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ABSTRACT

A HYBRID MODEL TO ANALYZE STRESS
DISTRIBUTIONS AT THE TOOL AND WORKPIECE
INTERFACE DURING DRILLING OF THICK CFRP
LAMINATES

Fahim Shariar
M.S. in Mechanical Engineering
Advisor: Yigit Karpat
August 2024

Drilling is employed as a machining method to meet the demands for producing
functional CFRP structures without compromising their unique and desirable
material properties. Because of its temperature-dependent properties and drill-
induced damages, drilling CFRP remains an ambitious task. This study proposes
an analytical drilling model coupled with a finite element-based thermal model
to predict the characteristic time point-based thrust force and torque generated
during the drilling operation. A better understanding of pressure and tangential
stress distribution along the drilling cutting edge is necessary to select process
parameters better. The drill margin region, which directly affects the hole wall
quality, has also been included in the analysis. Drilling experiments were con-
ducted to measure thrust force, torque, and temperature for five different config-
urations of feeds and spindle speeds. The workpiece FE model utilizes a Gaussian
distributed ring-type heat flux, and the tool uses characteristic time point-based
step functions as heat fluxes to emulate the drill’s progress through the CFRP
laminate. The finite element-based thermal models have been considered to eval-
uate the heat partition during the drilling operation and estimate the subsequent
temperature profiles on the drill tip and hole wall surface, respectively. The hy-
brid analytical and computational model has been used to analyze the variation
of peak pressure and tangential stress distributions on the tip of the drill as well
as the thermomechanical response of CFRP based on experimental measurements
of thrust force, torque, and temperature and investigation of the condition of the
holes for various drilling configurations.

Keywords: Drilling, Mechanical stress distributions, Polycrystalline diamond
(PCD), Fiber reinforced polymer (FRP), Heat Partition.
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OZET

KALIN CFRP LAMINATLARIN DELINMEST
ESNASINDA TAKIM VE PARCA ARAYUZUNDEKI

GERILIM DAGILIMLARININ ANALIZ EDILEBILMESI
[CIN HIBRIT BIR MODEL

Fahim Shariar
Makine Miihendisligi, Yiiksek Lisans
Tez Danmigmani: Yigit Karpat
Agustos 2024

Delme, benzersiz ve istenen malzeme 6zelliklerinden 6diin vermeden fonksiyonel
CFRP yapilariin tiretilmesine yonelik talepleri kargilamak icin bir igleme yontemi
olarak kullanilir. Sicakliga bagl ozellikleri ve matkaptan kaynaklanan hasarlar
nedeniyle CFRP’yi delmek iddiali bir gorev olmaya devam ediyor. Bu calisma,
sondaj iglemi sirasinda tiretilen karakteristik zaman noktasi bazli itme kuvveti ve
torku tahmin etmek ic¢in sonlu eleman bazli termal modelle birlegtirilmis anali-
tik bir sondaj modeli 6nermektedir. Proses parametrelerinin daha iyi secilmesi
icin sondaj kesme kenari1 boyunca basing ve tegetsel gerilim dagiliminin daha
iyl anlagilmasi gerekir. Delik duvar kalitesini dogrudan etkileyen matkap marj
bolgesi de analize dahil edilmistir. Beg farkli ilerleme ve ig mili hizi konfigiirasyonu
icin itme kuvvetini, torku ve sicakligi olcmek amaciyla delme deneyleri yapildi.
Iy parcast FE modeli, Gaussian dagitilmg halka tipi 1s1 akist kullamr ve alet,
matkabin CFRP laminat boyunca ilerleyigini taklit etmek icin 1s1 akisi olarak
karakteristik zaman noktas1 tabanli adim fonksiyonlarii kullanir. Sonlu eleman
tabanl termal modeller, delme iglemi sirasindaki 1s1 dagilimini degerlendirmek ve
sirasiyla matkap ucu ve delik duvar yiizeyindeki sonraki sicaklik profillerini tah-
min etmek i¢in dikkate alinmigtir. Hibrit analitik ve hesaplamali model, matkabin
ucundaki tepe basing ve tegetsel gerilim dagilimlarinin degisimini analiz etmek
ve ayrica itme kuvveti, tork ve sicakligin deneysel ol¢timlerine ve malzemenin
incelenmesine dayali CFRP’nin termomekanik tepkisini analiz etmek igin kul-

lanilmigtir. Cesitli delme konfigiirasyonlar i¢in deliklerin durumu.

Anahtar sozcikler: Delme, Mekanik gerilim dagilimlari, Polikristalin elmas
(PCD), Fiber takviyeli polimer (FRP), Is1 Bolme.
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Chapter 1

Introduction

1.1 Carbon Fiber Reinforced Polymer (CFRP)

After the accidental discovery of carbon fibers in the 1950s, the desire to enable
their use in practical settings led to their subsequent involvement in polymer-
based matrices, which laid the groundwork for the development of carbon fiber-
reinforced polymers. CFRPs rose to prominence due to their unique and lucrative
material properties that made way for them to be used in various sectors such as
aerospace, automotive, sports, defense, etc. [1, 2, 3, 4]. The aerospace industry
has been searching for ways to reduce their fuel consumption to make the services
more efficient for their customers. However, due to the use of traditional met-
als like titanium, the aircraft were heavier and thus required more fuel to keep
them flying. Because CFRP’s tensile strength is 14 times higher than titanium,
weighting only half due to lower density was an alternative that revolutionized
the aerospace industry [5]. Impressive fatigue and corrosion resistance made it
popular in the automotive and marine industries as components built from it
could endure higher amounts of stress cycles subjected to loading [6]. When us-
ing CFRP for structural parts, the most common methods of assembly connection

between CFRP structural parts and other parts are through bolts [7]. The holes



required for bolt connections are acquired through machining operations, primar-
ily dry drilling. Since a large number of holes are required for large structural
assembly, the quality of the holes becomes a key factor during production. Low
thermal conductivity of CFRP means that more heat can be accumulated at the
cutting interface which can damage both the material and the tool. Due to the
complex structure of the composite, its inherent properties, and the geometry
of the tool, there is a possibility of thermic damage during the process of dry
drilling of CFRP [8, 9]. Thus, methods for efficient drilling that guarantee little
alteration to the material’s mechanical and thermal characteristics have become

a focal point of research in the industry.

1.2 Polycrystalline Diamond (PCD) Tool

The material and geometry of the drill are very important factors in ensuring effi-
cient and damage-free machining of CFRP composites. Angles such as tip angle,
rake angle, cutting angle, and clearance angle directly contribute to the cutting
performance and force generation during drilling operations. Larger tip angles
can lead to higher thrust forces and better chip removal but it can also cause
greater delamination at the hole exit [10]. Polycrystalline diamond is a synthetic
material that disperses small diamond particles in a metal matrix. Due to supe-
rior material properties such as hardness, retention of cutting-edge sharpness for
prolonged periods, thermal conductivity, superior surface finish, etc., PCD tools
are preferred over conventional carbide tools during the machining of abrasive
materials such as carbon fibers [11]. A double-tip angle PCD twist drill is used
in this study. This tool has two individual cutting edges with point angles, which
helps achieve better engagement at the cutting interface and facilitates smooth
action. The double margins also provide better stability during the drilling pro-
cess by reducing the chances of skidding and wandering, which results in more

rounded holes, better surface finish, and efficient chip removal [12].



1.3 Cutting Mechanism and Thermomechanical

Response during Drilling

The cutting mechanisms in drilling fiber-reinforced polymers differ from tradi-
tional materials due to their heterogeneous and anisotropic properties. Cutting
forces and temperatures are the key parameters that require optimization to avoid
drilling-induced damages such as fiber pull-out, delamination, fiber burning, etc.
to obtain quality holes. Drilling forces are attributed as the key factor in drilling-
induced defects. The two prominent forces that are most widely analyzed are
thrust force and torque. The fibers are tough and brittle whereas the polymer
matrix is soft and ductile. These bring about an opposite response on the cutting
forces during drilling [13, 14]. According to Bhattacharyya et al. [15] the fibers
undertake a large portion of the mechanical load during drilling and the material
is cut through stages of fractures of the fibers. The chisel edge of the drill pene-
trates the workpiece pushing the matrix material away as the main cutting edge
of the drill causes fractures in both the fibers and along the interface [16]. The
workpiece material can push back on the tool and result in various cutting forces
being developed on it [17]. This fiber breakage causes a decrease in both cutting
forces at the interface and overall thrust force and torque measurements [18]. Due
to it being a constituent of more than one material, response to temperature is a
crucial aspect of FRP drilling. The polymer matrix has a considerably lower heat
resistance compared to fibers, meaning that the hard glassy state will change into
a flexible and highly elastic state and the material qualities will generally decrease
when the temperature at the cutting interface goes beyond a particular limit [19].
High temperatures during drilling can cause the material to change its state thus
affecting the contact conditions which in turn has an impact on the thrust force
and torque measurements recorded. feed and rotational speed are also impor-
tant contributors to temperature generation. An increase in rotational speed can
cause high temperatures at the interface which forms hot localized junctions and

softens the workpiece material resulting in a decrease in thrust force [20].



1.4 Thesis Outline

In this study, a predictive drilling model coupled with finite element-based ther-
mal models of the drill and the CFRP laminate is introduced for predicting pres-
sure and tangential stress profiles on the drill tip, the temperature rise on the hole
wall surface, and its ensuing effect on the thermomechanical material properties
during the dry drilling of CFRP laminate.

Chapter 2 presents a review of the existing literature on the drilling of CFRP
and pertinent findings to provide a brief overview of the current state of knowl-
edge on this topic. We aim to provide an assessment of the contributions and
limitations of the earlier studies and therefore justify the focus of this study within
the range of existing research, highlighting the potential novelty our work brings

about.

Chapter 3 illustrates the methods and materials used to conduct this study
including the workpiece specimen preparation, the geometry of the tool in use,

and the configuration of the drilling experiments for different drilling conditions.

Chapter 4 introduces a predictive thrust force and torque model by considering
the drill margin region as a part of the drill tip, split into three sections: the chisel
edge, the main cutting edge, and the drill margin region. Pressure and tangential
stress, replace the conventional force coefficients, and a temperature-dependent
friction coefficient model is proposed to account for the physical interactions at the
tool-workpiece interface more precisely, thus providing a better understanding of
the distribution of mechanical stresses and thermal effects on material properties

at the cutting zone.

In Chapter 5, to compute the heat dissipation ratio based on power generated
during drilling, which was taken into consideration in the form of heat fluxes, finite
element models were constructed to represent temperatures for both the tool and
the workpiece. An inverse approach was employed to determine the heat partition
value. The procedure involved comparing the temperature profiles obtained from

drilling experiments using thermocouples embedded in the workpiece and the

4



temperature readings obtained at the drill’s exit using an infrared thermal camera,

with the predicted temperature profiles obtained from the FE model.

Chapter 6 discusses the effect of feed and rotational speed on the hole wall
surface temperature and the pressure and tangential stress profiles developed on
the drill tip during drilling by inspecting the different drilling configurations.
The behavior of thermomechanical properties of CFRP are analyzed based on
experimental observations and the quality of the hole is also investigated after

the drilling experiments.



Chapter 2

Literature Review

Analyzing the cutting forces generated during drilling, coupled with the geometry
of the drill, both analytically and computationally, to optimize process parameters
for better hole quality and cut down manufacturing costs has been a focus in

recent years.

Since conducting experiments is not always feasible due to cost, scalability,
and lack of optimization opportunities, various mechanistic cutting force models
have been introduced to predict forces generated during drilling, and the relevant
process parameters have been identified and optimized by performing calibration
of these models with relevant experimental data [21, 22, 23, 24, 25]. The tip angle
between the axis of the drill and the cutting edges causes the motion of the edges
to be at an angle relative to the workpiece material. Thus, the predictive models
developed are primarily based on an oblique cutting setting [26, 27, 28]. Diverse
types of parameters which are representative of material properties, drilling pa-
rameters, and tool geometry have been utilized to accurately predict the cutting
forces during the drilling of CFRP laminate composites. The pertinent relation-
ship between the drilling parameters (feed rate and spindle speed) and cutting
forces has been established [29, 30]. Force coefficient-based macro-mechanical

models are still the preferred option when modeling cutting forces during drilling.



Xiao [22] et al. developed a coupled force prediction model by using process pa-
rameters such as friction angle, shear angle, shear strength and rebound height as
force coefficients. Karpat et al. [31] proposed a mechanistic model based on force
and edge coefficients for predicting thrust force and torque during the drilling of
CFRP laminates. Pan et al. [32] distributed the total cutting force into micro-
cutting force vectors based on axial, radial, and tangential force coefficients to

calculate cutting forces in orbital drilling of CFRP-Ti stacks.

However, only modeling the cutting forces based on the tool geometry and
process parameters does not reflect the real scenario of drilling CFRP compos-
ites. Cutting temperature is a very crucial factor in drilling as CFRP material’s
susceptibility to thermal effects can cause significant changes in the contact con-
ditions at the tool-workpiece interface [33]. The temperature at the cutting zone
crossing the glass transition temperature (7,) can cause significant changes in the
polymer properties as the highly elastic properties of the material rapidly deteri-
orate [34, 35]. Literature suggests that crossing the glass transition temperature
(T,) during drilling can lead to a reduction in thrust forces but can increase the
chances of delamination due to the physical state of the matrix material chang-
ing [36, 37]. As the matrix material gets softer, the fibers are directly exposed
to the cutting edges of the tool which can lead to aggregated tool wear [38]. So,
analyzing the temperature at the cutting interface becomes paramount for ac-
curately predicting the forces and damage during the drilling of CFRP laminate

composites.

Since measuring temperatures at the cutting interface during drilling is an ex-
tremely complex task due to the challenging environments present in such high-
speed machining operations, numerical modeling has been a popular alternative
to address the issue at hand. A myriad of numerical models have been developed
to design the physical interactions taking place at the tool-CFRP interface to
accurately predict the behavior of the tool and workpiece during drilling exper-
iments [10, 40, 41, 42, 43]. To accurately analyze the conditions at the cutting
zone, these models need to be corroborated by experimental data from drilling op-
erations. This brought about studies that coupled the numerical evaluations with

experimental data to propose analytical cutting force models that predicted the

7



forces, damage, and temperature profiles during the drilling of CFRP. Generally,
an inverse approach is utilized by using the tool-workpiece thermocouple method
and infrared thermography where thermocouples are embedded in the workpiece
and the temperature is also measured using thermal cameras to develop FE-
based models for the workpiece and the drill and coupling them together helps
to predict the conditions at the drill-workpiece interface during drilling [44, 45].
Karpat et al. [45] investigated the borehole quality in CFRP dry drilling by
analyzing the contact condition at the interface by proposing a hybrid model,
a combination of a time-based analytical and finite-element-based temperature
model. The experimental and numerical study of CFRP and Ti stacks using a
double-conned drill carried out by Zitoune et al. [46] showed that the use of
aluminum at the back end can reduce the delamination at the CFRP hole exit.
Bono et al. [47] introduced a FEM-based model for evaluating load generated by
heat flux during the drilling of aluminum plates from the thrust force and torque
measurements from drilling experiments. A hybrid force and temperature model
was developed for accurate predictions of delamination and heat-induced damage
in fiber-reinforced polymers by Sadek et al. [48]. To explore the effects of heat
on material properties, Santiuste et al. [49] proposed a finite element model for
modeling the orthogonal machining of CFRP. Lazoglu et al. [50] introduced a
hybrid analytical and FEM-based model for evaluating tool temperature during
drilling.

Most of the existing literature on analytical and numerical modeling of the
drilling of CFRP laminate composites focuses on the main cutting edge of the
drill and its impact on the workpiece material. But, the cutting edge performs
shearing action and most of the material is removed in the form of chips. As a
result, a very small amount of the heat generated from the cutting is transferred
to the material as most of it is carried away by the chips. The hole wall is
primarily formed by the drill margin region of the drill since it stays in constant
contact with the workpiece surface as shown in Figure 2.1. As stated in Chapter
1, the double-tip angle twist drill has two margins which improves its stability
by centering it about the axis during drilling operation and thus providing a

better surface finish. The hole diameter is significantly impacted by the design



of the drill margin, and when drilling CFRP, an increase in contact margin may
cause laminate damage [51]. The drill margin contributed to almost half of the
total torque generated during CFRP drilling according to Bonnet et al. [52]. Fu
et al. [53] stated that friction created by contact between the tool margin and
the CFRP surface is the cause of high-temperature areas close to the drill exit.
According to Shu et al. [54], a smaller contact area between the drill bit and

CFRP results in less frictional heat generation at the interface.
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Figure 2.1: Schematics of the tool-workpiece interface during drilling

The drill margin region does not perform any cutting action and only slides
against the surface of the workpiece while translating along the axis of the drill.
The resistance to motion between two surfaces generates friction. The coefficient
of friction is used to quantify this phenomenon. Due to changes in the material
properties of polymers around glass transition temperature (7)), the coefficient
of friction is a temperature-dependent property [55]. As per Liang et al. [38],
when the temperature gradually increases the matrix in CFRP starts to soften
but due to the retention of a good amount of strength, the coefficient of friction is
relatively high. Subsequently, as the temperature increases in significant amounts,
the state of the polymer starts to change as the material properties deteriorate
and at one point the matrix acts like a lubricant which causes a decrease in the

coefficient of friction resulting in potential defects. Several studies have been



conducted to investigate the tribological behavior of CFRP composites [38, 56,
57, 58]. Not all material and cutting mechanisms can be accommodated by a
single existing coefficient of friction model due to the complexity and diversity
of contact conditions in machining [59]. Thus, several friction coefficient models

have been proposed over the years for the machining of CFRP [60, 61].

It can be concluded from the above discussions that the drill margin region is
an important contributor to torque generation and thermal analysis of drilling,
as the continuous interaction at the tool-workpiece interface can be ideal for in-
vestigating the behavior of CFRP material during temperature rise. On this
account, we will incorporate the drill margin region as a part of the drill tip in
our predictive drilling model to estimate the thrust force and torque generated
during the drilling of CFRP laminates for various drilling conditions. We will also
propose a temperature-dependent coefficient of friction model that accounts for
the resistance to motion at the drill margin-CFRP interface. Numerical models
for both tool and workpiece will be constructed based on the tool geometry and
equivalent contact length at the drill margin-workpiece interface calculated from
the experimental thrust force and torque data. The FE models will be calibrated
based on the thermocouple and thermal camera temperature measurements. The
temperature on the hole wall surface will be investigated and the material’s re-
sponse to thermal effects during drilling will be studied in light of experimental

dynamic mechanical analysis results and hole quality observations.
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Chapter 3

Experimental Framework

3.1 Work Material Preparation

Toughened epoxy resin unidirectional tapes were used to prepare UD-CFRP (CY-
COM 977-2 IM7) laminates for the drilling operation. The fabricated laminate
specimen had a diameter and thickness of 75 mm and 13 mm respectively, with
a 59% fiber volume. The CFRP laminate comprised of 78 layers of individual
laminates with a ply thickness of 0.19 mm, arranged in a repeating sequence of
0° / 45° / 90° / 135° fiber orientation, with the top and bottom layers being 45°
and 135° respectively.

3.2 Tool Geometry

The polycrystalline diamond (PCD) ((Walter Titex WCD10) double-tip angle
drill with a diameter of 5.6 mm and primary and secondary point angles of 135°
and 45°, respectively was used for conducting this study. The schematic of the
basic geometry of the polycrystalline diamond (PCD) drill in use is depicted in
Figure 3.1(a).

11
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Figure 3.1: Double tip point angle PCD drill geometry: (a) Schematic diagram
of geometry of drill; (b) Geometry measurements using Keyence VHX-100 digital
microscope.

The chisel edge region is shown in the OA part, and the primary drilling edge
region, secondary drilling edge region, and drill margin contact region are shown
in the AB, BC, and CD portions, respectively. The lengths of the corresponding
regions are Lo, Lap, Lpc, and Lop. The primary and secondary tool tip angles
are indicated by the numbers #; and 5. The drill geometry measurements were
performed using the Keyence VHX-1000 digital microscope, as shown in Figure
3.1(b).

3.3 Experimental Set up

All the drilling experiments were performed on a 3-axis CNC machine. The con-
figuration used thermocouples and an associated dynamometer to collect cutting
force data and temperature distribution profiles simultaneously as shown in Fig-
ure 3.2. Four separate holes with a diameter of 1 mm and a depth of 5 mm were
drilled perpendicularly, with respect to the 5.6 mm diameter hole that was to
be drilled during experiments, at center-to-center distances of 4 and 6 mm. The
thermocouples (K-type, 200-1200°C range) were then inserted into each of the
1 mm holes from the top surface. The temperature data was captured and kept

track of during the drilling tests with the help of a data logger.
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Figure 3.2: Schematics of experimental apparatus for measuring cutting forces
and temperature distribution during drilling of thick CFRP laminate.

The setup has two separate parts: the rotational upper fixture for holding
the tool and a stable lower fixture for attaching the workpiece using alignment
screws. A Kistler 9275 table-type dynamometer, which measures thrust force
and torque during the drilling operation, is placed atop the bottom fixture. The
experiments have been performed to analyze the effect of feed and rotational speed
independently on drill-workpiece interface contact conditions, cutting forces, and
subsequent heat partition during drilling. For the rotational speed of 4000 RPM,
the feed has been steadily increased from 0.03 mm/rev to 0.05 mm/rev. In
contrast, for a fixed feed rate of 120 mm/min, the rotational speed has been
raised from 3000 RPM to 5000 RPM. A FLIR infrared (IR) thermal camera is
set at a fixed distance from the drilling setup. The center holes drilled by the tool
1 mm from the surface of the workpiece were inspected by the thermal camera
and the recorded temperatures were analyzed using FLIR ResearchIR Max 4

software.
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Chapter 4

Drilling Process Model

4.1 Drilling Experiment Analysis

The torque and thrust force measurements along with the characteristics time
points for various stages of drilling at a feed of 0.03 mm/rev (feed rate of 120
mm,/min) at 4000 RPM rotational speed are demonstrated in Figure 4.1. The
method of using tool geometry to calculate different time phases of the drilling
operation, starting from the point where the tool tip touches the workpiece (Point
I) and ending at the point where the drill completely exits the cut (Point VI) was
adapted from Karpat et al. [45]

The thrust force and torque both continue to increase as the drill tip enters
the CFRP. The thrust force reaches its maximum value at time point IT when the
chisel, primary, and secondary cutting edge make full contact with the workpiece,
however, the torque continues to increase even after the secondary cutting edge
finishes its entry into the workpiece. The drill’s margin is completely in contact
with the workpiece material’s surface between periods II and I1I and continues till
the drilling ends at stage VI. The characteristic time point III marks the end of the
drill running in phase. The torque reaches its highest value at point 111, and from

there the thrust force and torque continue to change until Point IV when the tool
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Figure 4.1: Characteristics time point based thrust force and torque measure-
ments for drilling at 0.03 mm/rev feed and 4000 RPM rotational speed.

tip begins to emerge from the hole on the other side. The time interval between
time point III and time point IV is termed the stable drilling stage. Changing
thrust force and torque indicate significant changes in the contact conditions
and material behavior at the tool-workpiece interface during drilling and their
impending effect on contact forces. At time point IV, the tip of the tool starts
coming out of the hole, which causes the thrust force value to drop to zero at
point V sharply. However, since the drill margin is still inside the workpiece at
time point V, the torque value does not drop to zero until stage VI similar to the
effect between time phase Il and III. The interval between time points IV and VI
is called the drill exit phase.

The characteristic thrust force and torque values can be measured as a function
of feed for all the different drilling conditions and both thrust force and torque

increase with increasing feed as shown in Figure 4.2.
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Figure 4.2: Characteristic force measurement: (a) Thrust force; (b) Torque.

4.2 Cutting Force Model

As shown in Figure 3.1(a), the drill tip region can be distributed into three
separate sections: the chisel edge region OA, the main cutting edge region AC,
and the drill margin region CD. All of these sections and their unique geometrical
features contribute to the total thrust force and torque generation during the
drilling of CFRP laminates. The chisel edge region does not take part in the
cutting mechanism but rather extrudes the workpiece material via penetration.
The extrusion force is a significant contributor to the total thrust force generated
during the drilling operation. The main cutting edge region AC can be distributed
into two sections: the primary cutting edge AB, and the secondary cutting edge
BC, which have different point angles 6; and 6, respectively. The drill margin
region does not take part in the cutting mechanism but plays an important role
in torque generation because of the sliding action between it and the workpiece
surface during hole formation. The cutting force contribution from each section is

added to calculate the total thrust and torque values during the drilling operation.
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4.2.1 Chisel Edge Region

The geometry of the chisel edge has been studied using a Keyence VK-X100
digital microscope as displayed in Figure 4.3. The geometry represents a cylinder
with a blunt radius. This region is responsible for extruding material by acting
as a wedge that pushes the workpiece material away. The contact between the

chisel edge and the CFRP laminate is assumed to be of Hetrzian nature.
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Figure 4.3: Multidimensional surface analysis of chisel edge: (a) 2D grayscale im-
age of the surface. (b) 3D topographical map of the surface. (¢) Height variation
profile across the surface

According to Hertz Contact Theory, the projected area of contact is rectan-
gular when the chisel edge is parallel to the fiber direction (0° ) in the laminate
as displayed in Figure 4.4(a). As the chisel edge starts to rotate due to circular
motion, the shape of the projected area starts to change as well. The projected

area becomes ellipsoidal as exhibited in Figure 4.4(b) and with an increase in
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the angle of rotation, the difference between the semi-major axis and semi-minor
axis of the ellipse starts to decrease. Finally, when the chisel edge is perpendic-
ular (90°) to the direction of fibers in the laminate, the difference between the
semi-major axis and the semi-minor axis is at its lowest and the shape of the
projected area resembles a flat-ended circle as shown in Figure 4.4(c) [62]. So, it
can be conferred that the maximum contact area condition at the chisel edge and
laminate interface arises when the chisel edge is parallel to the fiber direction and
the minimum contact area condition arises when the chisel edge is perpendicular
to the fiber direction.

N

Chisel Edge @

CFRP Laminate |

Z : vd i 7
( i) <//,,~;\ |
(@) (b) ©)

Figure 4.4: Change of contact state and the projected area between chisel edge
and CFRP laminate: (a) Parallel to the fiber direction (0°). (b) At an angle with
the fiber direction. (c) Perpendicular to the fiber direction (90°).

Due to the rotation of the drill at a very high speed, accurate measurement
of the contact area at any given instance is difficult. For ease of calculation of
the extrusion force generated by the chisel edge, we will be assuming a constant
contact area at the chisel edge-workpiece interface, despite it varying for every
individual rotation. We will not be taking into account the insignificant torque
contribution from the chisel edge since the extrusion force almost entirely con-

tributes to the total thrust force generated by the chisel edge because of axial
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penetration into the workpiece. The thrust force generated by the chisel edge can

be calculated using Equation 4.1.

Fch = Pmaz X Ach (41)

Here, F, is the thrust force generated at the chisel edge, A, is the contact area
at the chisel edge and workpiece interface, and P,,,, is the maximum pressure

intensity acting on the contact area.

4.2.2 Main Cutting Edge

Since the two sections of the main cutting edge: primary and secondary cutting
edge have different point angles which are not right angles, an oblique cutting
framework adapted from the literature [63, 64, 65, 66] has been considered in
this study. The main cutting edge and drill margin are discretized into small
elements (dl) which removes an elemental chip with an area (dA), and the unit
thrust force and torque on each element can be calculated by the proposed model.
Oblique cutting is characterized by a unit normal force that acts normal to the
rake face of the relevant edge and a unit frictional force that acts in the tangential
direction. They are expressed as a function of pressure (P) and tangential stress
(7) respectively, along the main cutting edge of the drill as described in Equations
4.2 and 4.3.

dE, (1) = Pac(l) x dl x gsinﬁ (4.2)
de(l) = TAc<l) X dl x gsine (43)

Here, P4c, Tac are the pressure and tangential stress acting on the entire main
cutting edge region, 1 is the incremental elemental length on the main cutting

edge, f is the feed, and @ is the point angle.
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P(1) and 7(I) are the unknowns in the aforementioned equations. They vary
along the drill tip. Let us assume that the variation of peak pressure and tangen-
tial stress on each section of the drill tip can be defined using Equations 4.2 and

4.3, where parameter b controls the variation of them along the tip of the drill.

P(l) = Ppax X (1 — z>b (4.4)
T(1) = Tmax X (Z)b (4.5)

Here, P, 4. is the maximum pressure on each section of the drill tip, 7,4, is the
maximum tangential stress on each section of the drill tip, | is the incremental
elemental length of drill tip, L is the total length of the drill tip and b is an
arbitrary parameter that represents variation along each section of the drill tip

for both pressure and tangential stress.

The elemental drilling forces acting on a particular edge in the drill coordinate
system pertinent to the drilling operation are the cutting force dF,,; acting in
the opposite direction of the cutting velocity of the relevant edge, the thrust
force dFyp,, normal to the plane that accommodates the cutting force, and lastly,
the lateral force dFj,; acting perpendicular to both cutting and thrust forces as
illustrated in Figure 4.5. The unit normal and frictional force defined in the
oblique cutting setup are then decomposed along the drill coordinate system
with the help of a transformation matrix, which is a function of point angle, web
angle, cutting angle, inclination angle, normal rake angle, and chip flow angle as
demonstrated in Equation 4.6. Apart from the point angle, all the other angles
are considered dynamic parameters. The details of calculating the angles for the

drill tip can be found in the Appendix A section.

dF) ., cosnsinisin(a, — sinncosi) cosq, sini
. L | |dFy
dF.; | = |cosncosisin(a, —sinnsini) cosa, cosi . (4.6)
. f
AFipr COS 1) COS (v, — sin «y,
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Figure 4.5: Elemental drilling forces experienced by the unit workpiece in an
oblique cutting framework

Here, i is the inclination angle, «,, is the normal rake angle and 7 is the chip

flow angle.

The unit thrust force and torque generated by each element on the main cutting

edge during the drilling process can be estimated by Equations 4.7 and 4.8.

cos(3) §1n0 JF cos 0

- lat -
COS 1 COS 1

dTry = r; X dF,.,; (4.8)

dFy = dF (4.7)

Here, dF; is the elemental thrust force, d1'ry is the elemental torque, 3 is the

web angle, and r; is the drill radius for each incremental element.
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Summing all the elements on the apt edges will add up to the total thrust
force and torque generated by the main cutting edge, as shown in Equations 4.9
and 4.10.

N
Fy=2) dFy (4.9)
n=1
N
Try=2) dlry (4.10)
n=1

Where F is the total thrust force, Try is the total torque, and N is the total

number of unit elements on the cutting edge individually.

4.2.3 Drill Margin Region

Many frictional and tool characteristics contribute to the complex contact con-
ditions at the tool-workpiece interface [67]. As shown in Figure 4.6, the drill
margin is the area of the drill that comes into contact with the surface of the
material between time points II and III and can be computed using the pertinent
feed rate and the time difference between these two characteristic time points for
any drilling conditions. A line contact between the drill margin and the hole’s
surface is considered to simplify the modeling of the moving heat source for the
FE modeling of the drilling process. The contribution of the drill margin in the
contact region can be approximated based on the contact length. This is termed

the drill margin contact length and can be determined using Equation 4.11.

Lep = At X F. (4.11)

Here, Lcp is the drill margin contact length, F,. is the feed rate (mm/min)

and At is the time difference between the two time points II and III.
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The drill margin contact lengths for different drilling cases are listed in Table
4.1. The evaluated contact lengths are much higher than the feeds, making drill

margin contact conditions an important factor in CFRP drilling.

Table 4.1: Drill margin contact length calculation.

Feed (mm/rev) | RPM Feed rate | Contact length
(mm/min) (mm)

0.024 5000 120 1.1

0.04 3000 120 1.7

0.03 4000 120 0.9

0.04 4000 160 1.2

0.05 4000 200 1.4

The drill margin region CD does not perform any cutting action but still takes
part in generating torque. Since there is only sliding contact at the drill margin-
workpiece interface, no tangential stress is generated in this region. The unit
normal force can be calculated similarly to the cutting edge region by considering
it as a function of pressure (P) along the length of the drill margin. However, due
to no cutting mechanism and the margin sliding against the workpiece surface,
the unit frictional force is evaluated by considering the coefficient of friction at the
tool-workpiece interface, which is a function of temperature and the unit normal
force. The unit normal and frictional force can be evaluated with the help of
Equations 4.12 and 4.13.

anCD(l) = PCD<l) X w X LCD (412)
AFjop (1) = i(T) X AP, (4.13)

The sensitivity of CFRP to heat makes temperature a key parameter in the
drilling process. A complex tribosystem is created due to the repeated rubbing of
the drill margin with the hole’s surface being formed [68]. Drilling operation can
be generally divided into three stages: the running-in stage, the stable stage, and
the exit stage. Initial contact during the running in stage causes the coefficient
of friction to be higher due to the real contact area being considerably smaller

than the apparent contact area [38]. When the temperature crosses the glass
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Figure 4.6: Drill margin length measurement: (a) Identifying characteristic time
points from thrust force and torque measurements for drilling at 0.04 mm/rev
feed and 3000 RPM rotational speed. (b) Characteristic time points for drill
margin detection.

transition temperature (7}), the semi-crystalline structure of CFRP changes by
allowing large-scale movement of polymer chains which change the behavior of the
material by making it softer [19]. Softer material causes the resistance to sliding
at the interface to be less, resulting in the coefficient of friction dropping at tem-
peratures higher than the glass transition temperature (7,). The glass transition
temperature of epoxy resin CYCOM 977-2 is 212°C at 10°C/min according to the
manufacturer’s catalog. Based on the thermal effects on the constitutive material
behavior and existing literature on the evaluation of the coefficient of friction of
CFRP, this study considers a temperature-dependent coefficient of friction model

as shown in Equation 4.14.

(T-Tr)
(Tg—Tr)
B

W(T)=Axe < ) +C i Tooin < T < T (4.14)

Here, T, is the room temperature, Tj is the glass transition temperature, T is
the temperature at the tool-workpiece interface and A, B, and C are the arbitrary

parameters that represent the variation in behavior of coefficient of friction.
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The elemental drilling forces on the drill margin can be calculated using Equa-
tion 4.6. Although the main contribution to the thrust force comes from the
chisel edge and main cutting edge region, the friction between the margin and
the hole wall of the workpiece from continuous rubbing due to the rotation of the
drill generates a frictional force, a component of which acts in the axial direction
contributing towards thrust force generation. However, compared to the high-
speed rotation (3000-5000 RPM), the axial translation of the drill termed feed
is insignificant making the thrust force contribution from the drill margin region
negligible. The unit torque from the drill margin region can be determined by

Equations 4.15.

dT’FCD =7; X deCD (415)

The total torque Trcp on the drill margin can be evaluated similarly to the

main cutting edge.
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Chapter 5

Model-Based Evaluation of
Temperature Distribution in

Drilling Processes

5.1 Workpiece and Tool design

A cylinder-shaped section of the CFRP laminate measuring 16 mm in diameter
and 13 mm in height was modeled for FE analysis. Repeating layers of UD-CFRP
laminates with 0°, 45°, 90°, and 135° fiber orientations constitute the layered struc-
ture. A 5.6 mm hole with a depth equivalent to the height of the laminate was
created at the center of it The temperature distribution profile will be measured
by placing 4 different points inside the workpiece model perpendicular to each

other at a distance of 4 mm and 2 mm respectively as illustrated in Figure 5.1.

26



Thermocouple 1

5.6 mm hole

Thermocouple 2

Thermocouple 4

(@) (b)
Figure 5.1: Placing measuring points on the hole’s surface for temperature mea-

surements: (a) Schematics of the measuring points. (b) Temperature profile
obtained from each measuring point.

Table 5.1: Material Properties of CFRP

Parameter Expression
Density (p) 1588
Longitudinal thermal conductivity (ki) 0.013 x T+ 2.95
Transverse thermal conductivity (kz) 0.007 x T+ 1.5
Through thickness thermal conductivity (k3) | 0.0007 x T 4 0.5744
Specific heat capacity (C)) 0.0029 x T'— 0.0817

Table 5.2: Material Properties of Polycrystalline Diamond (PCD)
Parameter Expression
Density (p) 3830 kg m™?

Thermal conductivity (k) | 560 W m~ K~!

Specific heat capacity (C,) | 500 J kg=! K™
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The heat capacity of the laminate is not significantly affected by the orientation
of the fibers [69]. The in-plane thermal conductivities of the fibers vary with
changes in plane directions, but it is independent of the angle at which the fiber

is placed in the laminate [70].

Using the rule of mixture, which is based on the weighted average of the densi-
ties of the constituent materials, the total density is calculated. The temperature-
based material properties adapted from the literature [69] can be found in Table
5.1. Using the tool geometry measurements from the digital microscope, a 5.6
mm diameter polycrystalline diamond (PCD) drill was designed. The properties
of PCD material shown in Table 5.2 were adopted from the literature [71, 72].

5.2 Heat Source Modeling and Power Calcula-

tion

To simulate the drilling process, the moving heat source designed is a time-varying
heat flux that rotates along the hole wall at a constant speed and translates
through the hole. The total equivalent contact length is identified, taking into
account any influence of the main cutting edge alongside the drill margin during
the drilling operation. The heat flux input into the FE model is a function of
the heat source, drill time, and geometry of the workpiece. It displays the heat
produced by the equivalent contact length at the drill tip that is in continuous
contact with the hole wall surface on both sides of the drill. The schematic pre-
sented in Figure 5.2(a) illustrates the geometrical cross-section of the cylindrical
hole drilled in the laminate. The green directional arrow indicates the direction in
which the heat flux generated is rotating along the hole surface while translating
through it.

The complex contact conditions at the tool-workpiece interface during high-
speed drilling, make accurate modeling of cutting conditions very challenging,

more so in the case of PCD tool-based drilling of CFRP composites owing to
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Figure 5.2: FE model of drilling operation using a rotational translatory heat
source: (a) Schematics of the moving heat source prompted heat flux. (b) Drilling
at 0.03 mm/rev feed and 4000 RPM rotational speed.

the intricate physical structure and material properties, [73]. To obtain a more
accurate prediction for temperature profiles in the workpiece during the drilling
operation, the heat flux needs to be represented in terms of both spatial (physical
space) and temporal (time) distribution [74]. To address spatiality, a Gaussian
profile was chosen because of the ease of implementing it in our FE model and the
flexibility in calibrating the proposed model by iteratively matching the predictive
FEA temperature distribution profile with experimental temperature distribution
profiles obtained from the embedded thermocouples during drilling. Equation 5.1
presents the equivalent contact length-based heat source modeled as a ring-type

Gaussian distribution [75].

Hg = e~ (@/Lce) (5.1)

Here, Hg is the Gaussian distribution, Log is the total equivalent contact

length, and the distance between the center and the ring’s outer edge is termed
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Figure 5.3: Contact area on tool during drilling: (a) Main cutting edge. (b) Drill
margin

As shown in Figure 5.2(b), the tool and chip load on the workpiece during the
drilling operation is considered equivalent to the transitory heat source. Equation
5.2 is used to compute the time-based power distribution to the workpiece during
the drilling process based on the combination of the ring-type heat flux and the

model geometry.

P,(t) =2 /Oa " Quadfda (5.2)

0

Here, the power distributed to the workpiece is expressed as P,, and @,

represents the heat flux input into the FE model.

During the drilling experiments, time-based thrust force and torque measure-
ments were collected. Equation 5.3, which was adapted from the literature by
[45], allows us to evaluate the total drilling power needed during drilling as a

function of time using these measurements.
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Figure 5.4: Heat fluxes presented as time-based step functions.

P(t) = Fu(t) x f x N+ Tr(t) x N x z—g (5.3)

F, and T'r present the thrust force and torque values and f and N are the feed

and rotational speed respectively.

Equation 5.4 illustrates making use of the tool power (P,) distributed over
the contact area (A.) of the drill tip to calculate the heat flux generated on the

aforementioned region.

@i(t) = (5.4)
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Figure 5.5: Temperature profiles from embedded thermocouples during drilling
at 0.03 mm/rev feed and 4000 RPM rotational speed: (a) Experimental profile.
(b) FE model profile.

The drill margin contact area is determined using the contact length (L¢op)
and the drill’s periphery, as indicated in Figure 5.3(b), while the contact area
of the primary cutting edge is computed based on tool geometry data depicted
in Figure 5.3(a). The drill margin and the primary cutting edge each have their
own computed heat fluxes. The time phase at which the tool exits the hole
propagates to zero contact force at the edges, as seen in Figure 4.1. So, time-
based step functions derived from the time points identified in Figure 4.1 were
linked with the heat fluxes to emulate the thermal load created on the drill during

experiments, as illustrated in Figure 5.4.

32



5.3 Heat Partition Evaluation

The total drilling power is associated with the integral heat generation during
drilling, overcoming friction at both the cutting edge and the drill margin, and
removing material in the form of chips. During the drilling process, some of the
power is lost as chips. Heat is transferred from the remaining power into the
material and tool. Heat partition to the workpiece (n,) and heat partition to
the tool (1) are the terms used to describe the percentage of total heat that
is dissipated into the workpiece and tool, respectively. The material, tool, and
chip heat partition values add up to 1. It is evaluated by comparing the drilling

operations’ experimental and simulated temperature distribution data [45, 76].

The FE model uses an initial Gaussian heat flux that is designed by an ap-
proximated total equivalent contact length (Lcg) to calculate the temperature
distribution profile. Figure 5.5 shows the temperature profiles derived from the
FE model for different drilling scenarios and experimental drilling operations us-

ing the thermocouples placed inside the sample during drilling.

The calibration of the heat flux is performed by iteratively minimizing the
discrepancy between the experimental temperature measurements and predictions
by the FE model for the thermocouples at every time point. The comparison
between the experimental and FE-based temperature profiles for drilling at 0.03
mm /rev feed and 4000 RPM rotational speed, acquired from thermocouples, is
shown in Figure 5.6. The findings are in good agreement, and the variation
in the profiles could be attributed to damage, issues with the sensors, or the
thermocouples being displaced from their intended locations [77]. Equation 5.2
is then modified to take into account the assessed heat flux to calculate the
power applied to the workpiece. The heat partition to the workpiece (7,,) is the

percentage of total drilling power that is distributed to the workpiece.

33



60 60 100
~——FE- 5mm Depth
55 —TC1- 5 mm Depth 55 90

T 100
——FE- 5mm Depth
—TC2-5mm Depth | gp

%
o
[
o

80 80

) [9) o
<45 45 < 70 70
g v g
240 40 2 2 60 60
1 i
£35 35 ¢ g 50 50
(] () (7
[ = —
30 30 40 40
25 25 30 30
20 20 20 . - 20
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (sec) Time (sec)
(@) (b)
110 110 .
~—FE- 5mm Depth ~——FE- 5mm Depth
100 —TC3-5mmDepth 100 70 —TC4-5mm Depth | /0
90 90
60 60
O 80+ 80 O o
[ [ CU
5 70 70 5 550 50
2 2 2
© © ©
5 60 60 g I
a o 20 40
£ s0 50 § £
= [ =
40 40
30+ 30
30 30
20 20 20 - ! ! 20
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (sec) Time (sec)
(c) (d)

Figure 5.6: Temperature measurements from embedded thermocouples during
drilling at 0.03 mm/rev feed and 4000 RPM rotational speed: (a) Thermocouple
1. (b) Thermocouple 2. (¢) Thermocouple 3. (d)Thermocouple 4.

The remaining drilling power is subjected to the tool (P;) and the chips. Equa-
tion 5.4 is used to compute the heat flux acting on the drill tip. The tool’s FE
model is then updated with the estimated heat fluxes as time-based step func-
tions. The finite element framework, as illustrated in Figure 5.7, can be used to
predict the temperature distribution on the tip of the tool during the drilling pro-
cess. The tool tip temperature at the hole exit during the experimental drilling
operation is measured using infrared thermography. The temperature during
drilling is measured by observing the visual images of heat levels captured by a

thermal camera that is positioned at a fixed distance as depicted in Figure 5.8.
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Figure 5.7: Tool tip temperatures at the hole exit: a) Drilling at 0.05 mm/rev
feed and 4000 RPM rotational speed; (b) Drilling at 0.024 mm/rev feed and 5000
RPM rotational speed.
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Figure 5.8: Infrared thermal camera temperature measurements at hole exit:(a)

Drilling at 0.05 mm/min feed and 4000 RPM rotational speed; (b) Drilling at
0.04 mm/rev feed and 3000 RPM rotational speed.
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Table 5.3: Tool tip temperature results

Feed RPM Feed Rate | Experimental FE model

(mm/rev) (mm/min) | tempera- tempera-
ture (°C) ture (°C)

0.024 5000 120 144.3 148

0.04 3000 120 129.6 130

0.03 4000 120 130 133

0.04 4000 160 130.2 128

0.05 4000 200 135 131

Table 5.3 lists the temperature predictions from the FE model and the exper-

imental tip temperature observations. With an error margin of about 5%, the

simulated and experimental tool tip temperatures at the hole exit are in good

agreement with each other. Heat distribution to the tool (7;) is the fraction of

total drilling power dispersed to the tool.

Table 5.4: Heat partition results

Feed RPM Feed Rate | Heat par- | Heat parti-

(mm/rev) (mm/min) | tition to | tion to tool
workpiece (7t)
(M)

0.024 5000 120 0.29 0.47

0.04 3000 120 0.37 0.30

0.03 4000 120 0.31 0.38

0.04 4000 160 0.26 0.42

0.05 4000 200 0.23 0.50

The time-averaged heat partition values for the workpiece and the drill for

different drilling conditions were identified as listed in Table 5.4.
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Chapter 6

Results and Discussions

The pressure and tangential stress profiles on the drill tip during drilling can be
estimated by calibrating the predictive thrust force and torque values calculated
from the coupled cutting force and finite element model with experimental data.
A better comprehension of the mechanical stresses generated on the drill’s cutting
edge is necessary to determine process parameters during drilling to obtain better-
quality holes. The temperature-dependent material properties also affect the
contact conditions between the drill and the workpiece. The temperature profiles
developed on the hole wall surface in the FE model are employed to analyze the
behavior of temperature-dependent material properties and their corresponding
contribution to the thrust force and torque generation during different drilling

conditions.
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6.1 Hole Wall Temperature

From the heat partition results in Chapter 5, it is observed that a portion of
the total heat generated at the interface is distributed to the workpiece. CFRP
composites are generally considered to be a poor conductor of heat due to their
low thermal conductivity [78]. This causes the culmination of heat on the hole
wall, which can lead to thermal damage on the surface. Thus, assessment of the
temperature on the hole wall becomes crucial in investigating the response of the

material to rising temperatures and subsequent cutting force predictions.
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Figure 6.1: Placing measuring points on the hole’s surface for temperature mea-
surements: (a) Schematics of the measuring points. (b) Temperature profile
obtained from each measuring point.

The hole wall temperature was measured by placing 10 separate evenly dis-
tributed points on the surface of the hole in the direction of the axial movement
of the drill as exhibited in Figure 6.1. Each point records its temperature pro-
file as the ring-type heat source translates along the hole while rotating. The
maximum temperature estimated at each of these points can be attributed to the
temperature generated by the equivalent contact length at the workpiece drill-
margin interface during that particular stage of the drilling operation. The hole

wall temperature profiles for different drilling cases are illustrated in Figure 6.2.
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During the running in stage, initial engagement between the tool and the work-
piece causes rapid temperature rise. Once full contact is achieved, the drilling
process becomes stable and it can be corroborated by the comparatively gentler
increasing trend observed in the temperature profile. As the tool starts to pen-
etrate the workpiece on the other side, marking the beginning of the drill exit
stage, there is a rapid decrease in temperature, which is conversely similar to
the running in stage. The partition of heat to the workpiece decreases with in-
creasing feed as shown in Table 5.4 with more heat being transferred to the tool.
This results in the hole wall temperature decreasing as well with increasing feed
as depicted in Figure 6.2(b), (c), and (d) respectively. Change in the rotational
speed also affects the temperatures on the hole wall, as an increase in speed leads
to temperature rise while the opposite corresponds to a decrease in temperature

as exhibited in Figure 6.2(a) and (e) respectively.
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Figure 6.2: Temperature profile on hole wall of CFRP laminate: a) Drilling at
0.04 mm/rev feed and 3000 RPM rotational Speed. (b) Drilling at 0.03 mm/rev
feed and 4000 RPM rotational speed. (c) Drilling at 0.04 mm/rev feed and 4000
RPM rotational speed. (d) Drilling at 0.05 mm/rev feed and 5000 RPM rotational
speed. (e) Drilling at 0.024 mm/rev feed and 5000 RPM rotational speed.
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6.2 Drilling Process Parameter Identification

The thrust force and torque contribution from each region of the drill tip can
be identified by introducing characteristic time points representing the different
stages of the drilling operation, adapted from Karpat et al. [45]. The pressure
and tangential stress values along each incremental length of the drill tip at every
moment during drilling can be estimated by calibrating the predictive thrust force
and torque values to match the experimental data. The calibration is performed
by iteratively minimizing the percent error between predictive and measured force

values at every characteristic time point to calculate the unknown parameters.

For drilling at 0.03 mm/rev feed and 4000 RPM rotational speed, the contact
area at the chisel edge and workpiece interface varies between 0.0046 mm?2 and
0.0456 mm?2 for every individual rotation. A constant contact area of 0.008 mm2
has been assumed for the ease of calculating the extrusion force generated by the
chisel edge during drilling. As stated previously, the drill margin does not perform
any cutting action but slides against the workpiece surface. The resistance to
sliding action is termed as the coefficient of friction and it can be calculated by

employing the hole wall surface temperature and Equation 4.14 from Chapter 4.
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Figure 6.3: Thrust force and torque comparisons for drilling at 0.03 mm /rev feed
and 4000 RPM rotational speed: (a) Thrust Force. (b) Torque.
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Figure 6.3 shows the comparison between the model and experimental thrust
force and torque models for drilling at 0.03 mm /rev feed and 4000 RPM rotational
speed. The pressure and tangential stress profiles on the tip of the drill can now

be evaluated.

Because of the different geometrical features of the double-point angle drill tip
as exhibited in Figure 3.1(a), each region has its own distinctive pressure and
tangential stress profile. During the running in period, as the chisel edge region
OA begins to penetrate the workpiece material, the concentrated extrusion force
over a small contact area causes the pressure on it to be the maximum (1800
MPa). The hole wall temperature predictions show a prompt rise in temperature
during the initial engagement. This alters the elastic modulus of the workpiece
material, causing a change in the contact conditions between the drill and the
workpiece, leading to an increase in contact area. This increasing area causes the
pressure to decrease along the cutting edge. Since it is a double-point angle drill,
the cutting edge comprises two distinctive cutting edges with separate geometry,
namely the primary cutting edge region AB and the secondary cutting edge region
BC. Figure 6.4(a) shows the decreasing pressure profile along both cutting edges.
Since the drill margin-workpiece interface only accounts for sliding contact, the
pressure in the region CD is the lowest among all the regions, as presented in
Figure 6.4(b).
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Figure 6.4: Pressure profile on drill tip for drilling at 0.03 mm/rev feed and 4000
RPM rotational speed: (a) Main cutting edge region. (b) Drill margin region.
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As for the tangential stress on the drill tip, since the extrusion force generated
by the chisel edge region OA primarily acts in the axial direction, there is a very
negligible amount of force acting in the tangential direction, amounting to a trivial
amount of tangential stress on the chisel edge, as shown in Figure 6.5(a). The
main cutting edge responsible for material removal through shearing produces
a significant amount of tangential stress, which reaches its maximum value at
the end of the secondary cutting edge BC. Similar to the pressure profile on the
cutting edges, the tangential stress profiles are also distinctive for both regions,
as exhibited in Figure 6.5(b). There is no tangential stress present on the drill
margin because no cutting mechanism is in effect.
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Figure 6.5: Tangential stress profile on drill tip for drilling at 0.03 mm/rev feed

and 4000 RPM rotational speed: (a) Chisel edge region. (b) Main cutting edge
region.
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The comparison between the predictive and experimental cutting force values
and corresponding stress profiles on the drill tip for drilling at a rotational speed
of 4000 RPM and a feed of 0.04 mm/rev are illustrated in Figures 6.6, 6.7 and
6.8. Similarly, Figures 6.9, 6.10 and 6.11 depict the aforementioned profiles for a
drilling configuration of 0.05 mm/rev feed and 4000 RPM rotational speed.
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Figure 6.6: Thrust force and torque comparisons for drilling at 0.04 mm/rev feed
and 4000 RPM rotational speed: (a) Thrust Force. (b) Torque.
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Figure 6.7: Pressure profile on drill tip for drilling at 0.04 mm /rev feed and 4000
RPM rotational speed: (a) Main cutting edge region. (b) Drill margin region.
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Figure 6.8: Tangential stress profile on drill tip for drilling at 0.04 mm/rev feed
and 4000 RPM rotational speed: (a) Chisel edge region. (b) Main cutting edge
region.

Higher feeds cause the uncut chip area to increase, enabling the cutting-edge
radius to have less effect during cutting, which results in more tool engagement
and efficient machining. The increase in chip thickness also leads to a decrease
in specific cutting energy due to the energy required for cutting spreading over a
larger volume resulting in less cutting energy requirement per unit volume, which
leads to higher cutting forces [79]. The energy required to remove a unit volume
of material decreases, this induces less pressure and tangential stress to develop

on the cutting edge compared to drilling at a lower feed of 0.03 mm/rev.
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Figure 6.9: Thrust force and torque comparisons for drilling at 0.05 mm/rev feed
and 4000 RPM rotational speed: (a) Thrust Force. (b) Torque.
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Figure 6.10: Pressure profile on drill tip for drilling at 0.05 mm/rev feed and 4000
RPM rotational speed: (a) Main cutting edge region. (b) Drill margin region.

However, the pressure on the drill margin follows a reverse trend as the increase
in feed causes it to rise. Larger feed causes more tool engagement which leads to
an increase in the pressure at the drill margin region. In the case of drilling at high
feeds, the effect of high-pressure development on the drill margin is visible during
the stable stage of drilling as there is evidence of chip accumulation. Higher
pressure at the drill margin traps chips during evacuation causing an increase
in the contact length at the interface. Trapped chips can increase friction and
resistance resulting in higher cutting forces. The substantial impact of chips
being present at the interface is observed for the highest feed of 0.05 mm/rev
as it creates a notable difference between the predicted and experimental torque

values during the stable stage drilling.
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Figure 6.11: Tangential stress profile on drill tip for drilling at 0.05 mm/rev feed
and 4000 RPM rotational speed: (a) Chisel edge region. (b) Main cutting edge
region.

Chip clogging can also lead to an incline in centripetal force and contribute to
additional torque formation due to the chip’s adherence to the surface of the drill
from strain hardening [80]. Thus, an abrupt increase in the experimental thrust
force and torque measurements is observed during the stable stage of drilling.
The difference between the predictive and experimental models in this region can

be attributed to this phenomenon.
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Figure 6.12: Thrust force and torque comparisons for drilling at 0.04 mm/rev
feed and 3000 RPM rotational speed: (a) Thrust Force. (b) Torque.
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Figure 6.13: Pressure profile on drill tip for drilling at 0.04 mm/rev feed and 3000
RPM rotational speed: (a) Main cutting edge region. (b) Drill margin region.

Rotational speed also has an effect on the cutting forces during drilling. Higher
rotational speeds significantly reduce the cutting forces generated during drilling
due to the formation of smaller chips [81]. The comparison between the predictive
and experimental thrust force and torque measurements and the corresponding
stress distributions for drilling at 0.04 mm/rev feed and 3000 RPM rotational
speed are shown in Figures 6.12, 6.13 and 6.14 and for 0.024 mm /rev feed and 5000
RPM rotational speed are exhibited in Figures 6.15, 6.16 and 6.17 respectively.
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Figure 6.14: Tangential stress profile on drill tip for drilling at 0.04 mm /rev feed

and 3000 RPM rotational speed: (a) Chisel edge region. (b) Main cutting edge
region.
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Figure 6.15: Thrust force and torque comparisons for drilling at 0.024 mm/rev
feed and 5000 RPM rotational speed: (a) Thrust Force. (b) Torque.

Chip clogging effects are also observed in the case of drilling at 3000 RPM
during the stable stage, which causes a discrepancy between the thrust force and

torque predictions and experimental data during the stable stage drilling.
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Figure 6.16: Pressure profile on drill tip for drilling at 0.024 mm/rev feed and
5000 RPM rotational speed: (a) Main cutting edge region. (b) Drill margin
region.
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The thrust force and torque measurements show a decreasing trend with in-
creasing speed which is in line with the trend observed in the literature [82].
Due to a low feed of 0.024 mm/rev being used at 5000 RPM, the specific cut-
ting energy increases which increases the pressure and tangential stress values
as illustrated in Figures 6.16 and 6.17. At a rotational speed of 3000 RPM, as
the feed is increased to 0.04 mm/rev the pressure and tangential stress decrease
significantly as reported previously. Higher pressure at the drill margin region is
also observed at higher rotational speeds.
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Figure 6.17: Tangential stress profile on drill tip for drilling at 0.024 mm /rev feed
and 5000 RPM rotational speed: (a) Chisel edge region. (b) Main cutting edge
region.

So, the importance of process parameter (feed and speed) variance and its
influence on the development of stress at the tool-workpiece interface is explored
in this section. Also, the change in pressure and tangential stress is more sig-
nificant on the secondary cutting edge compared to the primary cutting edge
which indicates a greater engagement at the cutting zone due to greater length.
More engagement increases the area of contact generating higher cutting forces
in this region. While the stress analysis was performed based on only discrete
time points, it lays the groundwork for a potential study of stress evolution at

the interface for every instance of the total drilling process.
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6.3 Effect of Temperature on Material Proper-
ties during Drilling

The influence of temperature on material properties can be studied by coupling
the predictive drilling model with the hole wall temperature rise from the work-
piece FE model. The coefficient of friction on the drill margin region during
drilling has been calculated based on the temperature profile obtained from the
hole wall surface. The analysis of experimental thrust force and torque measure-
ments in Section 4.1 revealed that the drill margin is fully inside the workpiece at
characteristic time point I1I, which can be termed as complete engagement of the
drill tip and the end of the running in period. The interval between characteristic
time points II and III can be assigned as the time required for the drill margin
region to acquire full contact with the workpiece surface. Hole wall surface tem-
perature evaluation at that specific time interval estimates the temperature to be
in the range of the initial glass transition temperature (7},) of CFRP as reported
by Karpat et al. [45]. The change in polymeric material around the glass transi-
tion temperature (7,) has been discussed previously in several chapters. As the
material becomes flexible due to changes in its molecular properties, the storage
modulus of the material decreases and it becomes easier to machine due to less
resistance being offered to deformation. This causes a decrease in the peak cut-
ting forces with increasing drilling time as observed in all the thrust force and
torque measurements from different drilling cases. The maximum pressure on the
drill margin is obtained at characteristic time point III when the torque reaches
its highest value. The pressure profile on the drill margin continues to decrease as
the temperature increases with incremental drilling time up until the start of the
drill exit stage. To simplify the visualization of changes in pressure profiles on
the drill margin, only the peak value at each drill time point has been considered.
The maximum pressure and coefficient of friction on the drill margin-workpiece
contact region are illustrated as a function of temperature for all the drilling

configurations in Figure 6.18.
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Figure 6.18: Maximum pressure and coefficient of friction on the drill margin-
workpiece interface with rising temperature in stable stage drilling: a) Drilling at
0.04 mm/rev feed and 3000 RPM rotational speed. (b) Drilling at 0.03 mm/rev
feed and 4000 RPM rotational speed. (c) Drilling at 0.04 mm/rev feed and 4000
RPM rotational speed. (d) Drilling at 0.05 mm/rev feed and 5000 RPM rotational
speed. (e) Drilling at 0.024 mm/rev feed and 5000 RPM rotational speed.
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The maximum pressure as a function of temperature resemble the variation
of storage modulus in dynamic mechanical analysis conducted on CFRP lami-
nates [45]. This along with the temperature dependent friction condition at the
tool-workpiece interface suggests that both pressure and coefficient of friction are
sensitive to changes in temperature and analyzing the temperatures at the cut-
ting interface during drilling can aid in predicting the thrust force and torque
generation at any point in time including the hole exit which will enable the
optimization of process parameters to ensure efficient drilling and obtain quality

holes without damage.

(c) (d)

Figure 6.19: Surface and exit of drilled holes in CFRP laminate: a) Hole exit for
drilling at 0.04 mm/rev feed and 4000 RPM rotational speed. (b) Hole exit for
drilling at 0.05 mm/rev feed and 4000 RPM rotational speed. (c¢) Cross-section
view of hole wall. (d) Hole wall surface
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The exit of the drilled holes was observed using the Keyence VH-X100 micro-
scope. The exits for larger feeds show signs of smearing, burrs, and protrusions
which can be attributed to the higher cutting forces at the hole exit during drilling
as can be seen in Figure 6.19(a) and (b). The holes were bisected using a water
jet and the surface of the holes was investigated as exhibited in Figure 6.19 (c)
and (d). The surfaces were in good condition and showed no significant sign of
damage apart from scratches in the middle region. No major wear was observed
on the PCD drill due to its excellent wear resistance even after repeated usage
which could be assigned as a probable reason for no observable damage on the
surface of the holes. Also, for a couple of the drilling configurations, the tem-
perature on the hole wall surface was estimated to be relatively high compared
to the glass transition temperature (7,) which could have resulted in damages
such as burning, delamination or surface cavities [83, 84]. However, due to larger
feeds, the drilling times are proportionately short, resulting in very little contact
time between the tool and the workpiece surface leading to no substantial damage

incurred.
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Chapter 7

Conclusion

This study proposes a predictive drilling model that incorporates mechanical
stresses on the drill tip with the finite element temperature models of both the
tool and the workpiece to estimate the thrust force and torque generation dur-
ing drilling for different drilling configurations. The drill margin region and a
temperature-dependent tribological property coefficient of friction are introduced
into the drilling model to improve torque predictions. The drilling operations
are simulated by a moving heat source based on the geometry of the tool and
workpiece which estimates the temperature distributions to the drill and CFRP
in the form of heat partition. The results suggest that around 25-35% of the
total heat is carried away in the form of chips while the rest is transferred to the
tool and workpiece. The heat transferred into the workpiece decreases noticeably
with increasing feed at the same rotational speed. Less heat is directed toward
the workpiece with an increase in rotating speed, and more heat is transferred in

the direction of the material with a decrease in speed.

The thrust force and torque predictions at characteristic time points agree with
the experimental force measurements. Increasing the feed and rotational speed
causes contact conditions at the tool-workpiece junction to change. The material
properties of CFRP laminate change due to the temperature rise. This causes

an increase in contact area at the tool-workpiece interface during the running-in
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stage, which decreases the pressure along the cutting edge, while on the contrary,
the tangential stress increases along the main cutting edge because of the shearing
and removal of material during machining. Larger feeds cause the chip area to
increase and the specific cutting energy to decrease, resulting in lower maximum
pressure and tangential stress on the main cutting edge while the cutting forces
increase. On the contrary, higher rotational speeds cause the specific energy to
increase and in turn, increase the maximum pressure and tangential stresses while
the cutting forces decrease. The maximum pressure on the drill margin region
however increases with a rise in both feed and rotational speed. High pressure can
result in chip accumulation on the drill margin causing changes in the contact
conditions leading to abrupt rise in thrust force and torque yielding inefficient
drilling. Significant chip accumulation on the cutting edge is observed in the case
of higher feeds (0.05 mm/rev) and slower rotational speeds (3000 RPM) causing
a substantial discrepancy between the prediction and experimental results during

the stable stage of drilling.

The effects of temperature rise on the CFRP are also evident during the stable
stage of drilling as the peak pressure on the drill margin faces a decline because the
workpiece material softens beyond the glass transition temperature (7,), making
it easier to cut, which prompts the thrust force and torque values to drop as well.
The heat partition results are utilized to predict the hole wall surface temperature
during the drilling operation. The variation of maximum pressure and coefficient
of friction at the drill-margin workpiece interface as a function of temperature
is similar to the storage modulus and loss modulus profiles obtained from the
dynamic mechanical analysis (DMA) of CFRP laminates and therefore can be
used to predict the thrust force and torque values at any instance during drilling
allowing better control over the process parameters and surface quality. The hole
exit and surface of the CFRP laminates were also investigated. Although burrs
and scratches were present at the hole exit at larger feeds owing to higher cutting
forces, no significant damage was observed on the hole surface till the exit. This
was attributed to the wear resistance of the PCD drill even after continuous usage
and a relatively short contact time at the interface despite surface temperature

estimations from the FE analysis going well over the glass transition temperature
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(T,) of CFRP.

As part of future endeavors, the thrust force and torque values will be approx-
imated at every instance of the total drill time using the proposed drilling model
instead of just the characteristic time points to accurately predict the conditions
at the cutting zone during drilling operations. Also, more abusive cases of drilling
experiments accompanied by drilling with a worn-out tool will be conducted to
better understand the integrity of the hole surface of CFRP laminate during dry
drilling.
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Appendix A

Drill Geometry
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Figure A.1: Schematics of the cutting edge of PCD double tip angle drill
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Figure A.1 shows the front view schematics of the drill tip geometry. The
chisel edge region OA has a length of 532 pum and is inclined at an angle of
~v1 = 50° from the axis of the drill. Similarly, the main cutting edge is composed
of two sections: the primary cutting edge AB (L4p=950 pum, v, = 35°) and the
secondary cutting edge BC (Lpc=950 pm, v3 = 5°). The drill margin region
CD is demonstrated in Figure X. Successive points termed k are assigned on the
whole drill tip. Each incremental rotation (¥;) of the drill is termed j. The
distance between two consecutive points is considered the incremental elemental
length dl for calculating the unit thrust force and torque, as discussed in Chapter
4. The vertical height of the drill tip for every unit element can be measured

using Equation A.1.

(A1)

The drilling time t4.;; can be obtained by dividing the thickness of the laminate
(L) by the feed rate (f).

The equations illustrated in Table A.1 can be used to determine the three-
dimensional location of any point along the drill edge (from O to C) depending

on drill angles.

Table A.1: Location calculation for points on drill tip

Chisel Edge | Primary Cutting | Secondary Drill Mar-
(OA) Edge (AB) Drilling Edge | gin (CD)
(BC)
Ty = Tep COSN Ty = (21 — |2 = (21 — | Tp =Tk
Zk) tan 91) + Tr_1 Zk) tan(Qg) + Tr_1
Yk = Ten SN e = (1 — | % = | Yk = Yr—1
zk) tan(6s) tan(y2) + | Y1 — (2p—1 —
Yk—1 i) tan(6y) tan(ys)
Rk = %k Rk = 2k Rk = 2k Rk = Rk
By = 50° By = tan™" (y/z) Be=tan™'(y/z) | Bk =
tan"" (y/)
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The course of any point (xy, Yk, 2x) of the tip of the drill can be computed at

any time interval by the following Equations adapted from literature [45]:

Tkj =Tk COS(Bk + \I/]) <A2)
Y = e sin(Bx + ;) (A.3)
L+ Hoe

g = (Fg20) (A4)
Entry and exit zones can be determined as a function of time by analyzing

whether any point on the drill tip is inside the workpiece.

We have adapted the formulations proposed by Lazar et al. [65] to calculate
the angles on the cutting edge of the drill in Chapter 4.

The point angle is the angle between the cutting edge and the axis of the
drill. The double-point angle drill has two individual angles for the two stages of
the main cutting edge. The measurements taken with the digital microscope are

shown in Equation A.5.

67.5° ifo<r<r
o(r) = = AP (A.5)

45° if rap <r <rpc

Here, rap is the radius of the primary cutting edge region AB, rpc is the
secondary cutting edge region BC, rop is the drill margin region CD, and 6 is

the point angle.

The web angle is the angle between any point on the cutting edge and the
projection of the cutting edge up until that point on the plane perpendicular to

the axis of the drill. The Equation A.6 can be used to calculate the web angle.

50° fo<r <Toa
B(r) = . (A.6)

arctan (%;) if roa<r<rpc
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Here, [ is the web angle, x is the projection on the perpendicular plane, y is

the point on the cutting edge, and w is the web thickness.
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Figure A.2: Angle measurements: (a) Point angle. (b) Web angle.

The cutting angle is calculated by equation A.7.

p(r) = {arctan (ﬁfr) if 0 <r <rpc (A.7)

Here, f is the feed, r is the drill radius, and p is the cutting angle.

The inclination angle can be calculated with Equation A.8.

i(r) = {arcsin (sin(B) cos(p) sin(#) + sin(p) cos(9)) if 0 <r < rpc (A.8)

The orientation of the angle on the rake face of the cutting edge is called the
normal rake angle. The normal rake angle on the cutting edge can be calculated

using Equation AA.9.

tan(6;) cos(B) aretan sin((3) cos(f) — sin(f) tan(p)
Sin(0) — cos(6) tan(6) sin(ﬁ)) ’ ( cos(B) )
(A.9)

ay,(r) = arctan (
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0, is the local helix angle which can be calculated using Equation A.10.

0,(r) = tan™" (tan(H) X %) (A.10)

H is the reference helix angle measured at 25° and R is the radius of the drill.

Since the chisel edge has an angle concerning the axis of the drill the inclination
angle on the chisel edge region is not zero as seen in Figure A.1. As a result the
chisel edge section also has a static rake angle which can be calculated by Equation
A11.

tan(6) sin(¢) sin(6) ) (A.11)

048(7“) = arctan (sin(9) L tan(e) COS(Q) COS<77D)

Here, 6 is the point angle of the primary cutting edge, and v is the chisel edge

angle measured to be 125°.

The chip flow angle has been assumed to be equal to the inclination angle, i.
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Figure A.3: Angle measurements: (a) Inclination angle. (b) Normal rake angle.
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Indentation tests were performed to analyze the effect of chisel edge geometry
on the extrusion force generated during the drilling of CFRP laminates. The drill
was used to indent the thick CFRP laminate and the force data was measured
for indentation depths of 10 and 15 pym. The force vs displacement plots shown
in Figure A.4 suggested that with an increase in indentation depth, the force
increased suggesting higher extrusion forces being generated by the chisel edge

at larger feeds during drilling.
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Figure A.4: Indentation test of CFRP laminate using the chisel edge of the PCD
drill.
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