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Abstract: Fiber Reinforced Polymer (FRP) laminates have been widely used in engineering appli-
cations in recent decades. This is mainly due to their superior mechanical properties compared to
single-phase materials. High strength-to-weight ratio, high stiffness, and excellent corrosion and
fatigue resistance are some of the attractive properties of these materials. In large structures, drilling
composite panels is a typical operation to assemble different parts with mechanical fasteners. This
operation severely threatens the quality of the holes and, therefore, the joint strength. This study
aims to study the wear evolution of two drill bits manufactured with different coatings processes
(chemical vapor deposition and physical vapor deposition) and their influence on the quality of the
holes. A carbon/glass fiber sandwich structure was selected as the workpiece, and a high-speed
machine center was used to drill 1403 holes per tool in the laminates. The wear analysis of the tool
was characterized in terms of flank wear and crater wear. For the delamination analysis caused by
drilling, two types of delamination are identified (type I and II), and their values were quantified
through the equivalent delamination factor (F,;). The results showed that, in general, the process
used to apply the coating to the tool influences the wear mode and the delamination damage. The first
tool, diamond coated with Chemical Vapor Deposition (CVD), showed more severe crater wear in the
flank face and coating loss at the end of the cutting edges. However, with a Physical Vapor Deposition
(PVD) coating process, the second tool presented flank wear more controlled but a more severe
coating loss and edge rounding near the tip, producing further delamination. Using a supporting
plate showed a reduction of delamination type I but not for delamination type II, which is related to
edge rounding.

Keywords: drilling; tool wear; coating; hybrid composite; glass fiber

1. Introduction

Hybrid composites combine more than one kind of fiber in the same laminate to
take advantage of the properties of both types of fibers. These kinds of materials have
the capability to replace traditional materials by meeting the requirements of various
industries, like those in aviation, space, and biomedical applications. In particular, the use
of sandwich-type materials is quite common when it is desired to combine the benefits of
more than one type of reinforcing fiber or simply maintain a thickness while reducing costs
using less expensive fibers.
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The combination of excellent strength-to-weight carbon fibers and glass fibers with high
elongation can effectively improve failure strain without a significant cost increment [1].
Some studies proved that glass/carbon hybrid laminates with carbon fibers in the exterior
layer outperformed those with glass fibers in the outer layer under quasi-static loading
conditions [2].

However, this kind of material is difficult to cut due to the presence of hard fibers and
two or more reinforced phases with different physical (mechanical, thermal) properties,
which inevitably induce more complex damage conditions [3]. They are vulnerable to the
generation of damage during processing as peel-up, pull-out, and matrix thermal degrada-
tion phenomena, among others. The economic impact of this is significant, especially when
it reaches the assembly stage.

Machining holes is a widespread process used in these industries to assemble com-
posite structures, and it requires careful study [4,5]. Poor quality of the drilled holes can
decrease the fatigue life of the component or lead to its failure, so the machining operations
of Long Fiber Reinforcement Polymers should be designed to ensure the quality of the
resultant components [6,7].

Delamination is the main problem associated with drilling composite materials. It is
a phenomenon where layers of material are separated and can occur through two mech-
anisms: peel-up and push-down. Peel-up delamination happens when the drill’s thrust
force exceeds the interlaminar fracture toughness of the layers, causing the upper materials
to be displaced upwards during drilling. On the other hand, push-down delamination
occurs due to the indentation effect caused by the quasi-stationary drill chisel edge on the
uncut layers of the laminate. They cause poor assembly tolerances, reduce the structural
integrity of the material, and have the potential for long-term performance deterioration [8].
Preventive measures can be taken for each type of delamination. To avoid peel-up de-
lamination, it is essential to use low feed rates during drilling [9,10]. For push-down
delamination prevention, employing a support plate underneath the material being drilled
is effective [11].

The thrust force that influences layer delamination depends on several factors, in-
cluding the material properties (such as strength and stiffness) [12], drill geometry [13,14],
and machining parameters such as spindle speed [15,16], feed rate [17,18], and coolant
usage [19,20]. Researchers have highlighted the importance of drilling speed in reducing
radial thrust force, leading to a narrower specific energy map and improved machinability
for various composites [21,22]. These findings demonstrate the significance of considering
different factors and optimizing drilling conditions to minimize delamination and enhance
the drilling process for composite materials.

The tool’s geometry is also an important factor considering that wear promotes the
appearance of delamination. During the drilling process, the geometry of the drill bit is
affected mainly due to the highly abrasive nature of the fibers [23]. Tool wear changes
drill geometry, affecting the induced damage [24-26]. Among tool materials studied, PCD
(Poly Crystalline Diamond) tools stand out for their exceptional performance attributed
to their excellent wear resistance and high thermal conductivity [27-30]. Despite these
advantages, their market share remains relatively small compared to HSS (High-Speed
Steel) and tungsten carbide tools. This is mainly due to the challenges associated with their
fabrication and their relatively high cost [31]. Consequently, not all tool manufacturers offer
special drill bits for composite materials, and when they do, the tools are usually designed
and tested for composite materials with only one type of fiber (for example, carbon fiber,
nylon, glass fiber, or Kevlar) but not for materials with different types of fiber [32-34].

To enhance the drill performance when machining Long Fiber Reinforced Materials
(LFRM), coatings are essential. Coated drills offer increased wear, corrosion, and oxida-
tion resistance, extending tool life and producing better holes [5]. Research in this field
remains highly active, encompassing the exploration and management of the resulting
microstructure [35], the development of wear-reducing coating materials [36], and the
implementation of novel coatings [37]. Hard coatings are typically synthesized through



Coatings 2023, 13, 1440

30f16

Physical Vapor Deposition methods, namely PVD or CVD (Chemical Vapor Deposition).
PVD is commonly used for cemented carbide cutting tools, involving exposing the tool to a
vapor of the coating material at high temperatures to ensure adhesion [38]. CVD, on the
other hand, applies the coating through chemical reactions between the cutting tool and the
gaseous coating material. The choice of each approach relies on the application’s require-
ments and ease of use. When deciding on the coating material, the machining technique to
be employed must be considered. For steel tools, the PVD process is recommended due to
its relatively low overall temperature. PVD usually results in a thinner coating compared
to CVD, making it more suitable for finishing tasks. Despite the rough edges PVD may
produce on the tool, it is commonly used for applications that demand exceptional surface
quality on the substrate [35,36].

Among coatings, TIAIN has been shown to outperform TiN, reducing cutting forces,
improving surface roughness, and enhancing resistance to tool wear [35]. Although di-
amond coating is excellent for LFRM machining, its high cost must be considered for
practical applications. Wang et al. [39] emphasized the ability of diamond-coated cutting
tools to reduce thrust force and delamination. Iliescu et al.’s study [40] indicated that dia-
mond coated carbide drills have a tool life 10-12 times longer than uncoated carbide drills.
In a drilling experiment on CFRPs (Carbon Fiber Reinforced Polymers), Hrechuk et al. [41]
compared uncoated, diamond-coated, and PCD-coated double point angle drilling tools to
analyze their effect on tool wear. Coated tools exhibited superior wear resistance, with the
PCD drill showing significantly less wear compared to the diamond-coated drill. Karpat
et al. [42] mentioned that increasing feed and rotational speed helps protect the diamond
coating on the drill, resulting in improved drill performance and hole quality. In resume,
the choice of the best cutting tool for drilling CFRP depends on a suitable combination of
tool material, coatings, and geometry. However, further research is necessary to optimize
tool geometry and materials for future improvements as the behavior of these coatings may
not be as expected when drilling materials with different properties.

Due to the increased application in the industries, the drilling of hybrid / textile compos-
ites deserves extensive attention from academia and industry. Various works have reported
the development of carbon/glass fiber reinforced polymer composites and their mechan-
ical properties. Cavatorta [43] conducted a comparative study on glass-carbon/epoxy
composites developed through resin transfer molding and hand-lay methods. The study
found that hand-lay composites exhibited superior fatigue performance. Nagaraja et al. [44]
demonstrated that laminates having carbon fabric on the exterior exhibit higher tensile and
flexural properties than those with glass fabric on the exterior. Dong and Davies [45] also
studied the flexural strength of glass-carbon/epoxy composites using experimentation,
finite element analysis, and classic lamination theory, with good agreement between ex-
perimental and analysis results. Tan et al. [46] investigated the mechanical performance of
E-glass-carbon/epoxy composites produced via resin transfer molding, showing significant
strength improvement compared to complete carbon or glass/epoxy composites. Other
combinations, such as glass/polyamide, glass/polypropylene, and glass/carbon/jute fiber
composites, have also been studied [47-49].

However, while the machining of fiber-metal hybrid components is frequently studied
in the literature [50], the machinability of hybrid composites has not been sufficiently
studied, and only a limited number of works exist. The main results presented in the
literature showed that the stacking sequence is relevant and affects the machinability of
the laminate [51]. It is usually observed that the carbon fiber layer located in the last layer
experiences less delamination [52]. Another conclusion drawn was that the feed rate is the
most significant factor influencing the occurrence of damages, as has been found for CFRP
materials [53].

Studies investigating the influence of tool coating and geometry on glass-carbon
fiber /epoxy materials with a sandwich structure are relatively limited, and clear informa-
tion is scarce in the literature. It is intriguing to investigate how these parameters affect
the hole quality during the drilling of this type of material and how the process evolves,
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including tool wear with the number of holes drilled. However, conducting this study is
expensive and time-consuming due to the significant number of drills involved and the
post-processing required.

This work focuses on providing information in this area considering the presence of
two very different types of fiber (carbon and glass fiber). Two drill bits with different coating
processes but similar diameters are tested under high-speed conditions to obtain a more
comprehensive knowledge of the wear mechanisms in this kind of material. A specific
drill bit for machining carbon fiber (continuous fibers) and a “conventional”, but with high
performance, drill bit for metallic materials have been selected, with an equivalent point
angle. Nevertheless, the current price for the second tool is 5.5 times lower. The primary
objective is to evaluate the suitability of both drill bits for drilling sandwich composite
materials and to assess their performance as the number of drilled holes increases. Based on
the evolution, type, and quantity of defects, as well as the price difference between them,
the user will be able to select the appropriate type of tool to use. The tests are conducted
under conditions of high-speed machining (HSM). The interest in HSM lies in its ability
to increase production while also being cost-effective. Typically, low feed rates and high
spindle speeds are recommended to reduce delamination and energy consumption [54,55].
However, when drilling carbon/epoxy material at high speeds, higher drill wear, and an
increase in the thrust force is becoming inevitable [56-58].

2. Methodology
2.1. Hybrid Composite Laminates

The plates used in this study were manufactured using two types of prepegs, creating
a sandwich structure. The wings consisted on a single layer of twill weave carbon fibers
(3K) with a thickness of 0.2 mm and a density of 200 g/m?. The core consisted of a laminate
with unidirectional plies of G10 style glass fiber with a density of 200 g/m? and a thickness
of 0.112 mm. The plates were manufactured using epoxy resin as matrix material. The
process involved pressing the materials (prepegs) in a hot press machine (3C Group Web
Sales SL, Corufia, Spain), and subsequently, curing them in an oven (3C Group Web Sales
SL, Corufia, Spain).

The stacking sequence of the core was [0°13/90°25/0°13] with 25.5% of the glass fiber
first part oriented at 0°, 49% at 90° in the middle part, and another 25.5% at 0° for the third
part. A cross-section of the material can be observed in Figure 1.

Carbon fiber )
top laver [0° Glass fiber layers

~90° Glass fiber lavers

j—O’ Glass fiber lavers

Carbon fiber /'\>

bottom layer

Figure 1. Cross section of the material.

2.2. Drill Bits

Two drilling tools have been tested, provided by Mitsubishi Materials (Mitsubishi
Materials Esparfia S.A., Valencia, Spain). These tools were chosen due to their 90° point
angle, which helped reduce thrust force and minimize delamination. However, they
exhibited notable differences in geometry.

The first tool used was the MCC0638 model, referred to as DT1 (Drill Tool 1) in this
study. This tool was a diamond-coated carbide tool manufactured using Chemical Vapor
Deposition (CVD) techniques. It featured a geometry specifically designed for drilling
CFRP and CFRTP (Carbon Fiber Reinforced Thermo-Plastics) materials. The cutting-edge
rake angle was strengthened in the vertical direction along the rotation axis. Additionally,
at its outermost periphery, the cutting-edge rake angle maintained a positive angle, in
contrast to the negative angles commonly found in conventional drills. An image of the
whole geometry is presented in Figure 2.
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Figure 2. Dimensions and geometry for drill tool DT1 (all dimensions are in millimeters, except
degrees). Detail of the positive cutting-edge rake angle on the periphery of the tip.

The second tool was the model DLE0600, named DT2 (Drill Tool 2) in this work. This
drill bit was chosen for its coating process method. It is an ultra-micro-grain carbide tool
with a Physical Vapor Deposition coated cemented carbide grade and greatly improved
wear resistance. This tool had a thinning at the drill point with an X shape. It was suitable
for drilling metallic materials, including both ferrous and non-ferrous. The tool had a point
angle of 90°, except for the first 0.4 mm, which had a point angle of 130°. This and other
dimensions of the tool can be seen in Figure 3.

63.4

66

Figure 3. Dimensions and geometry for drill tool DT2. Detail of the tip of the drill (all dimensions are
in millimeters, except degrees).

2.3. Cutting Conditions

Each drill tool machined 1403 holes, equivalent to completing one and a half plates of
carbon/glass hybrid laminate. The spindle speed was set at 5831 rev/min, and the feed
rate was set at 599 mm/min. The tool manufacturer provided these cutting conditions for
drilling carbon/epoxy laminates with DT1 because the geometry and the coating were
optimized to work at HSM. Hence, they were taken as reference values, given that DT2
lacked specific cutting conditions for drilling composite materials. However, drill bit DT2
included these values as “recommended cutting conditions” for a tool with a point angle of
90° when drilling mild steel. These conditions were applicable in this case (Figure 3).

The drilling experiments were carried out without the use of coolant or lubricant. The
drilled holes penetrated through the entire panel thickness of the sandwich structure, with
the drill tool extending beyond the underside by 5.7 mm.

2.4. Set-Up

The sandwich plates are securely fastened to the worktable using four clamps and four
locator stops, as depicted in Figure 4. The bottom face of each sandwich plate is sup-ported
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on an extruded polystyrene plate. This polystyrene plate includes a complete matrix of
predrilled holes placed in the same positions as the holes to be drilled in the sandwich plate.
Its purpose is to function as a backing plate, preventing displacements and deformations in
the primary plates and minimizing delamination at the exit points.

Drill Tool

Carbon + Glass fibers
sandwich

Locator stops

Support polystyrene
plate

Clamp

Figure 4. Experimental device for drilling tests.

Throughout the machining process, multiple stoppages were scheduled to capture
microscopic images (using an Olympus SZ61 microscope (Evident, Tokyo, Japan) of the tool
edges and their neighboring regions. The pauses were scheduled following the completion
of machining for 15, 30, 91, 183, 274, 549, 1037, and 1403 holes. Each stop was planned to
coincide with the number of holes required to complete a full row.

2.5. Damage Extension Assessment

Damage inspection was conducted on the outer layers of the drilled sandwich plates
to evaluate the extent of machining-induced damage. The dimensions of delamination
damage are measured using software integrated with an optical microscope (Evident,
Tokyo, Japan). The software automatically calculates the area value of a closed line selected
by the user. Delamination type I appears when the fibers are bent into the machining line,
causing surface damage to the part. Delamination type II occurs when fibers protrude
from the machined edge [58]. An example of both delaminations is shown in Figure 5. As
depicted in this image, a good-quality image is obtained from the microscope, facilitating
the quantification the two possible types of delamination.

Delamination Type |

Delamination Type Il

Figure 5. Nominal area of the hole and some examples of delamination type I (area marked in red)
and type II (area marked in red) measurement.
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Because the typical delamination factor (F;) does not account for the actual area of
delamination damage, the equivalent delamination factor (F,;) is used in this study. This
dimensionless factor is calculated as the hole area plus the damaged area between the hole
area, as shown in Equation (1), where A; is the delaminated area in the vicinity of the
drilled hole, and A is the nominal area of the hole (Figure 5).

Ap+ A
Fo = % (1)

3. Results and Discussion
3.1. Flank Wear Evolution

The results of flank wear evolution are evaluated on both edges of both tools. Figure 6
depicts three images representing different stages of cutting edge wear for DT1.

1.20
=@ Edge | .

100 | —=— Edgell [ s
E 0.80
3 0.60 pcemmmsrrom e S
3
E
‘_C‘ 0.40
L

750 1000

End of the
cutting edge

Beginning of the
cutting edge

Figure 6. Flank wear evolution for DT1.

In these images, it can be beheld that the diamond coating is mostly fractured from the
flank face of the drill at the end of the cutting edge. This fracture area was quite significant,
with a length ranging between 0.6-1 mm, while the tool’s tip wear was almost negligible.
During the evolution of the flank wear, minor wear was observed in the initial stages
of machining (approximately the first 250 holes). Suddenly, wear increased between the
250-550 drilled holes, after which the flank wear was maintained following the typical
wear evolution curve. It can be appreciated that, due to the disappearance of the coating,
there is material burned because of the high cutting speed.

It is important to mention that this drill is specifically designed for cutting carbon fibers.
However, Mkaddem et al. [59] proved that when cutting GFRP (Glass Fiber Reinforced
Polymer), the CVD coating undergoes the harsher mode of abrasion causing a deep wear
pattern. This was justified because during the tests, it was observed that cutting glass fibers
results in sharp fragments and brittle fractures, while cutting carbon fibers produces finer
particles. The size of these fragments, known as ‘chips’, varies with cutting time and plays
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a significant role in managing friction trends. Sharp glass fiber particles released during
cutting form a tribo-system, leading to increased interfacial friction.

When the diamond coating on the drill becomes fractured, it leads to increased thrust
forces and torques. Consequently, the increased thrust forces push out the bottom plies of
the laminate, eventually causing delamination. However, in this scenario, the coating at
the beginning of the cutting edge and chisel edge of the drill remains intact, which helps
reduce push-down delamination. This observation was made by Karpat et al. [42] while
drilling CFRP materials at high speed. Mkaddem et al. [59] explained this phenomenon,
suggesting that finer particles released during cutting carbon/epoxy likely adhere to the
debris in the matrix, forming a thin film on the flank face. This film softens the contact and
reduces pressure as the cutting length increases.

A similar flank wear trend is observed for DT2, as depicted in Figure 7. Unlike the CVD
coating, the PVD coating layer deteriorates rapidly, making the fine thickness of the coating
more vulnerable to abrasive fibers. This condition affects its ability to cut as cleanly as the
other tool. The images show that the coating undergoes a mild abrasion regime with regular
material removal progression (Figure 7). The observed abrasion marks on the worn layer are
shallow and tend to be more discrete when drilling GFRP specimens according to [59]. This
can be explained by a combination of two mechanisms. First, the removal mode leads to the
separation of fine grains from the coating, leaving a powdery form without a visible pattern.
Second, the released grains contribute to the formation of a potential film that softens the
conditions at the interface. When compared to the CVD coating, the PVD insert displays
notably reduced flank wear during cutting of carbon/glass/epoxy specimens.

0.10
0.09

E 0.07

o
o
&

0.05
0.04
0.03
0.02
0.01
0.00 w=-a—s

Flank wear (m

500 750 1000
Number of holes

1250

End of the
cutting edge

Beginning of the
cutting edge

g g

Figure 7. Flank wear evolution for DT2.

3.2. Cutting Edge Rounding

The blunting of the cutting edge occurred on all drills tested in this study. Despite the
appearance of the worn surfaces of the coated, both tools showed gradual wear. However,
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in the case of DT2, cutting edge rounding is more severe than in DT1. In the case of tool 1,
the diamond coating was flaked off on small, isolated locations. However, the edge remains
quite sharp, even considering extensive blade face wear, which will have a significant
positive impact on the delamination of the material, and it will not be the primary factor
limiting the drills life.

As depicted in Figure 8a, the cutting edge of the diamond-coated tool retained its
sharpness even after completing 1037 drilling cycles. Although the diamond coating flaked
off in some areas, this tool still exhibited the best performance in regions where the coating
remained intact. The diamond coating showed minimal gradual wear, indicated by the very
low cutting edge rounding, and no signs of chippings or micro fractures were observed. A
similar evolution was observed by Wang et al. [27] when drilling CFRP laminates using a
diamond-coated drill.

Chipping

el EI IR S e

(b)

Figure 8. Detail of the cutting edge for (a) DT1 and (b) DT2.

Figure 8b presents the edge wear progression for DT2 after the same number of holes.
The cutting edge became dull as the number of holes drilled increased. However, at up to
93 holes, no significant tool wear was observed, and there were no signs of micro fractures
or grain pullouts. As the drilling process continued, the cutting edge became dull, and the
coating on the edge and flank surfaces wore off gradually, as discussed in the previous
section. Signs of micro fractures and chipping, which are common in this type of drill bits,
became evident [27].

3.3. Craters and Material Adhesion

Finally, in Figure 9, other wear mechanisms are shown for each tool. For tool DT1,
material adhesion on the flank face was observed near the drill bit tip (as seen in Figure 9a).
Craters were also detected in the rake surface during machining, increasing in number and
size due to the abrasive character of the fibers. Craters are generated due to the friction
of the chip on the tool rake face. In Figure 9b, material adhesion and coating loss were
identified as the wear mechanism of this tool, and they are located in the drill bit tip. The
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crater defect was barely observed, which means that the coating process based on Physical
Vapor Deposition generates excellent adhesion of the coating to the base metal.

Cratersinthe  Cratersinthe Material adhesion Severewear due to
rake face flank face multiple craters

(a)

Material adhesion Coating loss

Cutting edge rounding Abrasion

(b)

Figure 9. Different wear mechanisms were observed in the rake face and flank face for (a) DT1 and
(b) DT2.

These craters in the rake surface increase friction and, therefore, the temperature.
This situation can be beneficial since, according to other studies [33], a rise in temperature
controls and even causes a decrease in the effect of delamination.

3.4. Entry Delamination Damage (Peel-Up)

The results of the delamination factor at the hole entry (Peel-up delamination) are
presented in Figure 10. In the graphic, the damage has been quantified as delamination
type I or II, following the previously mentioned definitions, just like the sum of both.

On the one hand, delamination type I in both tools is quite similar, reaching maximum
values of 1.02 for DT1 and nearly 1.03 for DT2. While the entry delamination for DT1
remains practically constant throughout the machining, DT2 obtains practically less damage
up to 1000 holes. Karpat et al. [42] explained this phenomenon observed in drill bits with a
double point angle. In optimal drilling conditions based on a conventional drill geometry,
the thrust force and torque are distributed in the only drilling edge. If the design of the
drill incorporates a secondary cutting edge, this leads to reduced exit thrust forces. At
the same time, it is important to note that the chip formation process in CFRP laminates
consists of shearing and brittle fracturing of the fibers. As the feed increases, due to larger
loads, fibers are crushed easier and dominant chip formation mechanism becomes the
brittle fracturing of the fibers. This may explain the plateau in peel-up with the high feed
as shown in Figure 11.
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Top layer delamination
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Figure 10. Delamination damage evolution at the top layer for (a) DT1 and (b) DT2.

(a) (b)

Figure 11. Images taken by optical microscope in the top layer of the material after drilling 549 holes
for (a) DT1 and (b) DT2.

On the other hand, delamination type Il is clearly higher in tool DT2, reaching values
of 1.07. This can be explained because the roundness of the edge discussed in Section 3.2,
does not allow for completely cutting the fibers, and delamination and uncut fibers are
clearly visible. Observing the pictures in Figure 11, it is possible to confirm the bad quality
of the hole in the second case. Not only poorly cut fibers are visible, but there is also
a problem with the inner finish of the hole related to the fuzzing of the fibers, which
increases with the number of drilled holes. Tool one has a cleaner cut due to its sharp edges,
generating less fuzzing.

However, it is relevant to mention that delamination type II, related to fraying and
fuzzing, can be eliminated by reworking, providing a hole with improved quality. This
is something not desirable in terms of productivity because it increases the machining
time, but in terms of mechanical behavior, there is neither a critical influence on the fiber
dominated strength under tensile load nor onto the matrix dominated flexural strength.
Therefore, it can be said, that the borehole itself is by far the most strength limiting factor,
whereas the machining quality seems to be minor relevant for the strength behavior in
drilled thermoplastic CFRP laminates under static loading [60].

3.5. Exit Delamination Damage (Push-Down)

At the hole exit, delamination type I shows similar values in both tools. It is maintained
between 1 and 1.02, as can be seen in the plots from Figure 12, which is considered quite
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Bottom layer delamination

1.18
1.16
1.14
1.12
1.10
1.08
1.06
1.04
1.02

low. This is mainly due to the backing polystyrene support plate placed under the main
specimen as it has been reported in previous works [6,11]. However, delamination type
II presents a different behavior for both drills, similar to the one commented with entry
delamination. In the case of DT1, delamination type II is almost nonexistent during all
machining. Nevertheless, for DT2, this defect is reduced concerning the entry delamination
due to the backing polystyrene support between approximately 250-1000 holes. Still, from
this point, and due to the increased wear, it presents a growing trend that reaches values
much higher than entry delamination (reaching up 1.16). Several authors concluded in
theirs studies that the uncut fibers and fuzzing do not present a clear trend at the exit of the
hole, and when tool wear increases, distribution is markedly less dependent on the fiber
orientation angle [61,62]. This effect can be appreciated in Figure 13, where the surface
shows the fuzzing effect again, but more severe, due to the increase in the edge rounding.
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Figure 12. Delamination damage evolution at the bottom layer for (a) DT1 and (b) DT2.

(a) (b)

Figure 13. Images taken by optical microscope in the bottom layer of the material after drilling
1403 holes for (a) DT1 and (b) DT2.

The direct effect of fuzzing and type II delamination is that the hole exit’s diameter
is slightly smaller than at the entry because the tool cannot cut the fibers. This could be a
relevant problem with narrow tolerances. As it was mentioned before, type II delamination
can be eliminated easily by re-drilling. If these defects are eliminated, a high-quality drill
hole, especially for DT1 is observed. This is a desirable goal to eliminate the reduction of
mechanical properties that implies the appearance of severe delamination, especially when
the components are subjected to cycled loads.
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4. Conclusions

The study has systematically examined the impact of two distinct drill bits, featuring
similar geometries but differing coatings, on the machining of a Carbon-Glass Fiber hybrid
material under high-speed conditions. The main conclusions derived from this study are
presented in the subsequent paragraphs:

e Identification of Wear Mechanisms: The examination of both tools has revealed distinct
wear mechanisms. Material adhesion is evident in both cases, with DT1 exhibiting
multiple craters on the rake and flake face positioned at the cutting edge’s extremity.
In contrast, DT2 experiences substantial coating loss and flank wear at its tip.

e  PVD Coating Performance: In the context of drilling carbon-glass fiber/epoxy polymer
hybrid material, the PVD coating demonstrates a more uniform and subdued wear
pattern across both edges compared to CVD. Consequently, DT1’s flank wear values
range from 0.6 mm to 1 mm, whereas DT2’s values remain below 0.1 mm.

e  Delamination Factor Analysis: The assessment of delamination factor encompassing
both type I and type II delamination at hole entry and exit elucidates that, in general,
DT1 either matches or surpasses DT2’s delamination factor values.

e  Type II Delamination and Fuzzing: For type II delamination, DT2 exhibits a delamina-
tion factor within the range of 1.06 to 1.08, surpassing DT1’s values of approximately
1.02. This discrepancy stems from wear-induced edge roundness in DT2, which com-
promises the material-cutting ability, leading to uncut fibers surrounding the hole and
a deteriorated inner hole surface.

e  Delamination Behavior at Hole Exit: Delamination type I at the exit hole, marked by a
delamination factor of 1.00, registers a reduction compared to entry hole conditions
(delamination factor values between 1 and 1.02). The use of a polystyrene support
plate contributes to this effect. Meanwhile, delamination type II curtails internal
material damage.

e  Effects on Hole Diameter: The combined impact of fuzzing and type II delamination
manifests in a slightly reduced diameter at the hole exit relative to its entry point
(0.035%). The inability of the tool to effectively cut the material leads to this outcome.

e Comparative Coating Performance: In comparing CVD and PVD coatings, DT1
emerges as a viable option for ensuring hole quality. In some scenarios, DT2 even
exhibits superior machining quality, particularly concerning delamination type I,
primarily at the hole entry. Nevertheless, achieving optimal hole quality would neces-
sitate post-machining reworking to mitigate the effects of fuzzing and uncut fibers.

With a solid foundation in understanding the tool behavior, future research could
extend through the design of experiments aimed at tailoring cutting conditions (spindle
speed and cut feed) to the specific composite composition and tool coatings, with the
objective of minimizing delamination and tool wear.

For tool manufacturers, there is potential to delve deeper into wear mechanism anal-
ysis using techniques such as Energy Dispersive Spectroscopy and Scanning Electron
Microscopy. Additionally, evaluating the efficacy of tool geometry could be accomplished
using the Finite Element Method applied to a 3D model encompassing both the tool and
workpiece, offering insights into the anticipated operational behavior.
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