm from the hole entrance
and at 2.5 mm from the exit, i.e. at the mid-thickness of the CFRP and the Ti-6Al-4V plates. A three
point internal micrometer was used for these measurements (Mitutoyo, accuracy=0.001mm).
Thermo-mechanical defects produced in the hole were also analyzed. In the composite plate,
machining induced damage was evaluated by inspection with a Leica DMS1000 optical microscope.
In the titanium part, burr height at the tool exit was measured using a Leica DCM 3D confocal
microscope.

3. Results and discussion

3.1 Drilling process and force signal characterization

Cutting forces reflect the mechanical conditions in the chip generation and are an effective
instrument to monitor the state of the tool. In hybrid CFRP/Ti stack drilling, the dissimilar properties
of both materials and geometrical features of the drill make the cutting process go through a series
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of transient and stationary stages. This sequence is reflected in the forces’ signals and has to be
understood in order to correlate force data with the phenomena taking place in the cutting process.

Fig. 4 shows the thrust force evolution over time for a non-stepped drill and a simplified scheme of
the drilling operation. In a previous work, Xu et al. have comprehensively described the different
stages of a stack drilling process with such tool geometry [3]. The authors simplify the cutting edge

as a straight line and define a new parameter to describe the transient cutting stages. This variable
is so-called “tool-workpiece interaction ratio” and is defined as follows:

L;
ni=1€[01] (1)

where L; corresponds to the portion of the cutting-edge in contact with a single material and L
indicates its total length. nerp=0 and ny=0, for example, would denote the inexistence of tool-CFRP
interaction and tool-Ti interaction respectively; ncrp=1 and ng=1 would signify full tool-CFRP

interaction and full tool-Ti interaction respectively.
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Fig. 4 Thrust force and tool-work interaction ratio (n) evolution over cutting time for a non-stepped drill.

Considering a one-shot operation, the entire CFRP/Ti stack drilling process can be divided into five
stages:

e Stage 1 (A->B): the first phase starts when the cutting edge firstly touches the CFRP plate. n¢
gradually increases until the total engagement of the cutting edge in composite. Thrust force
also grows steadily from zero.

e Stage 2 (B>C): represents the period of full engagement of the tool tip in CFRP and can be
considered as a steady drilling process. nerrp Maintains equal to 1 and thrust force is kept
nearly constant.



e Stage 3 (C>D): this period starts when the tool firstly touches the titanium plate and finishes
when it is completely engaged in metal. During this stage, the zone involved in CFRP
machining will decrease and the one removing titanium will grow. A continuous variation of
Ncrre and Ny Will occur and a significant increase of cutting forces will be noticeable.

e Stage 4 (D-E): denotes the period of full engagement of the tool tip and tool body in titanium
and elasto-plastic deformation will be predominant. In this case, the parameter ny; will keep
the constant value of 1.

e Stage 5 (E>F): indicates the period when the major cutting edge gradually exits the titanium
plate. The parameter ny; will decrease and so will the thrust force until the completion of the
drilling operation.

If the stack drilling is performed with a stepped drill bit, the whole machining process can be
considered the result of two consecutive drilling operations with non-stepped tools. However, the
resulting cutting stages will depend on the tool geometry and on the thickness of the CFRP and Ti
plates. More specifically, the three axial distances denoted as A1, A2 and S in Fig. 5 will determine
the cutting stage number. For example, when the distance between the tool tip and the second tool
step (S) is smaller than the thickness of one plate, both drilling steps will be machining the same
material in one stage of the process (see Fig.5b). Otherwise, this situation could not occur.

(a) (b)

Fig. 5 (a) Schematic representation of the drilling process with a stepped tool. (b) Geometrical parameters of the stepped drill used in
the experiments.

If the cutting edges are simplified as straight lines, the axial distances associated to the cutting edges
in the first and second steps (A; and A,) can be roughly estimated through the following equations.

Dy

4= K(e%) (2)
D,-D;
AZ - 2-tan (92*2) (3)

where D, and D, correspond to the diameters of the first and second cutting step respectively; 6, and
0, are the corresponding point angles. The particular axial distance values for the stepped drill



geometries investigated in this work are shown in Table 5. Because of the small value of A,, the
cutting edge of the second cutting step will be considered perpendicular to the axis of the tool. This
way, an easier interpretation of the drilling process and the evolution of the cutting forces can be
made (see Fig. 6).

Table 5. Axial distance values for the investigated stepped drills.

Drill geometry B C

A 1.18 mm 1.18 mm
A, 0.09 mm 0.09 mm
Step distance (S) 6.60 mm 6.60 mm

For the stepped drills, the evolution of thrust forces signal over time can be divided into six stages,
as shown in Fig. 6. The corresponding simplified scheme for the drilling process can be seen on the
right side of the figure.

Stage 1 (A>B): the first phase starts when the tool tip touches the workpiece and continues
until the total engagement of the first cutting edge on composite. During this period, forces
increase gradually as shown in Fig. 6(a). To illustrate the action of both drilling steps, the
evolution of the tool-work interaction ratios are also depicted in Fig. 6. ncrrp-1 and nyi.1 would
correspond to the action of the first step of the tool and ncrrp2 and nyi» to the second one.
Stage 2 (B>C): is a period were the tool is fully engaged in CFRP machining and can be
considered as a steady drilling process. ncrrp.1 Maintains its value and thrust force is also kept
approximately constant. As long as the thickness of each plate is smaller than S, cutting edges
of both steps won’t be machining the same material simultaneously.

Stage 3 (C>D): during this phase, the cutting edges of the first step are involved in the
machining of the CFRP/Ti interface. The tool goes from complete composite machining to
complete titanium machining. In consequence, Ncrre-1 and Nyi.1 Will vary progressively and an
increase of cutting forces will occur. For the particular drilling conditions investigated in this
work, S =A;+Lcrrp. Thus, it will be considered that the second step of cutting edges touches
the workpiece for the first time when the tool tip reaches the depth denoted as D.

Stage 4 (D->E): in this period, both steps of the drill are fully engaged in the workpiece and
the cutting process can be considered as quasi-stationary. The cutting edges of the first step
will machine titanium and the second one CFRP. Thus, Ncrrp-2 and nyi-1 Will keep the constant
maximum value of one. The highest cutting forces will take place during this stage.

Stage 5 (E>F): represents a phase in which the first step of the drill gradually exits the
titanium plate while the second step remains machining CFRP. Consequently, parameter nTi-1
will decrease to zero whereas ncerp-o Will remain at one. At the end of this stage, the second
group of cutting edges will undergo a transition from CFRP to Ti which can cause an instability
of the cutting process. This effect is reflected on the thrust force signal.

Stage 6 (F>G): represents a steady drilling process in which the cutting edges of second step
are machining titanium. nyi., maintains equal to 1 and thrust force is kept nearly constant. The
drilling process concludes with a progressive decrease of cutting forces to zero when both
tool steps exit the workpiece.
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Fig. 6 (a) Thrust force and tool-work interaction ratio evolution over time for a non-stepped drill.

3.2. Drilling force magnitudes

The effect of the stepped geometry and the flute number were analyzed based on the mean values
of the steady drilling stages. That is to say, stages 2 and 4 for the non-stepped geometry and 2,4 and
6 for the stepped ones. In order to increase the statistic soundness of the results, two series of drilling
tests were performed with each tool geometry. In Fig. 7 to 11 the two repetitions carried out with
the non-stepped geometry (A) are named “A_1" and “A_2" respectively; the same nomenclature is
used for the two other tool designs (B and C). For all the drill geometries, thrust and torque values
experienced a faster increase during an initial period that lasted around five holes. Afterwards, a
linear trend was noticeable with a less pronounced increase. This trend can be linked to the fact that
tool wear is fast when the tools are new and it evolves more slowly after a few holes are made.

Fig. 7 shows the thrust force evolution over the number of holes drilled in the CFRP plate. When the
drills were new, forces for the three-fluted drills (C) were almost double compared to those with two
flutes (geometries A and B). This effect could be produced by the bigger web thickness of geometry
C. As the number of drilled holes increased, the thrust force raised due to tool wear. This tendency
is in accordance with previous studies and can be explained by the progressive rounding of cutting
edge and the increase in the tool-work material contact area in the thrust direction [4,15].

It can also be noted that forces in the non-stepped geometry (A) grow faster than in the stepped one
(B) (a 50% more from hole 5 to 45). As shown in section 3.2, the non-stepped geometry experienced
the strongest wear and lasted only 45 holes. On the contrary, the evolution of thrust force with the
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hole number is very similar for the stepped tools with two and three cutting edges (Fig. 7b). Both tool
geometries (B and C) showed an increase of approximately 100N from hole 5 to 65.

Fig. 8 depicts the evolution of thrust force when the major cutting edge is completely engaged in the
titanium phase (stage 4). Surprisingly, thrust force history looks very similar to the trend observed
when drilling CFRP (which is not the case when drilling Ti alone). These results are in accordance with
those observed by Wang et al. [14] and are related to the fact that cutting edge rounding is the
predominant wear mode in CFRP/Ti stack drilling. In the following sections, the wear influence in
cutting forces will be further discussed.

The evolution of cutting torque in CFRP drilling is shown in Fig. 9. As stated before, torque values
experienced a faster increase during the first five holes which was followed by a less pronounced
linear trend. In order to compare the effect of different tool geometries, Fig. 9d shows the torque
values for 5, 25, 45 and 65 holes. Higher torques were obtained with the non-stepped geometry (A)
for the same amount of hole numbers due to the bigger tool diameter and faster wear. For the
stepped geometries, the tools with three flutes (C) showed higher values compared to those with
two flutes (B). The higher number of cutting edges and tool-workpiece contact surface in the margins
could explain this result. A similar trend was also observed for the torques registered in the titanium
plate (Fig. 10). Besides, Ti drilling yielded higher torque magnitudes than those gained in the CFRP
drilling for all the investigated tool geometries. This effect can be attributed to the chip removal
mechanism (elastic-plastic deformation) and to more severe friction conditions.

Fig. 11 illustrates the evolution of cutting forces in the drill bit step when machining the titanium
plate (stage 6 of the drilling sequence). Linear growth with hole number was also noticeable after the
first tests. However, the results exhibited poorer repeatability than those obtained when the major
cutting edge was machining CFRP or Ti. For the data depicted in Fig. 7 and 8, the force values obtained
in the two repetitions carried out with the same tool geometry always differed less than a 10%.
Conversely, for the machining of Ti with the stepped tool (Fig. 11), a mean deviation of 30% was
observed. The manufacturing difficulties regarding the cutting edge geometry in the tool step could
explain this result.
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Fig. 7 Thrust force evolution in CFRP versus hole number. (a) Effect of the stepped geometry. (b) Effect of the flute number.
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(c)Stepped geometry with three flutes. (d)Comparison of tool geometries.
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3.2. Tool wear

Fig. 12 shows the SEM images of the investigated drills at the unworn stage, after five holes and at
the end of the tests. The pictures cover the major cutting edge, the margin and the rake face and
higher magnification images are also shown for geometry B. Abrasive wear was noticeable at the
major cutting edge and at the drill step. This wear mode is produced by two different phenomena.
On the one hand, there is a grinding effect produce by free WC particles. During CFRP machining, the
impact of the broken fibers produce mechanical stresses in the WC grains, which can lead to their
fracture. [21]. These particles abrade the tool’s surface as they slide over the rake and clearance
faces. On the other hand, carbon fibers can also scratch the Co binder making the WC grains more
vulnerable to fall away partly or fully. [22]

Non-stepped drill with 2 flutes (A) Stepped drill with 2 flutes (B) Stepped drill with 3 flutes (C)
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Fig. 12 SEM images of the investigaté?j drills at the unworn stage, dfter five holes and at the end of the tests.
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Titanium adhesion was also observed on the major cutting edge, on the margin and on the rake face
due to the stacking sequence of the drilling process (CFRP—Ti). Adhesion was more noticeable on
the margin than in other parts of the tool. In this material, the higher temperatures result in hole
shrinkage increasing friction between hole wall and the tool margin. This wear mode is a common
defect when Ti is drilled alone, but it is less pronounced when CFRP and Ti are drilled together in a
stacked configuration. In this case, the metal adhered to the tool in the previous hole is brushed away
in the next operation. In fact, Wang et al. [14] observed that the titanium adhesion disappeared
completely after penetrating only about 1mm into the CFRP plate. For the stepped drills, Ti adhesion
was also noticeable on the rake face in the second stage of the tool (Fig. 13). The grinding process
used to manufacture the drill geometry generates a rough surface, which enhances friction and
titanium adhesion. Higher cutting speed and a higher temperature in this area could also contribute
to increase adhesion.

WD =3 0mm EHT = 1500kV Mag= X Sigral A -SE1 AR, AT WD = 305mm  EHT = 1500kV Mag- HEX Sigral A -5E1 MW AT

Fig. 13 Adhesion at the rake face in the second drilling stage (C geometry).

Wear progress was also investigated by analysing the evolution of the cutting edge topology through
the tests. It is important to note that the titanium adhered to the tool should be removed before
measuring the micro-geometry. In order to do so, an additional hole was performed in the composite
plate only. Wang et al. [14] proved that this is an effective way to clean the tool surface.

Fig. 14 shows the cutting edge profile evolution for each of the three studied geometries (A, B and
C). As it can be seen, tool wear is a combination of both flank wear and edge rounding. However,
wear progresses faster in the non-stepped tool (geometry A) than in the stepped ones (B and C). This
result would explain the premature failure of that tool in the hole 45.

A B (o
260

45 holes

T . /
100 T

0 100 200 0 100 200 0 100 200
X (Hm) X (um) X (Hm)

65 holes

65 holes

Fig. 14 Cutting edge profile of the studied drill geometries at the unworn state and after 5, 25, 45 and 65 holes.
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In order to analyse tool wear quantitatively, local wear quantity (LWQ) was calculated by subtracting
the worn profiles to the fresh ones. As aforementioned, LWQ is a very suitable parameter to describe
tool wear in such an edge rounding dominated case. Fig. 15a compares the LWQ progression for the
non-stepped and stepped drills with two flutes (geometries A and B respectively). After the 45t hole,
the LWQ level generated in the non-stepped tool was approximately 50% higher than in the stepped
one. This faster wear can be explained by the greater contact speed in the cutting edge corner
between the tool and the carbon fibers. It is interesting to note that the CFRP plate contributes the
most to the overall tool wear. In this regard, Wang et al. [14] compared tool wear in CFRP-only and
CFRP-Ti drilling and observed that LWQ increased less than a 10% when drilling the stack.

The effect of tool wear is also reflected in cutting forces. Due to the different geometrical
characteristics of the drills, this influence was analysed in terms of specific force magnitudes. In
particular, drilling performance was compared during the second stage of the drilling process (full
engagement of the tool tip in CFRP) based on specific thrust force (k;) and specific cutting force (k).

Fe,
Ky = o2y N/mm]

M 48000

=——— [N/mm?

e= " fopz W/mm]

where F, corresponds to the thrust force in [N], z to the cutting edge number, f, to the feed per tooth
in [mm], D to the diameter in [mm] and M4 to the cutting torque in [N-mm].

Fig. 16a compares the specific thrust force evolution for A and B geometries. An increase of
approximately a 128% was observed for the non-stepped tool (A) from the 5t to the 45t hole while
for the stepped one it was smaller (91%). The faster wear progression in drill A would explain such
difference. A similar conclusion can be drawn for stepped tools (see Fig. 15b and Fig. 16b). After 65
holes, the drill with two flutes (B) shows higher LWQ than the three fluted one (C) and results in
bigger ksvalues.

Regarding specific cutting forces, higher values were obtained for the stepped drills with two cutting
edges than for the non-stepped ones (see Fig. 17a). This result can be linked to the particular tool
geometry used in the tests. As it can be seen in Fig. 1, all the drills were designed with a double
margin configuration. During CFRP drilling, the drill only penetrates up to 5 mm and, under these
circumstances, the geometry B has two active margins per cutting edge while A has only got one. The
bigger contact surface would explain the difference in the specific cutting force. Nevertheless, the
evolution of k. with hole number is consistent with wear level since it evolves more quickly in the
geometry A than in the B. Specifically, from the 5t to the 45t hole, an increase of 53% and 19% was
observed for A and B respectively. Likewise, if the stepped bits are compared (Fig. 17b), the geometry
with a greater LWQ (B) also shows a faster growth of k..

16



2000 2000
3 5 s rc
£ 1500 £ 1500
2 =
o o
2 1000 2 1000
— —

o
500 % 500 §
o .w \ o LB
5 25 45 5 25 45 65
Hole number Hole number

Fig. 15 Local wear quantity (LWQ) evolution for the studied tools. (a) Comparison of the non-stepped and stepped geometry with two
flutes. (b) Influence of the flute number on the stepped geometry.
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Fig. 16 Specific thrust force (k;) evolution for the studied tools. (a) Comparison of the non-stepped and stepped geometries with two
flutes. (b) Influence of the flute number on the stepped geometry.
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Fig. 17 Specific cutting force (k.) evolution for the studied tools. (a) Comparison of the non-stepped and stepped geometries with two
flutes. (b) Influence of the flute number on the stepped geometry.

3.3. Hole quality analysis

In CFRP/Ti stack drilling, hole quality has to be controlled in order to ensure a correct assembly. In
the following subsections, a comparative study of the hole diameter and surface roughness is
performed for the used drill geometries. Moreover, cutting-induced damages such as burr defect in
titanium and delamination in the composite phase are also discussed.
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3.3.1. Hole diameter

In CFRP-Ti drilling, the disparate thermal expansion coefficient and elastic properties of the stacked
materials make it difficult to obtain a consistent hole size. Thus, hole diameter measurements were
carried out on each individual layer as discussed in section 2.5.

Fig. 15 shows the evolution of the diameter with the hole number for each tool geometry and stacked
phase. The displayed values correspond to the mean value of the repetitions carried out with the
same drill geometry. As it can be seen, the diameters obtained in CFRP were higher than for Ti for all
the tool geometries. This result is in accordance with the observations made by Xu et al. [3]. When a
CFRP- Ti cutting sequence is used, the hot and sharp metal chips abrade the previously drilled CFRP
hole during the evacuation process. As a consequence, the hole diameter in CFRP is enlarged. This
effect can be avoided by using a Ti > CFRP cutting sequence, but this strategy would promote higher
delamination at the exit of the composite plate. Moreover, the diameter on the CFRP phase increases
steadily with the hole number for all the tested drills. This growth can be explained by the increase
in cutting forces and instability of the drill bit.
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Fig. 18 Hole diameter evolution with hole number. (a) Non-stepped tool (“A” geometry), (b) stepped tool with two flutes (“B”
geometry); (c) stepped tool with three flutes (“C" geometry).

If the different tool geometries are compared, it can be seen that the biggest diameter variation is
produced for the non-stepped drill (A). In this case, the diameter increased 0.045 mm between the
5th and the 45t holes for the CFRP plate. In contrast, the tool with the same flute number and stepped
geometry (B) showed a variation of 0.010 mm among the same interval. The higher tool wear and
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specific thrust forces would be the cause of such difference. This would also be the reason for the
even smaller increase (0.005 mm) observed for the three-fluted with a stepped geometry (C). In this
case, the wear level and the specific cutting forces are smaller as compared with geometry B.

Moreover, for stepped tools (B and C) it was observed that the diameter increased linearly for both
the CFRP and Ti phases among the holes 5 and 65. The slightly higher values obtained for the

geometry C can be explained by the 0.020 mm bigger tool diameter in the unworn conditions.

3.3.2. Burr defect analysis

The burr defect produced in titanium is a crucial problem compared to other surface damages since
it leads to disassembly, deburring and further re-assembly of the stacks. A burr can be created on
both entrance and exit surfaces of the metallic plate, but the one produced at the tool exit is much
larger and is often the main concern.

Burr formation is highly dependent on the tool geometry and can be thoroughly related to the
frictional heat generation, tool engagement time and thrust force. In the following paragraphs, burr
height measurements are compared. The influence of stepped geometry on the burr generation
process is also discussed.

Fig. 15a shows the burr height evolution for the drills with two cutting edges (geometries A and B).
The depicted data correspond to the mean value of the different repetitions for the same tool
geometry and the error bars represent the maximum and minimum values. Over the course of 45
holes, the non-stepped tool (A) produced burrs that increase from 349um to 768um. This trend can
be related to tool wear evolution and the increase on heat generation. As the cutting process
progresses, frictional heat on the cutting edge elevates the temperature on the surrounding material.
When the tool point reaches the bottom surface, the ductility of the Ti has increased; allowing the
material to flow easier and making it more difficult for cutting off. The severe cutting edge rounding
and flank wear also affect the proper shearing of the last thin layer of the Ti plate.
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Fig. 19 Burr height evolution for the studied tools. (a) Comparison of the non-stepped and stepped geometry with two flutes. (b)
Influence of the flute number on stepped geometries.

During the tests, burr type changed as hole number increased. It should be noted that drilling burrs
produced in Ti are often classified into three types (uniform, transient and crown burr) according to
the location of crack initiation [23]. A uniform burr formation was observed at the beginning of the
test were fresh drills were used. Such burr type is produced when the formation process happens by
means of a first fracture in the tool point followed by a secondary one at the periphery of the hole.
Under such circumstances, a burr of small dimensions and a “round” cap are generated (Fig. 20a).
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In the 415t hole, the burr formation mechanism changed to a crown type. In this case, the fracture is
initiated at the drill point and the burr is produced due to the plastic deformation of the remaining
material in the hole perimeter (Fig. 20b). This variation in the burr formation mechanism, could
explain the higher increase in burr height in the last 20 holes. A cross section of the 40t and 415t holes
(obtained by wire-EDM) is shown in Fig. 20c.

As shown in Fig.19a, the burr height values obtained with the stepped drill (B) were approximately
double over the first 45 holes as compared to those observed for the non-stepped one (A). However,

this difference cannot be associated to higher cutting temperature and material ductility at the end
of the process, because the non-stepped drill suffers faster wear and depicts higher thrust forces.

a) b)
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Uniform burr Crown burr

Crack initiation and
material break

Uniform burr Crown burr

Fig. 20 Uniform and crown burr generation process in the non-stepped drill. (a) Schematic burr formation. (b) Cross section of holes 40
and 41.

The abnormally high values can be explained by the burr formation mechanism in the stepped tool,
which is illustrated in Fig. 21. In this case, the final burr is the result of both drill bit steps. Firstly, a
primary burr is generated as the tool point exits the titanium plate (Fig. 21a). This process is similar
to the one taking place in a drilling operation with a non-stepped tool. As the tool step exits the
workpiece, the cutting edges push out both the uncut material and the primary burr (Fig. 21c). This
plastic deformation process could be compared to a redrawing operation in sheet metal forming and
results in a comparatively large burr.

Fig. 19b compares the evolution of the burr height for the stepped tools (B and C). For the same
number of drilled holes, higher burrs were observed for the two-fluted drill (B). This result could be
explained by the faster tool wear and the higher thrust forces obtained with this tool geometry. It
should be noted that the position at which bending starts is influenced by both the stiffness of the
remaining material and by the thrust force. This effect would explain the observed differences.
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Fig. 21 Schematic illustration of the burr formation mechanism for stepped drills.

3.3.3. Delamination damage analysis

The damages occurring in the composite plate are the most critical ones. In most cases, they cannot
be repaired and they are the source of crack initiation and fatigue fracture. Fig. 22 and Fig. 23 display
the condition of the hole in the composite plate at the tool entry and tool exit zones respectively.
Workpiece damage is more severe at the tool exit and can be related to the particular thermo-
mechanical phenomena taking place at the interface zone.

When the tool starts drilling the metallic plate, the drill tip suffers vibrations due to the change in the
material separation mode. Moreover, the metallic chips produced at the initial stage of Ti drilling
scratch the bottom surface of the composite plate. These phenomena can be identified as the main
causes of the observed mechanical damage. Besides, a color change in the composite was also
noticeable. The temperature increase during Ti drilling would have induced thermal softening and

degradation of the epoxy matrix.

Tool
geometry

5 holes

25 holes

45 holes

65 holes
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Fig. 22 Hole condition in the composite plate at the tool entry.
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Fig. 23 Hole condition in the composite plate at the tool exit.

In order to ensure the structural integrity of the machine part, it is important to quantify the
magnitude of the mechanical damage at the CFRP/Ti interface. This would allow to stablish a hole
number limit at which the tool should be replaced. To assess the damage extent, the one-dimensional
delamination factor (Fy) was adopted for this work. This parameter is defined as the ratio of the
maximum diameter of the damaged area (D.x) to the nominal hole diameter (D,om). As can be seen
in the figures, the damage does not correspond to an isolated tearing of a fiber, but extends almost
uniformly around the entire hole. In this study, digital analysis of the images was used to measure
the value of the maximum diameter of the damaged area.

Fig. 24 reports the evolution of the delamination factor over the number of drilled holes. As can be
observed, delamination factor increases with the number of holes. This evolution can be linked to
the progressive tool wear and to the increase of thrust and cutting temperature. The rounding of the
cutting edges would also entail a loss of cutting capacity and a poorer hole quality.

As shown in Fig. 23, mechanical damage and matrix discoloration were detected even after 5t hole
for the non-stepped tool (A). In this case, the delamination factor increased faster than for the
stepped geometry (B). In fact, the diameter of the damaged zone was approximately 2 mm bigger
after 45 holes. For the stepped geometries, the damage was minimal during the first holes and similar
F4 values were obtained up to the 45t hole. A lower damage extent was noticeable after the 65t
hole for the drill with three flutes (C). These results are in agreement with the wear analysis. As stated
before, the fastest wear was observed in the non-stepped tool (A) and, for the stepped geometries,
C had a lower wear progression.

22



Delamination factor (Fd)

a) b)

1.60
1.50
1.40
1.30
1.20
1.10
1.00

£ 1.50
S
HA =B g 1.40 5B C

=

2 1.30

(1]

£

€ 1.20

1]

°

. § §
1.00

5 25 45 65 5 25 45 65
Hole number Hole number

Fig. 24 Delamination factor evolution for the studied drill geometries. (a) Comparison of the non-stepped and stepped geometry with

two flutes. (b) Influence of the flute number on stepped geometries.

4. Conclusions

Tool geometry plays an important role when drilling CFRP-Ti6Al4V stacks. An experimental study has
been performed to assess the influence of flute number and a stepped design. Based on the obtained
results, the following conclusions can be drawn:
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The analysis of cutting-edge profile evolution showed that a stepped geometry and a higher
flute number leads to lower local wear quantity (LWQ) values and lower specific forces.

Abrasion and adhesion were found to be the dominant wear modes. Abrasive wear was
noticeable at the major cutting edge and at the drill step. Titanium adhesion was mainly
observed on the margins and on the rake faces located on the step.

The study also highlighted the influence of tool geometry on the drilling sequence and on the
evolution of cutting forces over time. CFRP/Ti stack drilling with non-stepped tools always
involves five cutting stages that differ on the characteristics of the interaction between the
cutting edge and the workpiece. For stepped drills, however, the cutting stage number is not
unique because it depends on the particular tool geometry and on the thickness of the
composite and titanium plates.

In a stepped tool design, the distance between the tool tip and the step should be smaller
than the thickness of each plate. This would avoid a cutting stage in which both the major
cutting edge and the tool step are engaged in the same material simultaneously leading to
lower cutting forces.

Regarding cutting forces, a linear evolution of the thrust force and the cutting torque was
observed when the drill step was machining the Ti plate (stage 6 of the drilling process for a
stepped tool design). This result would be linked to the progressive rounding of the cutting
edges and to the increase in the tool-workpiece contact surface.



e The diameter of the holes in CFRP and Ti increased linearly for the stepped tools. However, a
smother increase was observed for the three-fluted drill due to the less significant wear
progression.

e Hole quality was found to be greatly affected by the tool geometry. Burr height values for the
non-stepped drill were approximately double as compared to those observed for the stepped
tool with two flutes. This result can be explained by the particular burr formation mechanism
in the stepped geometry.

e Thermo-mechanical damage at the exit of the CFRP plate was detected for the non-stepped
tool after the 5™ hole. For such geometry, the one dimensional delamination factor (Fgy)
increased faster than for the stepped drills.

In general, the stepped drill with three flutes (C) yielded better performance in terms of various
drilling responses (e.g. wear progression, force generation and hole damage) when used under
identical cutting conditions. Future research works should consider the influence of the geometrical
characteristics of the step.
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