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ABSTRACT

Single-shot drilling of carbon fiber-reinforced polymer/titanium
alloy stacks in aerospace applications poses unique challenges.
The interaction between the cutting tool and the composite-
metal contact often leads to poor hole quality and increased
tool wear. The review extensively examines research achieve-
ments and developments in drilling CFRP/Ti stacks to compre-
hensively assess the impact of various machining settings on
hole quality. Contributing factors such as stack-up machining
thrust force, temperature, chip form and tool wear characteris-
tics are thoroughly investigated. Moreover, this article high-
lights manufacturing defects in metallic and composite panels
during drilling operations, contributing to a higher rejection
rate in the assembly process. Usually, the maximum delamin-
ation of 1 mm, diameter deviation of £30pum, burr height of
150 um, metal part’s surface roughness of 1.6 um and CFRP
part’s surface roughness of 3.2um are allowed in the aero-
space industry. Additionally, the research explores strategies
to mitigate manufacturing defects, including measures to limit
hole and tool damage. These tactics encompass tool structure,
machining environment, machining parameters and machin-
ing technology. On the whole, this review study aims to fill
the research gap regarding process enhancement and per-
formance evaluation of single-shot drilling of CFRP/Ti stacks in

aerospace applications.

Introduction

KEYWORDS
CFRP/Ti stack; delamination;
machining; surface analysis

The aerospace sector is increasingly using composite/metal stacked materials
in structural components and aiming to lower production and assembly
expenses (Cheng et al.,, 2017). Composite materials account for about 50% of
the weight of the structure of some commercial aircraft, like Boeing 787 and
Airbus 350. The majority of these are built up of carbon fiber- reinforced
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polymer (CFRP), with roughly 15% made of Ti alloys (Kuo et al., 2018).
There are primarily three stack panels used in big passenger aircraft (Boeing
787 and COMAC C919) such as CFRP/AIl, CFRP/Ti and CFRP/CFRP. The
CFRP/Ti stack is the most complex to machine among these three (Isbilir
and Ghassemieh, 2013).

Fiber metal laminates (FMLs) were developed because standard materials,
such as aluminum, do not have the fatigue crack resistance required to
withstand huge strain in aeroplane sections such as the fuselage. The ability
to improve some noticeable characteristics without considerably raising the
total weight is the advantage of FML setups (Ramulu et al., 2001;
Brinksmeier and Janssen, 2002; Kim and Ramulu, 2007; Xu et al,, 2016).
Combining metals and composites in FMLs addresses the limitations of
metals in corrosion resistance and fatigue strength, and composites in
impact strength, bearing strength and reparability (Sinmazgelik et al., 2011;
Pawar et al, 2015). FMLs can be made by using adhesives like epoxy to
join thin sheets of metallic alloy and composite materials (Ad Vlot, 2001;
Giasin et al., 2020). The fuselage, skin and wing parts of an aeroplane are
currently made of CFRP-metal layers, and the composite is usually placed
on top of the metal (Zitoune et al., 2010). Since CFRP/Ti stacks have a
density of roughly 4g/cm® and yield strength up to 830 MPa, they offer a
high strength-to-weight ratio (Park et al., 2014). Sinmazcelik et al. grouped
FMLs into categories based on the metal utilized, such as titanium-based,
aluminum-based and magnesium-based (Sinmazgelik et al., 2011). Because
of their excellent performance under impact and at high temperatures,
CFRP/Ti stacked laminates are the most preferred choice among the avail-
able FMLs (Isbilir and Ghassemieh, 2012).

Titanium (Ti) alloys are lightweight metallic materials with high specific
strength, great corrosion resistance, great biocompatibility and extraordin-
ary characteristics at high temperatures (Ezugwu and Wang, 1997; Hong
et al., 2001). They are used in many sectors, such as surgical implantation
(Hatamleh et al., 2018), the aerospace sector (Lopez De Lacalle et al., 2000)
and marine applications (Gorynin, 1999). The aerospace industry uses the
Ti alloy called as duplex alpha-beta alloy (Ti6Al4V). Over half of all titan-
ium alloy manufactured worldwide is Ti6Al4V (Arrazola et al., 2009),
because of its ability to build lightweight structures at elevated temperatures
above 600°C (Lopez De Lacalle et al, 2000). Ti6A14V titanium alloy is
prepared by solution treatment and age hardening, after which it will have
a Rockwell C hardness value of 39 (HRC = 39) (Budinski, 1991). But its
low thermal conductivity and low thermal plastic instability result in
extreme temperatures while drilling. The temperature can easily surpass
1000°C at the cutting edge because of its low thermal conductivity
(Hartung et al., 1982; Zhang et al., 2008), which can significantly decrease
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the mechanical integrity (stiffness, strength and hardness) of the cutting
tool. The elevated temperature also leads to the welding of workpiece, with
cutting edges of the tool material due to its high adhesion tendency, which
generates built-up edge (BUE) (Li et al., 2007; Rahim and Sharif, 2007). It
is also regarded as a tough-to-cut material because of its poor processability
and machining quality (Li and Shih, 2007; Caliskan and Kii¢tikkose, 2015;
Liang et al., 2015). (Hartung et al,, 1982; Narutaki et al., 1983; Machado
and Wallbank, 1990; Berger et al., 1998; Klocke and Krieg, 1999; Park
et al., 2014). Adhesion (or attrition) wear (Trent and Wright, 2000) occurs
when Ti-adhesion occasionally detaches from the tool, peeling off the tool
material pieces (Yang and Richard Liu, 1999; Sharif and Rahim, 2007),
which causes tool failure due to chipping and premature failure (Sharif and
Rahim, 2007; Zhang et al., 2008).

CFRPs are intended to replace traditional metallic materials gradually
because metals cannot be completely replaced at the moment (Tyczynski
et al,, 2014). Though there are many special CFRP-metal stacks that have
appeared in a variety of products (Zhang et al., 2015), the useful ones for
structures are CFRP/Ti and CFRP/AI stacks (Cheng et al., 2017). Some sali-
ent mechanical and physical properties of CFRP are its light weight (Singh
et al, 2013; Stocchi et al, 2013), better modulus of elasticity than steel,
excellent strength-to-weight ratio, low density, high fatigue strength (Altin
Karatas and Gokkaya, 2018; Sorrentino et al., 2018; Xu and Zhang, 2018;
Aamir et al,, 2019; Xu et al., 2022), low coefficient of thermal expansion,
low impact resistance, excellent corrosion resistanceand strong electrical
conductivity (Uhlmann et al., 2016; Aamir et al., 2019). Principally, fibers
govern the strength of the composite material (Mathavan and Patnaik,
2020; Saracoglu and Yapici, 2020). Metals are generally used in aircraft
structures to construct multi-material composite parts with outstanding
chemical and physical qualities such as high hardness, low density and
superior strength-to-weight ratio (Impero et al,, 2018; Prisco et al., 2019;
Yasar et al., 2021). However, due to the heterogeneous architecture and
anisotropic behavior of CFRP composites, machining is likely to result in
significant geometrical flaws and subsurface damage (Gaugel et al., 2016;
Che et al.,, 2014). Furthermore, because the reinforcing fibers are abrasive
and hard, the drill edge-composite interface experiences high friction,
which leads to stress accumulation at the drill edges and causes edge
rounding or microchipping (Rawat and Attia, 2009; Wang et al., 2013).
Anisotropy, abrasion resistance and heterogeneity increase the difficulty of
cutting mechanisms in CFRP composites, resulting in fiber pull-out, delam-
ination, fuzzing, spalling and thermal degradation (Abhishek et al., 2015).
Despite much research conducted on CFRP cutting mechanisms (Calzada
et al, 2012; Qi et al., 2015; Anand and Patra, 2017; Li et al, 2019;
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Liu et al., 2018), burr formation mechanisms, delamination (i et al., 2018;
Geier et al., 2019; Geng et al.,, 2019), drilling environment and influences of
cutting parameters (Campos Rubio et al., 2008; Wang et al.,, 2017; Anand
and Patra, 2018; Qiu et al.,, 2018), CFRP machining remains an expensive,
difficult-to-plan and time-consuming technology (Wang et al., 2013).

Stacking metal and fiber sheets together using bolts is the most conveni-
ent manner of mounting/dismounting them during repair or maintenance
activities (Shyha et al., 2011), which makes drilling holes an important
machining process for stack-up material. Drilling is a conventional machin-
ing procedure used in aerospace constructions to create round holes of
varying sizes and depths, and the most common shape of holes in the avi-
ation sector is drilled with countersinking (Falconieri and Franco, 2015).
CFRP/Ti6Al4V stack holes are typically made in a single-shot drilling oper-
ation (Li et al., 2022) in order to reduce processing time and positioning
error (Soo et al., 2019; Mahdi et al., 2020). To produce high-quality drilling
results, the machining parameters must be carefully chosen. This is a diffi-
cult task in CFRP/Ti6Al4V stacks drilling since the optimal conditions for
CFRP are not beneficial for Ti6Al4V and vice versa. Cutting conditions
that include modest feed rates (0.05mm/rev) and lower cutting speeds can
produce better results in both metal and composite panels (Park et al,
2014; Xu et al., 2016). Because of the varied characteristics of CFRP/
Ti6Al4V stacks, many processing errors could emerge from the stack up
drilling process than from single-material drilling (Rodriguez et al., 2021).
It has been found that four different cutting mechanisms are engaged in
removing material from CFRP composites while drilling: (i) for the parallel
fiber cutting relation (i.e., = 0°), the buckling-dominated mode, (ii) for the
forward fiber cutting relations (i.e., 0°<90°), the shear-dominated mode,
(iii) for the vertical fiber cutting relation (i.e., = 90°), the crushing-domi-
nated mode and (iv) against fiber cutting relations (i.e., 90°<.<180°) the
bending-dominated mode (Wang et al., 1995; Iliescu et al., 2010; Ben
Soussia et al., 2014; Xu et al., 2019). Besides the effect of fiber orientation,
the radius of the cutting-edge also has a substantial impact on composite
drilling mechanisms because the size impacts their performance when the
radius of the cutting-edge exceeds the nominal depth of cut (Shu et al,
2021). Figure 1 shows the overview of all the considerable factors while
performing single-shot drilling of a CFRP/Ti panel.

The primary scope of this study is to provide a comprehensive analysis
of single-shot drilling of carbon fiber-reinforced polymer/titanium (CFRP/
Ti) stacks by addressing critical challenges in the industry and proposing
potential solutions. The three major objectives of the article are as follows.
First, analyzing the key characteristics of CFRP/Ti stacks used in the aero-
space industry, emphasizing their influence on drilling performance and
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Figure 1. Overview of stack up drilling of CFRP/Ti panel.

evaluating common defects using performance indicators such as tempera-
ture generation, drilling forces, chip formation and tool wear. Second, review-
ing key experimental findings to identify their impact on hole quality in
single-shot drilling processes for CFRP/Ti stacks. Third, investigating
advanced technologies and machining strategies aimed at mitigating defects,
minimizing hole damage, improving surface finish and providing practical
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recommendations for aerospace manufacturers and researchers to select opti-
mal strategies for precision drilling of CFRP/Ti stacks. Accordingly,
this review article is targeting to fill the research gap regarding process
enhancement by mitigating damage formation using advanced techniques in
single-shot drilling of CFRP/Ti stacks in aerospace applications through per-
formance evaluation.

Performance indicators when drilling stack materials

Evaluation of drilled-hole quality in the aircraft industry encompasses vari-
ous online and offline parameters to ensure optimal drilling performance
and minimize drilling-induced damages. The mechanical forces and heat
generated during CFRP/Ti drilling govern the material removal process,
significantly influencing the quality of machined holes and the progression
of tool wear. These thermo-mechanical effects often result in severe damage
to the interface area and the machined CFRP surface, including interface
delamination, titanium burr intrusion into the composite phase, scratches
from sharp titanium chips on the CFRP holes and high-temperature abla-
tion of the CFRP matrix (Jebaratnam and Hassan, 2024; Jebaratnam,
2025). Offline parameters include delamination, burr height formation,
hole surface roughness, hole size deviation and hole circularity error. These
parameters are evaluated post-drilling to assess the quality of the drilled
holes (Franz et al., 2022). Additionally, monitoring and assessing methodol-
ogies for online parameters such as chip formation, tool wear, drilling
forces and drilling temperatures are essential for real-time feedback during
the drilling process (Panchagnula and Palaniyandi, 2018). These compre-
hensive evaluations and monitoring techniques are critical for maintaining
high-quality standards in aerospace assemblies and minimizing structural
integrity issues caused by drilling operations. In this section, the online
parameters will be discussed in detail.

Cutting temperature

One of the main factors restricting the process parameters while drilling a
CFRP/Ti stack is the high cutting temperature produced (Pecat and
Brinksmeier, 2014; An et al., 2020). The low heat conductivity of the fiber/
matrix makes it easy to attain excessive machining temperatures, which is
also likely to cause the composite matrix to go through the glass transition,
degrading the composites” qualities (Geier et al., 2021). Khashaba et al. (2010)
and Lee et al. (2019) mentioned that FRP composites have a relatively low
thermal conductivity (GFRP = 0.59 W/m°C and CFRP = 0.912W/m°C)
in comparison to aluminum (= 210 W/m°C), steel (= 53 W/m°C) and brass
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(= 109 W/m°C) . As a result, the heat produced during drilling cannot be
efficiently transmitted to the outside and instead interferes with the drilling
process. Drilling FRP composites causes the machined surface to soften and
then re-solidify, increasing the buildup of stress that encourages localized
crack development and propagation while reducing the capacity of the drilled
holes to support loads (Khashaba and El-Keran, 2017). According to Rawat
and Attia, low damage is caused by the workpiece’s reduced rigidity and
therefore reduced thrust force as drilling temperature rises (Rawat and Attia,
2009). Hocheng et al., however, presented that the polymers’ static friction
coefficient rises and they become more ductile when the temperature increase
is significantly higher than their glass transition temperature (T,) (Hocheng
et al., 1993). Cong et al. (2012) mentioned that thermal fracture and resin
deterioration occur at temperatures exceeding the T, of the resin matrix,
which is around 180 °C. The cutting blades of the rotating drill spread the
ductile material across the hole wall surface, which results in surface irregu-
larity (Khashaba and El-Keran, 2017). Delamination, surface roughness and a
decrease in fatigue strength in machined CFRP components are some
unavoidable results of this (Geng et al., 2020). The hardness and elastic
modulus of CFRP specimens drilled at temperatures above T, were signifi-
cantly lower than those drilled at temperatures near to T, (Merino-Pérez,
Royer, et al., 2015; Merino-Pérez, Hodzic, et al., 2015).

Moreover, it was observed that employing high feed rates and low cut-
ting speeds when machining CFRP can help decrease cutting temperatures
by preventing matrix burning at hole edges, resulting in a smoother surface
produced by the fibers (Rawat and Attia, 2009; Boccarusso et al., 2019). It
is also noted that the drilling temperature rises as the feed rate is increased
when machining CFRP/Ti6Al4V stacks and when the speed grows, it
increases rapidly (An et al, 2020). It shows that the drilling speed has a
greater influence than the feed rate on drilling temperature. Heat generated
during drilling of the titanium alloy transfers to the CFRP plate through
the chips, causing a rise in the CFRP plate’s temperature (Li et al., 2022).
While drilling CFRP alone, however, the situation is reversed. Temperature
tends to drop as feed rate increases (with the same spindle speed) because
increasing feed rate reduces contact friction between the surface being
machined and the tool that causes temperature reduction (Li et al., 2022).
Also, broken CFRP chips are easily evacuated, and the heat that the chips
absorb also rises as drilling thickness is increased, despite the fact that this
may increase cutting energy and temperature (Li et al., 2022).

When drilling a CFRP/Ti stack in the CFRP — Ti sequence, the high-
temperature ribbon chips from Ti6Al4V drilling may scratch the CFRP
hole wall during chip removal (An et al, 2021). As a result, serious
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scratches and resin burns are produced on the CFRP hole wall and the
hole quality is reduced (Li et al., 2019). When machining CFRP/Ti from
the Ti6Al4V side, the machining temperature surpasses the vitrification
temperature of the resin, accelerating fiber-resin debonding and fiber pull-
out and resulting in surface pits (An et al., 2021). An et al. mentioned that
the maximum temperature generated when machining a CFRP panel is
133°C which is below T, of CFRP, and then it increased quickly to
347.2°C when drilling the Ti6Al4V phase as shown in Figure 2 (An et al,,
2020). A high quantity of heat is created in the Ti6Al4V drilling process
when the drilling sequence is Ti—CFRP (336 °C), and it reduces once the
drill bit starts to enter the CFRP region as shown in Figure 2. But until
halfway through the CFRP phase, the temperature was above the T, of the
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Figure 2. Temperature variations over time during the drilling of CFRP/Ti stacks with various
drilling sequences: (a) CFRP — Ti, (b) Ti — CFRP (An et al., 2020).
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resin (An et al,, 2020). Therefore, the elevated cutting temperature would
severely thermally damage the hole-wall, particularly at the metal composite
interface (MCI) region (An et al., 2021). Furthermore, because of the
absence of backing at the exit of the CFRP panel, cutting imperfections
such as splitting and delamination are extremely common in this sequence
(Faraz et al., 2009). Sato et al. discovered that when machining the
Ti6Al4V panel, the temperature increased to 745°C from an initial tem-
perature of less than 95°C for the CFRP layer in the CFRP — Ti sequence.
When drilling at the Ti—CFRP sequence, the temperature was less than
170°C at first, rising to 695°C after the drill reached the interface zone
(Masahiko et al., 2016). Brinksmeier et al. observed while drilling Al/CFRP/
Ti stacks that, at a speed of 40 m/min and a feed rate of 5mm/min, the
drill bit’s rake face registered temperatures of 90°C when drilling the Al
layer, 190 °C when drilling the CFRP layer, and 350 °C when drilling the Ti
layer (Brinksmeier et al., 2011).

It can be said that high cutting temperatures during CFRP/Ti drilling
significantly impact the process and machined surface quality. The low
thermal conductivity of CFRP causes excessive heat buildup, leading to
matrix degradation, delamination and surface damage, especially when tem-
peratures exceed the glass transition temperature (T) of the resin. Drilling
sequences influence thermal effects in a way that Ti—CFRP generates high
temperatures in the Ti phase, causing resin debonding and fiber pullout,
while CFRP—Ti can lead to resin burns and scratches on CFRP walls. Feed
rates and cutting speeds also affect temperature; higher feed rates increase
the temperature in CFRP/Ti stacks. Elevated temperatures near the metal-
composite interface result in severe thermal damage, and the absence of
backing exacerbates defects like delamination at CFRP exits. Using opti-
mized parameters, such as low speeds and high feed rates, damage can be
reduced and hole quality can be improved.

Thrust force

The cutting force is a function of the geometry of the tool and the friction
between the tool and the workpiece (Luo et al., 2016; Khashaba, 2018). The
importance of cutting CFRP/metal lies in the tool’s distinct design, where mul-
tiple cutting edges can engage with the same material concurrently, and a single
cutting edge may interact with both CFRP and metal simultaneously.
Consequently, during combined machining, the forces acting on different cut-
ting-edge components vary significantly and fluctuate continuously (Jayabal
and Natarajan, 2010; Zitoune et al., 2010).

Thrust force is a key metric for assessing the machinability and power
usage of different composite/metal stacks during drilling. It impacts hole
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quality and tool wear, making it an important indicator in machining oper-
ations (Faraz et al., 2009; Montoya et al., 2013; Wang et al., 2013; D’Orazio
et al., 2017). Experiments were conducted on hole quality to determine the
impact of the drilling parameters and tool materials on CFRP/Ti stacks
drilling (Ramulu et al., 2001; Kim and Ramulu, 2004, 2007; Sushinder
et al., 2015) and on Ti/CFRP/AI stacks drilling (Shyha et al., 2011) by vari-
ous researchers. Typically, the titanium phase’s thrust forces are greater
than those observed in the composite phase. The titanium alloy is
machined with chips that are split due to elastoplastic deformation and
have continuous, irregular shapes, which results in significant resistance for
chip evacuation and consequently large force magnitudes (Xu, El Mansori,
Chen, et al., 2019; Xu, El Mansori, Voisin, et al., 2019). On the other hand,
the CFRP panel undergoes chip removal primarily through brittle fracture,
which creates powdery chips and results in thrust forces that are much
smaller (Xu et al., 2020).

When drilling composite/titanium stacks, a rise in tool feed causes a rise
in thrust force as shown in Figure 3a and 3d (Xu, 2016). This is because,
when feed rises, the volume of the discharged material increases, increasing
the cutting forces (Boutrih et al.,, 2022). Cutting speed has minimal impact
on thrust force in both phases, as shown in Figure 3b and 3c. Contrarily,
Prabukarthi et al. claimed that achieving a lower thrust force at a greater
feed rate was possible since drilling at high feeds causes the material’s elas-
ticity to diminish due to the rise in temperature in the cutting zone.
Merino-Pérez et al. concurred that cutting at temperatures above T, of the
matrix reduces the composite’s elastic modulus, which in turn reduces the
maximum thrust force (Merino-Pérez et al., 2016). Opposite results were
also recorded that lower feed rate can result in higher thrust force
(Mouleeswaran et al., 2011). Xu et al. said that the effect of cutting speed
on thrust force in both CFRP and Ti phases is lower in either the CFRP —
Ti or Ti — CFRP sequence (Xu, 2016). An et al. (2020) mentioned that the
thrust forces increased up to 480N in the CFRP — Ti sequence due to
chip blockage, while the thrust force in the Ti — CFRP sequence reached
only up to 280N. Xu and Mansori mentioned that the thrust forces
increased up to 700N —900N in CFRP — Ti sequence, while in the Ti —
CFRP sequence it ranged between 600N and 800N (Xu and El Mansori,
2016). Sushinder et al. (2015) said that greater resistance to plastic deform-
ation during Ti6Al4V drilling produced higher torque and thrust force at
lower cutting speeds. Torque and thrust force decline when greater cutting
speeds are used because of the thermal softening that takes place and is
exacerbated by the extremely low thermal conductivity of titanium alloys
(Sushinder et al., 2015).
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Compared to unidirectional CFRP (UD-CFRP), multidirectional CFRP
(MD-CFRP) encourages stronger forces in both longitudinal and transverse
directions because MD-CFRP, as opposed to UD-CFRP, has increased
strength in both directions, which leads to cutting resistance for chip
breakage (Boutrih et al, 2022). The majority of fiber fractures that occur
when cutting along the fiber orientation produce a strong thrust force and
need a lot of energy. The fiber is vulnerable to bending fracture when cut
directly across its orientation, which causes the fiber to separate from the
matrix (Bonnet et al., 2015; Li et al., 2022). The heat transmission effective-
ness along the fiber direction is also higher for UD-CFRP (Liu et al., 2014),
and the fracture propagation is quicker along the fiber orientation (Ke
et al., 2005).

Ti6Al4V alloy sheet assembled with UD-CFRP using adhesive (PUDC),
using autoclave joining method (PUDA) and using autoclave joining
method with MD-CFRP (PMD1)

When it comes to the effect of tool geometry on thrust force, Wika et al.
found that, because of its increased helix angle and ample flute volume for
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Figure 4. Geometrical features of different drill bits used to drill CFRP/Ti stacks (a) Two-flute
drill (Wika et al., 2011). (b) Brad point drill (c) Double point drill (d) Step drill (Rodriguez et al.,
2023) (e) Twist drill (f) Candle stick drill (Kim et al., 2015).

chip removal and heat dissipation, the two-flute drill bit is effective in
(Figure 4a) offering the least cutting temperature and the lowest cutting
force (Wika et al., 2011). Rodriguez et al. (2023) mentioned that brad point
drill effectively cut CFRP/Ti6Al4V stacks. In this case, as shown in
Figure 4b, the center point and two peripheral cutting edges produce a
180°-point angle. These side cutters drilled composites with less thrust
force and delamination, thanks to the center 140°-point angle (Rodriguez
et al., 2023). They further mentioned that double-point angle drilling also
lessens the thrust force due to the smaller point angle in the initial stage of
the tool, as can be seen in Figure 4c. This is because the enhanced chip
breakability of twin cutting edges is achieved by altering the chip flow dir-
ection, which is promoted by having double cutting edges (Rodriguez et al.,
2023). As a result, the broken chips can be efficiently removed from the
drilling area without causing any obstruction to the process. Qiu et al.
found that the maximum thrust force produced by the candlestick drill
(Figure 4f) for drilling CFRP layers is 39.4% and 17.4% less and for drilling
titanium alloy is 12.9% and 16.6% less compared to the twist drill
(Figure 4e) and double-point angle drill, respectively. The outer edge tip
configuration and the secondary cutting edge featuring a smaller point
angle can both help reduce the thrust force in a candlestick drill (Qiu
et al., 2021). When machining CFRP/Ti stacks, it was discovered that the
point angle, helix angle and cutting-edge length all played significant roles
in impacting thrust force (Kim et al.,, 2015). By using a smaller helix angle
(30°), smaller point angle (135°) and a shorter chisel edge, the thrust force
may be decreased (Ashrafi et al., 2013; Senthilkumar et al., 2018).

Thrust force during CFRP/Ti stack drilling is influenced by tool geom-
etry, feed rate, cutting speed and material properties. Titanium phases pro-
duce higher thrust forces due to elastoplastic deformation, while CFRP
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phases experience lower forces from brittle fracture. Increasing feed rate
generally raises thrust force by removing more material, though higher cut-
ting speeds reduce thrust due to thermal softening, particularly in titanium
alloys. Tool geometry significantly impacts thrust force; designs like two-
flute, brad point and candlestick drills improve chip evacuation, reduce cut-
ting forces and minimize delamination. Multidirectional CFRP generates
stronger forces than unidirectional CFRP due to higher strength in multiple
directions.

Chip formation

The most significant component for the quality of a drilling operation is
chip form. If the chips are well broken, the drilling operation will be
smooth. Because of their high abrasive properties, CFRP chips are frag-
mented into tiny dust particles during drilling CFRP/Ti stacks. As the drill
moves from CFRP to Ti alloy, a continuous chip of titanium is produced
because ductile materials typically generate continuous chips rather than
breaking during drilling. Continuous chips are classified under spiral chips,
string chips and ribbon chips depending on their chip formation methods,
as shown in Figure 5. The primary cutting edge’s varying cutting speeds
cause the chip to bend and form a curl chip before rotating continuously,
resulting in the spiral chip (Qiu et al., 2021). The structural design of a spi-
ral chip allows it to rotate on its own axis as it ascends when the drilled
hole is shallow (Ke et al., 2005). When the chip-holding groove and hole
wall impede the chips, string chips are produced. These chips cannot be
removed from the hole smoothly (Qiu et al., 2021). Ribbon chips are
formed in the following way. Cutting temperature rises as drilling depth
increases due to the accumulation of cutting heat. Friction between the
hole wall and the drill groove at this point makes the entire chip longer
and hinders chip discharge (Zhu et al., 2018). The chip deforms when it
strikes the groove due to the large spiral radius that causes it to flow out of
the rake surface. The chip then makes contact with the hole wall and is
subjected to resistance, resulting in the formation of the ribbon chip. This
is the chip that increases the roughness of the Ti surface. The most chal-
lenging of the three types of chips to discharge outside the hole is the com-
pressed string chip (Qiu et al., 2021), and it has the highest temperature
(Brinksmeier and Janssen, 2002). Senthilkumar et al. mentioned that the
chip shape for the first 40 holes was spiral cone, which was simpler to
expel. As wear increases from 40 to 70 holes, the spiral cone’s length
decreases and the bending action begins to work, producing ribbon chips
of various lengths. The chips’ inability to rotate around their own axis is
the cause of this. After 70 holes, the wear turns serious, causing the thrust
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A) Spiral B) Folded long ribbon C) Squeezed string

Figure 5. The micro and macro morphology of chips formed while drilling CFRP/Ti (Qiu et al.,
2021).

force to quickly increase. As a result, the chip’s thickness decreases and the
pitch begins to increase, and therefore, lengthy ribbon chips are formed,
which are detrimental in terms of chip removal and hole surface smooth-
ness (Senthilkumar et al., 2013). In terms of feed rate, when drilling under
low feed rate, long, ribbon-like titanium chips were generated and tended
to tangle around the drill body. This phenomenon can have several nega-
tive effects. First, it leads to significant abrasion and erosion on the drilled
hole surfaces, resulting in a deteriorated surface finish. Secondly, it
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increases the likelihood of premature tool failures, such as micro-chipping,
edge fractures, or coating delamination (Xu and El Mansori, 2016). At low
feed rates (0.02 mm/rev), the section modulus of the chip in bending is
small. Consequently, the spiral continuous chips easily compress and bend
against the friction of the hole wall, resulting in the formation of folded
continuous chips (Zhu et al., 2018).

However, when the feed rate is increased (0.08 mm/rev), the Ti chips
break into smaller segments by the friction of the hole wall, resulting in
chip blockage. This is because the force imposed on the chip by the hole
wall is larger than the force applied by the cutting edge and chip-removing
groove (Pecat and Brinksmeier, 2014; Xu, El Mansori, Voisin, et al., 2019)
as the surface of CFRP hole walls tends to be rougher compared to that of
metals. There are axial and tangential friction stresses on the hole wall dur-
ing chip removal (Mellinger et al, 2002). Fresh chips are regularly pro-
duced at the drilling area during drilling operations, which are distorted
and crumpled due to the obstruction of hindering chips. The compressed
chips will be pushed out of the hole when the friction on the hole wall is
no longer able to further compress the chips (Li et al., 2022). In contrast,
the impact of cutting speed on chip breakability is minimal, with the Ti
chips generally maintaining the same length and type regardless of changes
in cutting speed and therefore not having any impact on hole quality (Xu
and El Mansori, 2016). Additionally, at higher cutting speeds, chips were
wound more tightly with greater kinetic energy, which facilitated chip
breaking (Wei et al., 2016).

Tool geometry is also important in chip morphology, and the length of a
spiral cone chip can serve as a measure to evaluate the difficulty of chip
removal. Shorter chips are desirable, with tighter helix chips providing a
better surface finish. Senthilkumaran et al.’s studies show that chip creation
is the same for 130° and 118° point angle drills (Senthilkumar et al., 2013).
Qiu et al mentioned that in a candlestick drill, the chip created by the
main cutting edge and the point structure splits into two separate parts. As
a result, the chip width from the main cutting edge of the candlestick drill
is narrower than that of twist drills and double-point angle drills. This nar-
rower chip width facilitates efficient chip removal, minimizing damage to
the hole wall and reducing the likelihood of entry into the CFRP layer
(Qiu et al., 2021). Further, when using a twist drill for the drilling process,
the primary chip produced from the titanium alloy is a string chip. For
feed rates below 0.08 mm/rev, both the double-point angle drill and the
candlestick drill generate ribbon chips. However, at a feed rate of 0.12 mm/
rev, string chips are formed for both the double-point angle drill and the
candlestick drill as shown in Figure 6 (Qiu et al., 2021). Additionally, chips
generated by the multi-facet drill tended to be straighter due to its smaller
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Figure 6. Different chip morphologies obtained using various tools in CFRP/Ti stack drilling
(Qiu et al., 2021).

secondary point angle. As the feed rate increased, the chips from this drill
formed a spiral tower, increasing their stiffness and making them easier to
break. In contrast, the brad spur drill, which features three drill tips, was
less effective at winding chips. As a result, the chips produced were rela-
tively flat and more difficult to break (Wei et al., 2016).

Regardless of whether the drilling sequence is CFRP to Ti or Ti to
CFRP, the chip-breaking performance improves as the feed rate rises; how-
ever, cutting speed has no effect on chip shape (An et al., 2020). On the
other hand, regular spiral-shaped chips are obtained when drilling the Ti
— CFRP sequence, but irregular, shorter and compressed -shaped chips are
obtained when drilling the CFRP — Ti sequence (An et al., 2021) as shown
in Figure 7. Moreover, the rubbing between the Ti6Al4V chips and the
CFRP hole surface not only complicates chip removal but also leads to
blockages in the spiral groove (An et al., 2020).

The quality of drilling operations in CFRP/Ti stacks heavily depends on
chip morphology, as well-broken chips ensure smoother operations. CFRP
generates fragmented, dust-like chips due to its abrasive nature, while titan-
ium produces continuous chips (spiral, string, or ribbon) influenced by cut-
ting conditions and heat. Spiral chips are easier to expel, while ribbon and
string chips, particularly compressed string chips, are more challenging to
remove and result in higher temperatures and surface roughness. Tool
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Figure 7. Various chip morphologies produced at a cutting speed of 10 m/min and a feed rate
of 0.06 mm/rev under different drilling sequences: (@) CFRP — Ti, (b) Ti — CFRP (An et al,
2020).

wear increases chip length and alters chip formation, with ribbon chips
dominating as wear progresses. Tool geometry significantly impacts chip
morphology in a way that candlestick drills create narrower, more manage-
able chips than twist drills. While higher feed rates improve chip-breaking
performance, cutting speed has little impact. Further, challenges in chip
removal occur especially in CFRP — Ti drilling due to friction-induced
blockages in the hole.

Tool wear

Wear refers to the erosion of material from a solid object’s surface due to
the mechanical action of another object. Wear can associate the impacts of
many chemical and physical processes, such as plastic deformation, micro-
plowing, micro-cutting, fracture, melting, welding, cracking and chemical
contact, during friction between two materials. Tool wear typically occurs
rapidly when tools are new, but it slows down as more holes are drilled
(Unai et al., 2019). This is because there is an increase in the contact area
between the tool and the work material in the thrust direction, and the cut-
ting edge gradually becomes rounded (Park et al., 2011; Pramanik and
Littlefair, 2014).
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Tool wear on drills includes crater wear, flank wear, chisel edge wear
and chipping (Park et al., 2011). When the rake face is worn down by chip
contact, this is known as crater wear. Till it develops severe enough to
result in a cutting-edge failure, the utility of a tool is not significantly
diminished. It can be caused by a high feed rate or a low spindle speed,
and in orthogonal cutting, this often happens when the temperature of the
tool is high. At about the same height as the material’s cutting depth, crater
wear starts to appear (Senthilkumar et al., 2013). Flank wear is commonly
unaffected by spindle speed due to abrasion, which is the friction between
the freshly drilled workpiece surface and the contact region on the tool
flank (Senthilkumar et al., 2013). In other words, the portion of the tool in
contact with the finished part erodes. Wear progression occurs largely on
the flank face while drilling CFRP-Ti stacks, with a rate roughly twice that
of edge wear because of abrasion on the flank surface (Park et al., 2014).
When the flank wear reaches a maximum value of 200 um, the tool life
ends (Dahnel et al., 2020). Local wear quantity (LWQ) is a more pertinent
measure for characterizing tool wear when flank wear and edge rounding
coexist (Wika et al., 2011; Montoya et al., 2013). Chisel edge wear in a drill
is the term used to describe wear to a drill bit'’s outside edge surrounding
the cutting face due to the cutting speed. It goes down the drill flutes and
must be addressed by removing a significant amount of material from the
drill bit. The relief angle and feed rate also influence chisel edge wear.
Lower relief angles are not suggested since they contribute significantly to
chisel edge wear, and higher feed rates cause the wear to increase
(Senthilkumar et al., 2013). Chipping wear causes an unprecedented break-
down early in the tool’s life, resulting in the failure mode. Chipping wear is
exacerbated by mechanical difficulties such as machine spindle or compo-
nent fixture vibration. Harmonic vibrations at the cutting edge are
enhanced by a tool holder having a large cantilever condition. High loads
on the tool also induce chipping (Faraz et al., 2009; Senthilkumar et al.,
2013). A build-up edge (BUE) is a buildup of workpiece material on the
cutting edges, which may result from the adhesion because some substan-
ces have a propensity to weld to the cutting edge of the tool. It commonly
occurs on softer metals with lower melting points but can be prevented by
increasing cutting speeds and using lubricants.

Theoretically, multi-material drilling requires various tools, one that is
suited to composite and another that is suited to aluminum or titanium
(Rawat and Attia, 2009). For instance, PCD is preferable when drilling
CFRP, while carbide tools are used to machine Ti6Al4V (Pan et al,, 2014).
Kim et al. (2015) examined the quality of holes and the wear of tools when
drilling CFRP/Ti samples with PCD and tungsten carbide (WC) drills.
Since CFRP is anisotropic and will have confined responses to the same



MACHINING SCIENCE AND TECHNOLOGY 19

loads while metals are isotropic and will respond uniformly to all loads,
this can result in imperfections in the interior of the work-piece (Lazar and
Xirouchakis, 2011; Che et al., 2014). Solving the issue of tool wear during
single-shot drilling of stacked-up materials is therefore incredibly difficult
(Wang et al.,, 2017). At low speeds, drills made of PCD wear down one-
third less than drills made of WC; however, PCD drills are not usable on
CFRP/Ti stacks at increased speeds due to chipping (Park et al, 2011).
This rationale is grounded in cutting temperatures; when temperatures rise,
PCD undergoes graphitization and interacts with Ti6Al4V, creating a diftu-
sion effect on the edge, making it unsuitable for further machining
(Kerrigan and Scaife, 2018). When drilling CFRP/Ti stacks, drills with dia-
mond coating suffer from serious edge chipping at the chisel edge’s end.
This is due to the fact that, on the one hand, the coating’s addition
increases the chisel edges’ radius, aggravating the plowing action of chips at
the drill’s chisel edge zone and, on the other hand, the diamond coating’s
intrinsic brittleness causes an elevated susceptibility to fracture when cut-
ting the titanium alloy (Xu et al., 2020). The intrinsic brittleness of PCD
drills, along with the abrasive operations by the carbon fibers and inhomo-
geneity in the Ti microstructure, led to a large amount of cutting-edge
chipping (Xu et al., 2020). The primary problem with the carbide drills was
adherence, which completely covered the cutting edges (Wang et al., 2014).
But Ramulu et al. (2001) and Kim and Ramulu (2004) found that com-
pared to HSS-Co and HSS drills, the tool life of carbide drills is four times
greater. Despite the fact that serious tool wear problems specific to the
machining of CFRP/Ti6Al4V stacks exist, drilling CFRP and Ti materials in
a single shot is advantageous from an industrial perspective (Ramulu et al.,
2001; Brinksmeier and Janssen, 2002; Kim and Ramulu, 2004, 2007;
Vijayan et al., 2010; Zitoune et al., 2010; Park et al,, 2011; Shyha et al,
2011) in order to achieve tight tolerance for the post-mechanical assembly
and reduce positional mistakes (Xu, 2016).

Drilling parameters have an impact on the composite material’s mechan-
ical strength, as demonstrated by Krishnaraj et al. (2007). Higher cutting
speeds along with low feed rates are needed to drill brittle, hard materials
like CFRP, but low cutting speeds are preferable to minimize tool wear
when drilling titanium alloys like Ti6Al4V (M’Saoubi et al, 2015). The
main wear processes on the WC drill at high drilling speeds are abrasive
wear brought on by the hard, broken fibers and carbide grains and edge
micro-chipping. When drilling CFRP, the WC drill’s flank wear was greatly
impacted by cutting speed (Park et al, 2011). The right choice of (i)
enhanced and controlled process parameters (Geier et al., 2021), (ii) tool
coating (a thin diamond coating), (iii) cutting tool material (preferably
solid carbide with a smaller grain size and a higher cobalt concentration)
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(Wang et al.,, 2013) and (iv) the use of self-sharpening cutting tools (Byrne
et al., 2021) would allow tool wear to be reduced.

The overall wear volume post drilling of the CFRP/Ti stack almost
matches the combined wear volumes from flank wear during drilling of Ti-
only and edge rounding wear during drilling of CFRP-only, excluding
severe edge chipping in drilling Ti-only as shown in Figure 8. This is due
to the fact that while drilling CFRP only, edge rounding wear predomi-
nates, whereas when drilling Ti only, flank wear and edge chipping occur
(Wang et al., 2014). Dahnel et al. (2020) demonstrated that when drilling
CFRP/Ti stacks, the flank wear was 1038% larger than that of drilling Ti-
only. Wang et al. (2013) mentioned that the thrust force increases steadily
as more holes are drilled as a result of an increase in the tool-workpiece
contact zone in the thrust direction and due to edge rounding wear.
Moreover, while drilling a stack comprising Ti and CFRP, the tool’s life-
span extended approximately threefold compared to drilling Ti alone. This
occurred because, as depicted in Figure 9, the carbon fibers in the CFRP
layer brushed away the Ti adhesion and smoothed the cutting-edge during
drilling of the CFRP/Ti stack. This minimized edge chipping, which would
have otherwise happened while drilling the lower Ti layer due to the
removal of adherent Ti layers (Wang et al., 2014). The uneven loading
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Figure 8. Comparison of Flank wear and Edge rounding wear (LWQ) of the AITiN and nano-
composite coated drills at hole 40. (a) Flank wear and (b) Edge rounding wear (LWQ).

Figure 9. The SEM pictures of the drill cutting edges (a) near the chisel edge before and (b)
after, near the margin before (c) and after (d) drilling into the top CFRP layer when drilling
CFRP/Ti stack (Wang et al.,, 2014).
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environment on the cutting edge is caused by the Ti adhesion’s alternating
adherence and removal. As a result, while drilling a CFRP/T1 stack, individ-
ual (CFRP and Ti) plate drilling processes are not independent but rather
interact, and this kept the edges from chipping (Wang et al., 2014). Alonso
et al,, on the other hand, stated that adhesive and abrasive wear mecha-
nisms happen concurrently while drilling stacks, and the combination of
them favors quicker tool wear than cutting the components individually
(Alonso Pinillos et al., 2019). Park et al. explored CFRP/Ti stack drilling
using carbide and PCD tools (Park et al., 2011) and Ti/CFRP stack drilling
using WC twist drills (Park et al., 2014). Both of these studies emphasized
the cutting-edge abrasion caused by CFRP and adhesion caused by Ti on
tool cutting edges and flank faces.

The creation of titanium alloy chips and burrs frequently results in a built-
up adhesion layer on the cutting edges of the tool (Xu et al., 2020). Ti drilling
is commonly associated with adhesion because of its strong chemical attrac-
tion to most tool materials (Zhang et al., 2008). The application of coatings
such as titanium nitride (TiN) amplifies this effect (Hartung et al., 1982;
Berger et al., 1998; Klocke and Krieg, 1999). During the Ti phase of CFRP/Ti
drilling, when the cutting temperature rises sufficiently to trigger strong
adhesive attraction, the WC drill tends to become softer. This is because the
cobalt (Co) binder, responsible for binding the carbide grains together, soft-
ens, resulting in the WC drill also softening. Along with the abrasion caused
by the hard titanium alloy, the flank wear is also prolonged by the removal of
carbide grains from the cobalt binder as the titanium loses adhesion while
cutting through the CFRP in the subsequent hole. It was mentioned by
Komanduri and Reed that WC-Co with a low cobalt binder is better suited
for drilling titanium compared to grades with higher cobalt content
(Komanduri and Reed, 1983). The chemical reactivity of Ti rises with tem-
perature and in turn increases the quantity of Ti adherence (Senthilkumar
et al., 2013). Because significant Ti adhesion was not detected when drilling
CFRP-Ti stacks at moderate speeds due to decreased heat generation, but it is
clearly visible at high speeds due to greater heat generation (Park et al., 2014).
Adhesion occurred promptly upon commencing titanium drilling, rapidly
covering a significant portion of the flank surface, particularly at elevated
spindle speeds (Senthilkumar et al., 2013; Xu et al., 2020). BUE reduces the
sharpness of the cutting edge, and when these BUE break, the rate of chisel
edge wear is significantly accelerated, leaving cutting carbon fibers with a
“dull” edge at the hole entry (Xu et al., 2020). These problems are most obvi-
ous when the drill bit enters or leaves the CFRP and Ti layers (Gaugel et al.,
2016). Because of the abrasiveness and high hardness of the reinforcing fibers,
as well as the nonhomogeneous structure of the CFRP/Ti stack, rapid tool
wear progression is common (Faraz et al., 2009; Rawat and Attia, 2009; Wang
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et al., 2013; Celik et al, 2015; Xu and Zhang, 2018). Excessive tool wear
results in poor surface quality (Pecat and Brinksmeier, 2014).

Krystian et al. investigated drilling of CFRP/Ti stacks with three-flute
and two-flute drills, as well as with two helix angles of 20° and 40°. When
utilized at a higher feed rate, chipping of the primary cutting blade
occurred in drills with a higher helix angle. However, the drill’s cutting
edge is stronger and less prone to chipping when the helix angle is lower,
but it requires more cutting forces. Moreover, the two-flute drill bit, featur-
ing a wider flute volume for chip removal and heat dispersion, generated
the least cutting force and lowest cutting temperature compared to the
three-flute drill (Wika et al.,, 2011). In another investigation, when drilling
a CFRP/Ti stack, a 118° point angle drill exhibited higher chisel edge wear
and flank wear rate than a 130° point angle drill, as shown in Figure 10.
The increased chisel size on the tool flank leads to localized plastic deform-
ation, contributing to higher thrust forces. The cutting forces are increased
by plastic deformation because it increases the contact surface and, conse-
quently, the friction between the drill and the workpiece. This raises the
temperature of the tool and the workpiece at the cutting region. As a result,
the tool flank’s ductility improves (Senthilkumar et al., 2013). Garrick men-
tioned that, compared to typical PCD drills, K-land drills can extend tool
life and improve hole quality (Garrick, 2007).

The performance and wear behavior of drill bits in aerospace applica-
tions, particularly in drilling CFRP/Ti stacks, are strongly influenced by the
type of coating applied to the cutting tool. Various coatings—such as dia-
mond-like carbon (DLC), titanium aluminum nitride (TiAIN), titanium
aluminum chromium nitride (TiAICrN), aluminum titanium silicon nitride
(AITiSiN-G) and diamond coatings—offer different levels of wear resistance
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Figure 10. After drilling 70 holes, (a) Flank wear for 118° point angle drill (b) 130° point angle
drill (c) chisel edge wear for 118° point angle drill and (d) 130° point angle drill bit
(Senthilkumar et al., 2013).
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and chip adhesion characteristics under varying cutting conditions
(Jebaratnam, 2025).

Drill bits with DLC coatings commonly experience wear mechanisms
such as abrasion, edge rounding and localized chipping. Despite these wear
modes, DLC coatings generally provide good wear resistance due to their
hardness and low friction properties, making them suitable for drilling
composite materials like CFRP. They are particularly effective at reducing
flank wear, which is a critical wear type that affects tool life and machining
accuracy. TiAIN-coated drill bits exhibit wear in the form of abrasion and
tend to suffer from aluminum particle adhesion during the drilling of
CFRP/Ti stacks. The high cutting temperatures generated during drilling
exacerbate this adhesion, potentially leading to material buildup on the tool
edge and increased friction (Jebaratnam, 2025). Titanium aluminum chro-
mium nitride (TiAlCrN) and titanium silicon (TiSi) coatings offer higher
wear resistance and improved thermal stability compared to TiAIN. These
coatings demonstrate reduced chip adherence and better abrasion resist-
ance, particularly in challenging drilling scenarios where high temperatures
and friction are present. Diamond-coated drills are highly effective in
reducing wear, particularly flank wear, due to the superior hardness and
low friction of the diamond layer. These coatings are ideal for drilling
CFRP because they minimize delamination and tool wear. However, under
specific conditions—such as drilling with minimum quantity lubrication
(MQL)—diamond coatings can exhibit accelerated wear due to titanium
chip accumulation, which can lead to coating failure (Jebaratnam, 2025).

Flank wear is a primary indicator of drill bit wear and is commonly used
to assess tool life in aerospace applications. Studies indicate that DLC-
coated drills tend to exhibit less flank wear compared to TiAlN-coated
drills, highlighting the importance of selecting the right coating for each
specific machining environment. Diamond coatings, while generally excel-
lent at reducing wear, may still suffer from performance degradation under
certain lubricating conditions, particularly when titanium chips accumulate
on the tool surface. The interaction between CFRP and Ti layers in the
stack also plays a critical role in determining tool wear and performance.
For instance, the brushing effect of CFRP fibers on titanium fusion can
cause localized wear or surface damage, further accelerating tool wear and
reducing drill life (Jebaratnam, 2025).

Tool wear during drilling arises from mechanical and chemical interac-
tions, including abrasion, adhesion and chipping, influenced by tool mater-
ial, geometry and cutting parameters. Crater wear occurs on the rake face
due to high feed rates and low spindle speeds, while flank wear, driven by
abrasion, dominates during CFRP-Ti stack drilling. Chisel edge wear
increases with lower relief angles and higher feed rates, while chipping
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wear arises from mechanical vibrations and high loads. Multi-material drill-
ing faces challenges due to differing material responses—CFRP induces
edge rounding wear, while Ti causes flank wear and adhesion. PCD tools
are effective for CFRP but unsuitable for Ti at high speeds due to graphit-
ization, while carbide tools handle Ti better but suffer adhesion issues.
Drill geometry also affects performance; smaller helix angles and point
angles reduce chipping but require higher cutting forces. Two-flute drills
with wider flutes offer better heat dissipation and lower cutting forces than
three-flute designs.

Manufacturing defects in CFRP/Ti stacks material

In the aircraft assembly process, drilling is a common machining technique
used to create round holes of various depths and sizes. Three hundred
thousand to three million holes may be present in commercial aircraft (EI-
Sonbaty et al., 2004; Abrao et al., 2008; Mouritz, 2012; Giasin, 2016, 2018;
Giasin et al., 2016, 2017; Giasin and Ayvar-Soberanis, 2017). Drilling holes
can provide significant challenges due to the vast differences in the mech-
anical and thermal properties of FRP and metal phases used in FMLs
(Pawar et al., 2015). These include hole size, hole circularity, matrix distor-
tion, delamination, exit burr effect, fiber shrinkage (Ezugwu and Wang,
1997; Abrao et al., 2007; Liu et al., 2012; Khashaba, 2013; Singh et al., 2013;
Ben Soussia et al., 2014; Che et al., 2014) tool failure (Ramulu et al., 2001;
Brinksmeier and Janssen, 2002; Kim and Ramulu, 2004, 2007; Vijayan
et al., 2010; Park et al, 2011, 2014; Shyha et al., 2011) surface texture,
presence of Ti burrs (Ramulu et al, 2001; Kim and Ramulu, 2004, 2007)
and high machining costs (Xu, El Mansori, Voisin, et al, 2019; Xu, Ji,
et al.,, 2019; Xu, Li, et al., 2019; Xu, Zhou, et al., 2019; Xu, et al., 2020).
Different damages are dominant when using different sequences as shown
in Figure 11. For example, scratches on the CFRP surface and spalling
dominate while drilling in the CFRP/Ti sequence, but push-out
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Figure 11. Surface integrity issues arise when drilling CFRP/Ti6Al4V stacked configurations with
various stacking sequences (Rodriguez et al., 2023).
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delamination and matrix carbonization are severe while drilling from the
Ti/CFRP sequence. These issues represent about 60% of all part rejections
(Konig and Graf3, 1989; Komanduri, 1997; Hocheng, 2012; Mouritz, 2012;
Vijayan et al., 2010; Giasin et al., 2015, 2020). In any cutting sequence, the
space between the CFRP and Ti6Al4V layer should be avoided. Either the
powdery chips produced by CFRP when drilling from Ti6Al4V to CFRP or
the chips produced in the Ti6Al4V drilling operation when drilling from
CFRP to Ti6Al4V will become trapped in the CFRP-Ti6Al4V interface’s
gap (An et al., 2020).

Drilling a CFRP/Ti stack from the CFRP side has a major problem where
the Ti6Al4V chips erode the CFRP hole wall, which includes resin ablation,
scratches and sticky chips (An et al., 2021). The titanium chips damage the
CFRP surface in this configuration due to the difficulty of the titanium
chip removal. Spalling may take place while the titanium chips are being
evacuated and widen the hole at the base of the CFRP plate. This can be
prevented by the Ti6Al4V plate put underneath the CFRP (Luo et al,
2019). Surface pits and heat degradation of the resin on the CFRP wall side
are the key drilling problems when drilling through a CFRP/Ti stack from
the Ti6Al4V direction (An et al., 2021). Delamination issues exist in this
arrangement since the composite material is not supported at its back.
Additionally, the epoxy matrix may carbonize as a result of the drill’s high
temperature after cutting the titanium phase, which often manifests as a
discolored ring on the surface of the CFRP plate (119). Drill bits with
unique geometries may be able to produce holes in CFRP/Ti stacks of
excellent quality (Ad Vlot, 2001).

Delamination on the composite panel

The primary hole quality issues encountered during the drilling of CFRP
panels include fiber pull-out and push-out delamination. According to
Sandvik Coromant tool manufacturers, the maximum allowable delamin-
ation is 1mm (Coromant, 2010). The mechanisms for chip formation at
angles between 125° and 315° cause fiber pullout, matrix stripping and
fiber matrix debonding (Eneyew and Ramulu, 2014). Delamination is one
sort of damage that could arise in the interlaminar gap between adjacent
layers in laminate parts (Rodriguez et al., 2023). Delamination could occur
for one of two basic reasons at the metal composite interface (MCI).
Firstly, bending tensions between the material point of contact and the drill
bit (Erturk et al, 2019) or secondly, heat creation due to friction with
CFRP particles or Ti chips cause delamination to occur (Park et al., 2018).
Additionally, when subjected to cyclical loads, delamination will worsen
and eventually shorten the service life of components (Xu et al., 2020).
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Peel-up and push-out delamination are the two types of delamination flaws
that can arise at the entrance and exit of CFRP, respectively (Zhang et al.,
2001; Hocheng and Tsao, 2005; Li et al., 2022). Peel-up delamination hap-
pens where the drill enters the material, and it is brought on by an incom-
plete fiber fracture at the entrance. The tool’s helix raises the upper layers
of the composite, which are subsequently raised as shown in Figure 12a
(Gao et al., 2022). Peel-up delamination is not as severe as push-out delam-
ination. Push-out delamination develops when the drilling instrument
pushes the laminate’s final plies as it leaves the plate as shown in
Figure 12b. Interlaminar debonding between neighboring plies of a com-
posite is caused by thrust force, which causes push-out delamination at the
composite hole’s exit (Xu et al, 2020). Numerous investigations have
shown that increased thrust forces caused by increased flank wear increase
CFRP exit delamination (Gaugel et al., 2016; Raj and Karunamoorthy,
2016; Feito et al., 2018; Li et al., 2018), and Dahnel et al. (2020) mentioned
that it made no difference to entry delamination. Researchers initially con-
centrated on employing aluminum at the bottom while drilling Ti/CFRP/Al
stacks to reduce CFRP hole delamination. In the following research,
machining of CFRP/Ti stacks without the backing of other metals was
adopted (Mori et al., 2011; Park et al.,, 2011; Pecat and Brinksmeier, 2014;
Wang et al., 2014). Push-out delamination tends to be more severe than
peel-up delamination due to the insufficient support at the CFRP exit (Xu
et al., 2016).

Ramulu et al. (2001) showed that the optimal stacking order is metal on
the bottom and CFRP on top to reduce delamination during drilling. The
bottom titanium alloy plate’s supporting function prevents the laminate
from deflecting at the CFRP exit, resulting in minimal exit delamination
damage (Xu et al, 2016). An et al. (2020) backed up this claim and said
that it is also unaffected by cutting parameters. Some other studies
(Tashiro et al., 2011; Xu, Zhou, et al, 2019; An et al.,, 2020) also noted

delamination

Push down
delamination

Figure 12. (a) Peel up at the entrance panel and (b) push down delamination at the exit panel
(Mathavan, 2023).
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that, when drilling a CFRP/Ti panel, the exit hole has considerably more
damage since it is dependent on the drill’s thrust force, cutting speed, tool
shape and wear condition. However, due to the loss of support at the exit
while drilling from the Ti6Al4V layer, CFRP hole exits show substantial
delamination faults.

Researchers have noted the opposite outcomes as well. Delamination is
more significant at the entrance than at the exit, according to the delamin-
ation factor (for feed ranging between 0.03 mm/rev and 0.09 mm/rev). Such
unexpected results are attributed to the forces exerted by the Ti chips caus-
ing the CFRP layers to be pulled out at the hole entrance (Boutrih et al,
2022). During the titanium alloy drilling in the CFRP to Ti sequence, the
high-temperature Ti chips significantly contribute to the delamination at
the entrance of CFRP (Li et al,, 2022; Jebaratnam, 2025). When cutting
through the titanium phase, significant delamination damage begins at the
interface zone and the CFRP phase once the tool reaches the intermediate
cutting depth in the titanium. This ultimately results in delamination at the
interface. On one side, the forced extrusion of CFRP material by the plas-
tically deformed titanium alloy intensifies subsurface damage on the entry
side of the CFRP. On the other side, the lack of support causes external
forces on the free surface to worsen subsurface damage on the exit side of
the CFRP (Jebaratnam, 2025). Additionally, material that is located close to
the CFRP’s entrance has low resistance to bending deformation, and it may
consequently result in more severe entrance peel-up delamination. But
most studies up to this point have ignored entrance delamination triggered
by the titanium alloy drilling stage and concentrated on push-out delamin-
ation defects (Ramulu et al., 2001; Qi et al., 2014). This is because the chips
with high temperatures weaken the matrix’s bonding and also damage
CFRP mechanically, which makes the material’s delamination faults worse
(Movahhedy et al., 2000; Fan and Wang, 2021).

According to Xu and Mansori, when drilling CFRP/Ti at a CFRP to Ti
sequence, delamination appears to be increasing with the increase in feed
(Isbilir and Ghassemieh, 2013; Xu and El Mansori, 2016) and declining
with speed (Isbilir and Ghassemieh, 2013), whereas drilling from Ti to
CFRP, it rises with both tool feed and cutting speed (Xu and El Mansori,
2016). Additionally, they mentioned that, in the CFRP — Ti sequence, the
delamination factor ranges between 1.01 and 1.08, while in the Ti — CFRP
sequence, it was 1.05-1.15 for feed rates below 1 mm/rev. An et al. men-
tioned that, in the CFRP — Ti sequence, the delamination coefficient
ranges between 1.5 and 2.5, while in the Ti — CFRP sequence, it was less
than 1.0 (An et al, 2020). They also mentioned that 1D and 2D delamin-
ation coefficients were affected by the cutting parameters in a way that
increased with the rise in the feed and declined with the rise in the cutting
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speed (An et al, 2020). When drilling a CFRP/Ti stack, with the rise in
feed rate, the delamination factor rises regardless of the cooling method
(dry or MQL cooling) or coating used (PVD TiAIN coated or CVD dia-
mond coated) (Xu et al., 2020). This is because, when the feed rate is low,
the hole wall has reduced thermal-mechanical deterioration due to low
temperature and a small section modulus in bending. According to a differ-
ent study, when the feed rate is amplified from 0.025 mm/rev to 0.100 mm/
rev under both dry and MQL conditions, the magnitudes of the delamin-
ation factors increase by about 116.96% and 37.98%, respectively (Xu, Ji,
et al.,, 2019). When utilizing MQL, the delamination factors seem to be sig-
nificantly more than those attained when using dry machining. This is
closely related to the rise in CFRP thrust forces under the MQL situation,
whereby a greater thrust force frequently causes more extensive delamin-
ation damage (Hocheng and Tsao, 2005, 2006).

Additionally, drilling-induced damage may be influenced by CFRP fiber
orientation (Boutrih et al., 2022). The configuration of the angle between
the cutting direction and fibers is 90 or less than 0 is the most crucial one
for cutting a long fiber composite, according to prior studies (Wang et al.,
1995; Zenia et al.,, 2015). In this structure, material removal is started along
the fiber axis, then after the fiber shears, secondary breakup occurs along
the free edge. As the fibers separate from the matrix, significant flaws may
then spread throughout the material. Thus, there may be a relation between
the fiber/matrix’s debonding during the CFRP panel and delamination for-
mation at the inter-material contact. Delamination occurs as a result of the
fracture spreading from the composite surface to the contact. This assump-
tion is based on a similarity to crack propagation observed in coated tools,
where the stress exerted by the workpiece on the tool surface speeds up
crack growth until it reaches the interface between the substrate and the
coating, causing delamination (Nouari and Ginting, 2006; Bounif et al.,
2021). When UD-CEFRP is used at speeds above 15m/s, entrance delamin-
ation decreases with increased feed, whereas exit delamination increases
with increased feed because the feed rate has a much greater impact on the
degree of defect in UD-CFRP than MD-CFRP (Boutrih et al., 2022).
Although it is anticipated that the reduction in feed rate will reduce the
likelihood of delamination and burr formation, material removal rate
(MRR) will be significantly impacted (Sorrentino et al., 2018; Boutrih et al,,
2022). Park et al. compared the delamination between CFRP/Ti and CFRP
drilling. They discovered that drilling CFRP only produced an average
delamination of less than 2 mm, whereas drilling CFRP-Ti stacks produced
a broad range of delamination ranging from 1.5mm to 13 mm (Park et al,,
2014). Ti adhesion at the drill edges may be the cause of the large entrance
delamination observed during the drilling of stacks. Dahnel et al. (2020)
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also claimed that the amount of CFRP delamination caused by drilling only
the CFRP was 22% and 62% lower than that caused by drilling the stacks
with a single shot and two shots of drilling, respectively.

When considering the type of tools used, the interface delamination
caused by double-point angle drill and candlestick drill is significantly less
than that caused by the twist drill. This is due to the fact that most heat
generated by twist drills and double-point angle drills is transmitted to the
drilled surface after the primary cutting edge is sliced, causing interface
damage. The tip construction of the candlestick drill, despite the workpiece
receiving heat from the primary cutting edge, may cut through the material
with the maximum cutting temperature (Qiu et al., 2021).

There are three types of delamination: type I, type II and type IIL. Type I
delamination occurs when fibers bend toward the machining line, type II
when the fibers protrude from the machined edge and type III takes place
when fibers run parallel to the machined edge (Colligan and Ramulu,
1992). As a result of the rake face’s extrusion action, the fiber will bend
and break when the angle of fiber orientation at the entrance is around
135°. This type I of delamination happens when the peel-up force is higher
than the strength of the bond between the fiber and the matrix. These are
areas where the surface layer fibers are fractured inward from the cut edge,
resulting in visible gaps in fiber alignment along the edge (Colligan and
Ramulu, 1992). Type II delamination contains intact fibers that extend
beyond the cut edge and may separate from the adjacent layer at a certain
distance from the part’s edge. Loose fibers partially connected to the
machined edges, creating a fuzzy appearance on the upper or lower edge of
the machined surface, create type III delamination (Colligan and Ramulu,
1992). Increased feed rates result in increased instantaneous cutting thick-
ness per unit cutting edge, increased fiber-to-rake face contact area and
enhanced peeling force and extrusion impact, aggravating type I and type
III delamination (Li et al., 2022). The schematic diagrams of all types of
delamination are shown in Figure 13.

Therefore, the optimal stacking order for drilling CFRP/Ti stacks is CFRP
on top and titanium on the bottom to minimize exit delamination, as the
titanjum layer supports the laminate during drilling. However, significant
delamination has been observed at both the entrance and exit, depending on
cutting conditions and sequence. Drilling from CFRP to Ti results in reduced
delamination at the CFRP exit but increased damage at the entrance due to
thermal and mechanical effects of high-temperature Ti chips. Conversely,
drilling from Ti to CFRP increases delamination at the exit, particularly with
higher feed rates and cutting speeds. Entrance delamination, often over-
looked in studies, is exacerbated by Ti chips weakening the CFRP matrix.
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Figure 13. Types of delamination (Colligan and Ramulu, 1992).

Burr formation on Ti panel

The compression in the hole’s center typically causes the burr development
at the exit (Hassan et al., 2017), and the allowable burr height at the inter-
face of drilling stack-up materials must not exceed 150 pm (Dornfeld and
Min, 2010; Franke, 2018). Titanium burrs are created by the drilling force
that punctures and fractures the material, causing the production of irregu-
lar metal extensions like sharp edges and “ring”-shaped materials at the
hole entrance and exit as shown in Figure 14. The fatigue performance of
the cut workpiece and the functionality of the finished assembly are both
negatively impacted by the burr formations (Aurich et al., 2009). The key
factor contributing to the production of metallic burrs, according to
Dornfeld et al, is the heat effect (Dornfeld et al., 1999). Greater feed rates
encourage greater cutting temperatures, which cause the titanium alloy to
soften thermally. Because the softened titanium alloy is more ductile, burr
height tends to be more significant (Xu et al., 2020; Qiu et al., 2021). Burr
development may lead to electrical component short circuits, reduced com-
ponent fatigue life and serve as a fracture initiation point (Ko et al., 2003).
Before assembling the panel, a deburring step is necessary as a preventative
measure if a burr forms at the hole’s exit. This adds roughly 30% to the
total assembly process time (Min et al., 2001; Avila et al,, 2005).

Ramulu et al. (2001) reported the least burr height development, and Xu
and El Mansori (2016) recorded the least burr width development at the
hole edge with increasing feed rate. Few other researchers have also noted
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Figure 14. The process for measuring maximum burr formation: (a) observing burr formation
in 2D, (b) identifying maximum burr formation using Alicona IFM and (c) measuring the max-
imum burr formation (Mathavan, 2023).

that, as speed (Gao et al., 2021) and feed (Kim et al.,, 2013) increase, exit
burr heights increase. According to Isbilir et al., the roughness of drilled
hole surfaces and burr height increase as feed rate rises and decrease as
cutting speed rises (Isbilir and Ghassemieh, 2013). For dry and MQL con-
ditions, the burr height rises by 154.53% and 45.94%, respectively, when
the feed rate is raised from 0.025mm/rev to 0.100 mm/rev. Further, they
demonstrated that the MQL can produce burr heights that are lower than
those produced by dry drilling (Isbilir and Ghassemieh, 2013). This is
explained by the MQL conditions’ ability to reduce titanium hole drilling
temperatures, which reduces the development of burr flaws (Xu, Ji, et al.,
2019). Further, Xu et al. observed that uncoated carbide drills resulted in
higher drilling temperatures and larger burrs when machining CFRP/Ti
stacks, primarily due to inadequate frictional contact and low thermal con-
ductivity. On the other hand, diamond-coated drills produced lower burr
heights because of their superior wear resistance, enhanced heat dissipation
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and reduced mechanical loads, irrespective of the process parameters (Xu
et al., 2020).

Drill bits with unique geometries may be able to produce holes in CFRP/
Ti stacks of excellent quality (Aurich et al., 2009). For example, twist drill
and candlestick drill create “caps.” The twist drill's “cap” has an irregular
shape as a result of uneven force. However, the “cap” of the candlestick
drill with a brim is due to its tip structure (Qiu et al.,, 2021). When com-
paring, the double-point angle drill produced the highest burr height, while
the candlestick drill produced the lowest burr height in a way that the burr
height produced by double-point angle drill is 6-8 times larger compared
to candlestick drill and that produced by the twist drill is double the height
produced by candlestick drill (Qi et al., 2014, 2021). The candlestick drill
can effectively prevent burr formation because of its outside corner tip
structure. Since the drilling thrust force of a twist drill is greater than that
of a candlestick drill, it is easier for a twist drill to create burrs (Qiu et al,,
2021). But a wide point angle of 140° in the standard twist drill causes the
drilling lips to engage with the material earlier while drilling, which starts
the cutting operation sooner and reduces burr development (Rodriguez
et al., 2023). Xu and Mansori mentioned that uncoated drill bits with small
chisel edges (0.11 mm) and small point angles (135°) and helix angles (20°)
produced greater burr width at high feed rates compared to coated drill
bits with big chisel edges (0.22 mm) and large point angles (140°) and helix
angles (27.2°) (Xu and El Mansori, 2016). According to Dahnel et al.
(2020), an increase in the number of drilled holes caused flank wear and Ti
burr height to gradually increase. Kim et al. (2013) mentioned that exit
damages, such as the development of titanium burr caps, did not occur
when the PCD tools were used for drilling.

When the drilling sequence is taken into account, the Ti—CFRP drilling
results in a lower defect extent than the CFRP—Ti drilling. The bottom CFRP
phase had a supporting role in making the exit Ti layer more rigid, which
made it easier to reduce the exit Ti burr defect (Xu and El Mansori, 2016).

Burr formation in CFRP/Ti stack drilling is primarily influenced by factors
like drilling force, heat generation, tool geometry and drilling sequence.
Higher feed rates and cutting temperatures contribute to increased burr
height due to the thermal softening of titanium. MQL drilling reduces burr
formation compared to dry drilling by lowering temperatures. Tool coatings,
such as diamond coatings, help minimize burrs by improving wear resistance
and heat dissipation. Drill geometry also plays a crucial role, with candlestick
drills producing the least burrs and double-point angle drills generating the
highest. A wider point angle in twist drills helps reduce burr development.
Additionally, the Ti—CFRP drilling sequence results in lower burr defects
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than CFRP—Ti drilling due to the supporting role of the CFRP phase in sta-
bilizing the titanium exit layer.

Hole surface roughness

The assessment of drilling quality in a composite panel is dependent on
hole surface roughness, as it is a significant parameter (Abrao et al., 2007;
Aamir et al,, 2019). When the surface roughness is above the predeter-
mined concerns encountered while drilling composites. The allowed hole
surface roughness is less than 3.2 pum for CFRP and less than 1.6 um for
metal parts (Zhang et al., 2015). The drill bit shape and drilling parameters
have a substantial impact on the hole surface roughness (Giasin et al.,
2015). The wall of the drilled hole for a composite panel must be free of
any surface imperfections in order to ensure an excellent degree of hole
surface roughness, whereas the hole for a titanium panel should have a
shining surface. Several hole surface roughness components are shown in
Figure 15. According to earlier studies (Krishnaraj et al., 2012; Mahdi et al.,
2020; Sui et al.,, 2020; Yuan Jia et al., 2020), reducing hole surface rough-
ness is more challenging in the composite part due to its heterogeneous
properties compared to the metal portion. Additionally, because composites
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Figure 15. Morphologies of the composite hole walls formed by the TiAIN-coated drill bits
under the dry cutting condition (V. =30m/min and f=0.025 mm/rev) (Xu et al., 2020).



34 J. M. JEBARATNAM AND M. H. HASSAN

have a poorer measurement reliability than metals, it is important to inter-
pret the roughness of CFRP with caution (Kuo et al., 2018).

During the drilling process of the CFRP/Ti stack, the irregularly shaped
Ti6Al4V chips are compressed by the CFRP hole wall, resulting in signifi-
cant damage to the CFRP panel during titanium chip removal (Park et al.,
2011). Brinksmeier et al. observed that the surface wall of the composite
material exhibited indications of wear due to thermal degradation of resin
(Brinksmeier and Janssen, 2002). The resin is thermally deteriorated when
the hot titanium chips vacate through the flutes, leaving behind helical
grooves on the hole surface (An et al., 2021). Surface roughness is reduced
when the matrix smearing is decreased (Park et al., 2018). Furthermore, the
overall quality of the finished surface is severely harmed by the titanium
microchips that are embedded in the wall. Since drilling from the Ti6Al4V
to the CFRP side produced regular spiral Ti6Al4V chips, the surface quality
of the CFRP hole-wall is greatly enhanced, and there are no noticeable
scratches on the surface. On the other hand, surface pit flaws resulted
because the machining temperature exceeds the resin’s vitrification point,
accelerating the debonding of fibers from the resin and the subsequent
pulling out of fibers (An et al., 2021). Xu et al. reported that the CFRP sur-
face roughness values in the Ti—CFRP cutting sequence (CFRP phase Ra
= 0.4—2.0pum and Ti phase 0.279 um — 1.331 um) were drastically reduced
from those found in the CFRP—Ti cutting sequence (Ti phase Ra =
0.373um —1.301 pm and in CFRP phase Ra = 1.146um, 4.919 um),
although there was no discernible difference in the Ti surface (Xu and El
Mansori, 2016).

Yuan et al. performed tests to investigate a unique tool construction with
cutting depth control. The findings suggested that the tool design had an
impact on improving Ti/CFRP hole accuracy and drilling quality (Yuan Jia
et al., 2020a, 2020b). According to Xu et al., a large chisel edge length com-
bined with a wide point and helix angle drill decreases CFRP surface
roughness compared to a small chisel length combined with a small point
and helix angle drill, while having no discernible impact on Ti surface pol-
ish (Xu and El Mansori, 2016). Qiu et al. mentioned that, when machining
a CFRP/Ti stack, the candlestick drill causes the least amount of surface
damage when compared to the twist drill and double-point angle drill (Qiu
et al., 2018, 2021). Kim et al. (2015) demonstrated that the hole surface
was greatly impacted by the marginal face .

Kuo et al. observed while using CVD diamond-coated drills that fewer
holes with unsatisfactory surface quality were made on Ti/CFRP/AI stacks
when the cutting parameters were increased (Kuo et al., 2014). According
to Xu et al, cutting speed has a negligible effect on surface roughness,
while the feed rate notably increases hole surface roughness (Xu and El
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Figure 16. Hole surface roughness illustration in CFRP layer (Wang et al., 2015).

Mansori, 2016). They added that a modest cutting speed and low feed rate
can lessen the hole surface roughness, while Park et al. mentioned that low
cutting speed in conjunction with intermediate feed meant only slight
adhesive effects on the hole surface (Park et al., 2011). In view of the effect
of tool material, the burr height and surface roughness of carbide drills
were almost 7.5 times lower than those of HSS-Co and HSS drills (Ramulu
et al., 2001; Kim and Ramulu, 2004). Additionally, it was discovered that
carbide drills performed better than HSS-Co and HSS drills in terms of
tool life, surface abrasion and heat-induced damages (Ramulu et al., 2001).
Figure 16 shows the change in the surface roughness profile measured
along the length of a CFRP panel. The sudden drops are caused by the cav-
ities, which are formed by fiber pullouts due to interfacial debonding,
epoxy loss on CFRP surfaces, the softened matrix being smeared at the
tool-work boundary due to excessive drilling temperatures and the ejection
of titanium chips or fiber fragments inserting into interlayers.

As a whole, hole surface roughness is a crucial parameter in assessing
drilling quality for composite panels, influenced by drill bit shape, cutting
parameters and machining sequence. During CFRP/Ti stack drilling, hot
titanium chips can degrade the resin, leading to surface defects such as
pits, grooves and embedded microchips. The Ti—CFRP drilling sequence
results in smoother CFRP surfaces compared to the CFRP—Ti sequence.
Tool geometry plays a significant role, with larger chisel edges, wider point
and helix angles and candlestick drills reducing surface damage. Cutting
speed has minimal impact on surface roughness, whereas higher feed rates
increase it. Carbide drills outperform HSS-Co and HSS drills in reducing
burr height and surface roughness while improving tool life and durability.
Optimized cutting conditions and advanced tool coatings, such as CVD
diamond, help maintain superior hole quality by minimizing fiber pullouts,
resin degradation and chip-induced defects.
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Hole diameter error

Poor workpiece surface quality is one of the specific problems with the
machining of CFRP/Ti6Al4V stacks (Ghassemieh, 2012; Isbilir and
Ghassemieh, 2013; Kim et al, 2015; Unai et al., 2019). Many aspects such
as tool geometry and material (Pawar et al., 2015; Zitoune et al., 2016), cut-
ting parameters (Kim and Ramulu, 2004; Zitoune and Collombet, 2007;
Feito et al., 2014) and cooling condition (Gisip et al., 2009; Giasin et al.,
2015) affect the hole quality while drilling a CFRP/Ti stack. Therefore,
proper selection of tool material/geometry, cutting parameters, use of cool-
ants, use of coatings and drilling sequence are required to obtain a high-
quality hole. Both increase and decrease in hole diameter is recorded with
the increase of feed rate in CFRP/Ti stack drilling. When the feed rate is
raised during dry drilling at spindle speeds between 1,000 rev/min and
2,000 rev/min, the hole diameter decreases (Park et al., 2018; Kumar and
Gururaja, 2020). On the other hand, larger holes are obtained under dry
drilling due to the expansion of the workpiece at a quicker rate as a result
of the elevated drilling temperature (Jia et al., 2020). For aerospace applica-
tions, the specified hole tolerances require a diameter variation of no more
than 30 um in material stacks composed of composites and aluminum or
titanium alloys (Brinksmeier and Janssen, 2002; Zitoune et al., 2010).
According to Zitoune et al., the hole diameter difference between the
Ti6Al4V panel and the CFRP panel during the CFRP to Ti drilling
sequence rises as the feed rate is elevated. This is because Ti6Al4V chips
become thicker with increased feed rate, which improves Ti chips’ capabil-
ity to resist bending deformation and encourages defects to the CFRP panel
in the form of matrix degradation and fiber pull-outs at the layer’s drilled
hole surface (Giasin and Ayvar-Soberanis, 2017). Smaller feed rates are
therefore preferable in industrial production to minimize damage to the
CFRP panel (An et al,, 2020). According to An et al., when drilling in a
CFRP — Ti6Al4V drilling sequence, regardless of the cutting speed and
with a feed rate of 0.12 mm/rev, the diameter of the CFRP exit (6.6 mm) is
larger than that of the Ti panel (6.38 mm), nominal diameter (6.35mm)
and CFRP entry. Contrarily, the entrance and exit hole diameters of the
CFRP panel are a consistent size when applying the Ti—CFRP sequence
under all the applied conditions and are less than that of the Ti6Al4V
panel (Xu and El Mansori, 2016) For instance, the hole diameter of
Ti6Al4V is always 0.02-0.03 mm greater than that of the CFRP panel and
0.02mm greater than the nominal drill diameter. An et al. discovered that
the CFRP layer’s hole diameter is around 0.01 mm smaller than the drill
diameter in the Ti — CFRP sequence (An et al., 2020). Further, in the
CFRP — Ti sequence, the hole diameter is 6.4 mm to 6.6 mm, while in the
Ti — CFRP sequence, the hole diameter is less than 6.4 mm, given that
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the drill diameter is 6.35 mm. According to Xu and Mansori (2016), in the
CFRP — Ti sequence, the hole diameter varies between 6.37 mm and
6.4mm in the Ti panel and 6.36 mm and 6.42mm in the CFRP panel,
while in the Ti — CFRP sequence, the hole diameter varies between
6.28mm and 6.43mm in the Ti panel and 6.l mm and 6.42mm in the
CFRP panel. The smaller hole diameter variation in the Ti — CFRP
sequence is attributed to the evacuation of metal chips early before the drill
bit enters into the CFRP panel. But larger hole diameter variation in the
CFRP — Ti sequence is due to the blockage of chips while exiting from
the hole. The spring-back effect while processing CFRP panels results in
the undersized CFRP panel holes compared to metal panels (Zitoune et al,,
2010; Boutrih et al., 2022). The hole diameters generated in this cutting
order are partially large and partially undersized, substantially depending
on the applied cutting parameters, according to Xu and Mansori (2016),
who also used this cutting sequence. They mentioned that this is due to the
discrepancy between the thermal expansion coefficient and the elastic
modulus of Ti6Al4V and CFRP. Normally, when drilling Ti6Al4V, a lot of
cutting heat is produced, and the linear thermal expansion coefficients of
CFRP and titanium alloy are, respectively, —0.1 x 107°/°C and 7.89 x 10~%/
°C, and their respective elastic moduli are 295 GPa and 118.5 GPa (Zhou
et al, 2016; Kim et al, 2017). Xu et al. discovered that using Ti—CFRP
encourages lesser drilling forces, fewer stack-up diameter mistakes, lowered
Ti burr extents, and enhanced surface roughness because Ti chip evacu-
ation issues are avoided (Xu, Zhou, et al., 2019) and while using low cut-
ting speed and low feed rate (Xu and El Mansori, 2016).

Additionally, Xu et al. discovered that regardless of the chisel length,
helix angle, or point angle of the drill bits, the resulting hole size in either
the Ti or CFRP panel is greater than the nominal diameter of 6.35 mm (Xu
and El Mansori, 2016). This is because, during chip evacuation, Ti chips
rub against the surface of the CFRP and during rotation out of the hole,
the attached Ti chips cause scratches and a delamination impact on the
hole (Boutrih et al., 2022).

According to findings by Kim et al, optimal process conditions for
achieving the desired hole quality and minimizing process costs when drill-
ing Gr/Bi-Ti involve utilizing high feed rates and low speeds with carbide
drills, while employing low feed rates and low speeds with HSS-Co drills
(Kim and Ramulu, 2004; Kim et al., 2005). Kim et al. (2013) also discussed
drilling a hybrid composite laminate made of titanium and graphite using a
PCD tool and discovered that the feed is the most crucial parameter in
hole size mistakes. Prabukarthi et al. found that a spindle speed of 1000
rev/min and a feed rate of 0.13mm/rev resulted in an acceptable hole
diameter deviation (Prabukarthi et al, 2013). Contradictorily, An et al.
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Figure 17. Details appear on the screen for hole diameter measurement for a hole (Mathavan,
2023).

mentioned that, irrespective of the drilling parameters used, the diameter
and roundness of the Ti6Al4V layer remain nearly unaffected (An et al,
2020). According to Park et al. (2011), tool wear lowers machining quality
and increases hole size. Figure 17 shows the sample measurement of hole
diameter using a coordinate measuring machine.

Machining CFRP/Ti6Al4V stacks presents challenges in achieving high
hole quality, influenced by tool geometry, cutting parameters, cooling con-
ditions and drilling sequence. Hole diameter variations occur with changing
feed rates, where higher feed rates generally reduce hole size in dry drilling
but can also enlarge holes due to thermal expansion. The CFRP—Ti
sequence causes larger CFRP exit diameters and more defects, while the
Ti—CFRP sequence results in better hole consistency, reduced burr forma-
tion and improved surface roughness. The thermal expansion coefficient
differences between CFRP and Ti6Al4V contribute to diameter deviations,
with Ti chips causing surface damage during evacuation. Studies show that
optimal hole quality is achieved using carbide drills at high feed rates and
low speeds, whereas HSS-Co drills perform better at low feed rates and
speeds. Feed rate significantly affects hole size errors, with some studies
recommending a spindle speed of 1000 rev/min and a 0.13 mm/rev feed for
minimal deviations. However, tool wear remains a key factor in increasing
hole size and reducing machining quality.

Poor hole integrity

The term “hole integrity” refers to the achievement of the stated dimen-
sions for a hole in compliance with the drawing specifications. The circu-
larity and cylindricity of a hole are two indications used to evaluate its



MACHINING SCIENCE AND TECHNOLOGY 39

quality. Both indications should be kept at a least value to avoid disrupting
the assembly process. However, because composite layers are anisotropic,
the cylindricity errors in CFRP holes are much greater than those in titan-
ium holes. As a result, the surfaces of the CFRP holes become substantially
rougher. According to Xu et al., the cylindricity errors during stack drilling
are approximately the same under both dry and MQL conditions. They fur-
ther mentioned that, under dry and MQL conditions, the average cylindric-
ity errors of the titanium holes are 3.81 and 7.21 times lower than those of
the CFRP holes, respectively (Xu, Li, et al, 2019). An et al. (2020) also
mentioned that, at 0.06 mm/rev, the circularity of the CFRP exit is 46 um,
which is significantly bigger than the roundness of the Ti6Al4V (6 pm) and
the CFRP entry (12 um). Studies done to determine the angle of the drill
structure have revealed that drilling Ti/CFRP stacks with relatively smaller
point angles (135°), shorter chisel edges and 30° helix angles could have
less roundness deviation (Ashrafi et al., 2013; Senthilkumar et al., 2018).
Moreover, Xu and Mansori mentioned that, at the same feed rates, an
uncoated drill bit with a small chisel length and a small point and helix
angle produced holes that were rounder than a coated drill bit with a big
chisel length and a high point and helix angle (Xu and El Mansori, 2016).
They further suggested using a parametric combination of a low cutting
speed and low feed rate to reduce hole roundness error (Xu and El
Mansori, 2016). Additionally, they stated that the hole roundness in the CFRP
panel is not much impacted by the drilling sequence, but in the Ti panel, in the
CFRP — Ti sequence the hole roundness error is 0.005 — 0.013 mm, while in
the Ti — CFRP sequence it was 0.01 mm to 0.03 mm. Contradictorily, An et al.
mentioned that, in the CFRP — Ti sequence, the hole roundness error is
0.07 mm, while in the Ti — CFRP sequence, it was less than 0.0l mm (An
et al., 2020). In terms of hole circularity and hole cylindricity, holes drilled with
diamond-coated drill bits performed two times better than holes drilled with
diamond-like carbon (DLC)-coated drill bits (Kuo et al., 2014). The primary
cause of hole cylindricity error is the creation of elevated cutting temperatures
at increased spindle speeds as a result of tool rubbing against the workpiece.
This might soften the matrix material and cause the hole’s cylindricity to ther-
mally deform (Giasin and Ayvar-Soberanis, 2016). Figure 18a shows a sample
measurement of hole circularity, and Figure 18b shows cylindricity, respect-
ively. The circularity measurement (0.0143 mm) shown in Figure 18a is the
addition of minimum (0.0063 mm) and maximum (0.0081 mm) variation in
distance of the circles drawn from the actual circle, which in other words can
be stated as the difference between the minimum (radius = 2.4351 mm) and
maximum (radius = 2.4494 mm) inscribed circles. Additionally, the X, Y, and
Z coordinates of the actual circle can also be obtained when measuring
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Figure 18. A sample of (a) circularity error (Mathavan, 2023) and (b) cylindricity error (Kuo
et al,, 2018).
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Figure 19. Geometry of a conventional twist drill (Erik Oberg et al., 2004; Senthilkumar et al.,
2013; Wika et al., 2011).

circularity. The cylindricity shown in Figure 18b is measured at top, middle

and bottom points for each panel.
Hole integrity refers to maintaining the specified dimensions, with circu-
larity and cylindricity as key indicators of quality. Due to the anisotropic
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nature of composite layers, CFRP holes exhibit significantly greater cylin-
dricity errors and rougher surfaces than titanium holes. Circularity errors
are also higher at the CFRP exit compared to the Ti6Al4V panel and CFRP
entry. Studies suggest that using a smaller point angle (135°), shorter chisel
edge and 30° helix angle reduces roundness deviation. Uncoated drills with
small chisel lengths and low point/helix angles produce rounder holes than
coated drills with larger chisel lengths and higher angles. Additionally, dia-
mond-coated drills yield better circularity and cylindricity than DLC-coated
drills. Hole cylindricity errors primarily result from increased cutting tem-
peratures at high spindle speeds, which soften the matrix and cause thermal
deformation.

Table 1 shows the summary of the work done so far by several researchers
in terms of workpiece and the drilling sequence, the drilling environment used
such as dry, MQL cooling, cryogenic cooling, etc., the vast range of parameters
occupied under cutting speed and drill feed, the impact of drill bit geometries
such as point angle, helix angle, chisel edge, etc., and the application of differ-
ent coatings such as TiAIN, AlTiN, diamond, etc. The table is designed to show
how various factors affect the hole quality and performance indicators.

Strategies for minimizing manufacturing defects
Optimizing drilling parameters

The machining process and resultant hole quality are significantly impacted
by the chosen drilling parameters. Optimal selection of these parameters
for distinct material layers plays a vital role in enhancing tool life, improv-
ing machining efficiency and ultimately reducing costs. Numerous research-
ers (Ramulu et al., 2001; Kim and Ramulu, 2004, 2007; Ghassemieh, 2012;
Isbilir and Ghassemieh, 2013; Kim et al., 2013) have explored the impact of
several parameters on drilling FRP/Ti stacks.

It’'s commonly noted that cutting speed has minimal impact on the gen-
eration of thrust force during the drilling of hybrid FRP/Ti composites.
Conversely, the feed rate demonstrates a significant influence. This is attri-
buted to the increased material volume that the drill must remove per
revolution and the higher cutting resistance encountered during machining
with an elevated feed rate, which consequently results in a rise in thrust
force. Simultaneously, the increased feed rate results in a shorter engage-
ment time between the tool and workpiece. This decreased tool-work con-
tact time contributes to reduced heat liberation during drilling in the Ti
panel, consequently minimizing the formation of exit Ti burrs (Ramulu
et al., 2001; Kim and Ramulu, 2004, 2007; Kim et al., 2013). Research indi-
cates that lower feed rate and higher cutting speed are advantageous in
reducing thrust force during CFRP drilling, effectively minimizing burrs



=
<
%)
0
<
T
T
=
[a)]
=z
<
=
<
=
<
o
<<
[~a)
w
w
=
-

(panunuo)

bujuiyoew
£1Q ‘d44D 01 11 ‘11 03 dY4D — 9duanbag ww = yibua| abpa-bumnd
710 '60°0 pue oyl = 3|bue juiod
adeyns 3oy ‘90°0 ‘€0°0 = (A3J/WiW)} ‘D14 P ‘.06 = 3|bue xiy
‘0413 SSaUpUNOJ ‘op ‘WW G§'9 = Japwelp
(0Z0T “Ie 13 uy) pue Jsowelp sjoH ‘0€ ‘0T ‘0L = (uiw/w)dA ‘paads Bumnd 1I4p 9p!gied pajususd pajeoduf AVIV9LL/d44D
A31/WW 0010
wbray unq pue §/0°0 ‘0S0°0 'STO'0 = (4) 9104 P33y 207l = 3|bue jujod
‘ABojoydiow depns ujw/w 09 ,0€ = 3Jbue xi3y
‘uonidwnsuod ABiaua Bupind diydads pue ¢ ‘0€ ‘sL = (OA) paads bunind wwg = Jalawelp
‘anbioy buljjup uo buljood Jo 1193 ‘edW 90 Jo ainssaud Iup
(0zoz “le 18 nX) ‘Buneod jo 13y3 lle passaidwiod e pue y/uisL = TOW pajeod-puowelp pue ‘pa1eod-N|viL AVIV9!L/dY4D
suonipuod
Aip pue y/ sl 03 ¢ = TOW -0tL = 3|bue juiod
"AR/WIW 0010 ‘,0€ = 3|bue xij3y
1eam |00} pUe S/0°0 ‘0S0°0 ‘ST0°0 = S84 pa’y ‘wiwg
‘abewep uoneujweap ‘ujw/w 09 = Ja12WeIp YUM S|[Up DM pa1eod
(00T “Ie 32 nX) 's9210} 151y L pue G ‘0€ ‘5L = spaads Bumn) puowelp gAD pue pajeod-N|YIL AAd AVIV9!L/dY44D
Aujenb sjoy NISLL/NIVIL
‘uonewoy diy> oW = butjoo) ‘NILIY ‘NADIV Jo sBuneod aad pue aad
‘22104 Bumnd QVA4T wwgLL'o = apnyjdwe ‘,0€ = 3jbue xij3y
Loz ‘ainyesadwal ssad0id ‘AdJ/uone||1pso g ‘| = Kouanbayy ‘,0Z1 = 9|bue juiod
‘RRWSULG ‘sabpa bumnd sy} 1e suoisaype ‘AJI/WIW G/0°0 = P934 ‘ww €8y = J91awelp
pue 1e334) ‘3Ji| |00} 73 Jeam oo ‘ulw/w gL = paadg 2 YUm s||lip dpigleds pijos AVIV9!L/dY4D
‘Abojoydiow jiems
‘(°y) ssauybnos adeyins
‘Aujenb abpa ajoy (0z1'09 ,0€L = 3|bue juiod
‘Wb13Y ung ‘08/0% ‘0%/07) = (Ulw/w) paads -0€ 3|bue X113y
‘Kdupul £ 3joy ‘SL'0 ‘L°0 'S0°0 = (Ad4/wiw) pad W GE'9 = J3jwelp
‘ssaupunol 3joy "JUSWIUOJIAUD Jeq € = Isiw Aeids YHM S[|Up DM PS3e0d puowelp
(L10T “Ie 33 eyAys) ‘2215 3J0H uiw/761 = bumind pooy4 AaAD pue pa3eod /) ﬁmuwouc: 0S0ZIV/dd45/7IV9lL
-9)bue
Kbojoydiow acepns wiod of| pue 9jbue xi3y 7'/
‘9dusanbas bunind 3bpa |3s1yd> Yibus|-ww zz'0
‘uorjewloy ung AJI/WW G0 ‘S9IN}4 OM] Sey ||Up YL
‘uonjeulwe|ap ‘710 '60°0 ‘90°0 ‘€0'0 = () 21l pa3y "Www €9 Jo Jarwelp
(610T “Ie 12 nx) ‘sad104 Buljuq ‘ulw/w og = (>) paads bumn) YHM S[JLP IsIm) Spiqied pajeod-N|vIL AVIV9IL/dY¥4D
Joyiny siskjeuy sivlaweled joo] 2a1d yIom

‘Buyjjp dn 3aeIS [1/d¥4D UO P3IdNPUOd SaydIeasal Jo Alewwns | ajqel



MACHINING SCIENCE AND TECHNOLOGY 43

A.cm::.::qu
*Jeam |00}
pue uonewuoy diyd (7€ = 9|bue
‘2104 1Ny} WYBIBY 4ing SL'0S ‘ST = 4Y/Tw 31kl Mo|4 Xi13y ‘5071 = d|bue juiod) €9
‘uolieulwelap 10 ‘80°0 ‘S0°0 = ASJ/WW dlel pId4 (,0€ = 9|bue x13y ‘.51 = 3|bue
(8107 ‘ssaupunol ‘008'L iod) 791 ‘(.5€ = 3|bue xRy ‘,0€L
“|e 13 Jewny|Iyiuas) ‘1a3owWelp djoH ‘000'L ‘568 = wd1 paads 3|puids = 3|bue juiod) |1 ‘DM Pa1eO) NIVIL AYIVILL/dY4D
(Www S0 =iy 36pa [as1yd ‘,0€
= 3|bue x13y ‘,0€1 = 9|bue iod) g
92104 ISNIY} AJI/WW GO0 JO Pady (ww gLzl
‘uonewuoy diyd pue wdigzg’l pasds ajpuids = ssawydIy} abpa [3sIYD “,0¢
‘1eam abpa [3s1YD ‘ADJ/WIWSO0 JO PIdy = 9)bue x13y ‘.81 = 3|bue juiod) y
(€107 “|e 12 Jewny) ‘leam yuel4 pue wdigL9 jo paads ajpuids UHM S|P DM AVIVOLL/dY4D
uolneujweap
ybiay unq *,0€L = 3Jbue jujod
‘J912welp 3joy ‘,0€ = 3|bue x1j3y
‘9210 ISNIY} ‘Ww 9g's = Jalpwelp
‘anbio} buind ASJ/WWZO'0 = P2y ‘paddsys )y € pue paddails ainyy
(610T “Ie 19 teun) ‘1eam j00] ‘wdi96/ = paads apuids ¢ 'padda)s uou a1ny g M pareodun AVIVOLL/dY4D
aJnjesadw)
‘9210} ISNIY}
‘Jeam 00} AJ/WW 090°0
‘sajbojoydiow adepns ajoy 'S¥0°0 ‘0€0°0 ‘SLO'0 = () 918l I3y wwge9g =
‘sybiay 1ng 1xa ulw J919WeIP YUM S||Ip pareod-puowelp
(0z0T “le 12 nx) ‘sad104 Buljuq /W §9 ‘0§ ‘€ ‘07 = (°A) paads bumn) pue apiqied uajsbuny pajeodun AVIV9LL/dY4D
ung uxa 1]
pue abewep aiejd-193ul 11-d44D ujw/qWw 9| = 1Ue|j00d ISIN
‘a)youd 30y dy4d 1L Ul ASJ/ Wi LS00
‘ssauybnol adepns 3oy ‘d44D Ul ASJ/WW 79/0°0 P94
‘ssaupunol 11 ur wdioog ‘d¥4d ul wdipo0'z:add
‘;a13wWelp 3joy 1L ut wdi ooy ‘d¥4d ur wdipo'z IM ww §zs'6 = Jarswelp
(SL0Z “|e 33 wiy) ‘uoieulweap dueU] 1L ul wdioog ‘dd4d ut wdi0oo'9 :IM 40 ||UPp 3SIM1 Dd “[IUP 3SIMI DM AvIV9LL/dY¥44D
Joyiny siskjeuy s1alaweled j00] 9231d oM

‘panunuo) | a|qey



=
<
%)
0
<
T
T
=
[a)]
=z
<
=
<
=
<
o
<<
[~a)
w
w
=
-

(panuiuod)

anbio}

‘ssauybnos adepns
‘uonewuoy diyd

‘Jeam 00}
‘ABojoydiow abpa 3joy
‘J912wWelp 3|0y
‘ainjesadwiay eyl

Bumnd Aiqg
‘21128981 =4

(@yn) paisisse suoneiqiA duosely|n
00S'€ “000°€ ‘00S'Z 000°C

‘005°L ‘000°L = (uiw/l) paads 3jpuids

wwg/ = Idjdwelp

(610T “|e 19 oeys) ‘910§ 1MUY L J/Ww 100 = 91eJ Pasy Paxi4 S|IUP 1ISIM} DM psieodun a1nj-om| dd4D/AvIVILL
sainjeubis 09 ‘St ‘0€ 'SL= ulw/w paads Bumnd
1eam [jup pue Adesndde [ed11awoab ajoy ‘00L°0 PUB S/0°0 ,0FL = 9|bue juiod
‘SJUDIXd 129J9p 3|0y ‘0S0°0 ‘ST0'0 = (AS4/Ww) d)es Pady ,0€ = 3|bue x|y
‘sajoy d1sodwod jo saibojoydiow deyns ‘31l Moj} [10 ww 9
(610T “le 19 nX) ‘sad104 Buljuq y/1w gL e pue Jeqg jo TOW pue Aig = J9JoWelp S||Up IsIM} DM paleodun dd4D/AvIVILL
leqg ~
Jie passaldwod yum uiw/qu g~
juedlqgN| |10 [RISUIW Y} YUM
(ulw/qw o~ piny Bunnd 1siw Aeids GE'9 = J9pwelq
pue ulw/7GL 1M ,0€L = 3|bue juiod
Buij00d Jo 1ay3 ‘A3) ,0€ = 3|bue x|y
‘anbio] JWW GL'0 pue 01°0 ‘S0°0 = d1el pasy M Pa1eod /) [evw
‘210§ 1SNy} “ulw/w 0Z1/09 pue uiw/w piey e pue A\ Paie0d puowelp gAD 050/
(0L0Z “Ie 33 eYAYS) ‘31 |ooL 08/0t ‘ulw/w 0t/0z = paads Bumn) ‘S|IUP DM p31e0dun 1V/d44D/ApIVIIL
uoreujwe|p
‘1nq
‘Aujenb adepuns sjoy ww o/ = Jdjdwelp
‘19)3Welp 3|0H ‘;0vL = 3|bue uiod
(610T “le 1@ ‘uoizedLgN| JO 1343 ARJ/WWSH'0 = Pasd sabpa Humnd omy
2319d-zapueuiad) ‘leam [00] S1/04/§L = (uiw/w) paads bumn) ‘0Ll 1eAsqNS Spligued pajeod puowelq AIV9!L/dY44D/AIV9IL
ww zz'0 = abpa [asiyd
‘f132W03b |00} .T'LT = 3|bue x|y
‘81| jooL s0FL = 3|bue juiod
‘uoneulwefsp Yum ||1p 1sIm) pareod NIYIL AAd (9)
‘feindde 3zs 3oy wuw | |'0 = abpa [asiyd
‘ssauybnol adeyins S1°0 ‘210 .07 = 3|bue xij3y
‘uonew.oy diyd ‘60°0 ‘90°0 ‘€0°0 (AdJ/wiw) J ‘D18 I .G¢1 = a|bue juiod
(910t ‘910§ 1MUY L 09 YUm DM pareodun
‘uosuely |3 pue ny) ‘s2uanbas buljug ‘St '0€ 'S (uwy/w) >4 ‘paads bumn) ‘Ww Gg'g = J3jRwelg AVIVLL/dY4D
loyiny siskjeuy sig1aweleq j00] 22a1d ylom

‘panunuo) °| 3|qeL



MACHINING SCIENCE AND TECHNOLOGY 45

(panuijuod)

SUOIIPUOd TOW pue Aip jo uosiedwo)
‘ABojoydiow 3joH

00L0 pue 500

‘0500 ‘5200 = (ASJ/Wiw) 314 Py
09 pue

SP ‘0€ ‘SL = (Uiw/w) paads bumin)y

0L = 9|bue el
‘,0€ = 3|bue xi3y
‘.0l = 3|bue juiod
wwg = Jalawelq

(0z0z “1e 39 1) ‘AB1aua Bumnd >y1dads A1p 'BdW9°0 pue YW GL = TOW [lUp pa1e0d-N|VIL AVIV9!L/d44D
Adupunlf> sjoH
pue Ja19welp 3joH
‘Jeam |00 A3J/WW 090°0 ,0€ = 3jbue xiy
‘Ayjenb 3104 pue §¥0°0 ‘0£0°0 ‘SLO'0 = (4) Pao4 o0tL = 3|bue juiod
‘ABojoydiow adeung ulw/w o ‘0€ ‘0z ‘0L = paads bumn) wwi GE'9 = JaJawelp
‘ainyesadwa | ww 0z'0 = apnyjdwe SHQ [|UP DM Paieodun
(610T “Ie 12 nx) 910} 15Ny L A31/350 6’| = Aouanbay uone||sO ad pue QvAd1 AVIV9lL/dY44D
0l ‘8 ‘9 =(wdi) paads uonnjoAay
'S/S0
v/1 '€/S'L = (Ww ‘wq) Je1swelp
191IN2/(Ww ‘3) IdUEISIP JLIUIIIT
w |edy3y jo uosuedwo) '6°0 ‘2’0 ‘'S'0 = (ww) youd mans Bujuiyoepy
‘3inyesadwia) IdepRu| ‘005°€ |edIj9H pue buljju@ [BUOIUSAUO) Yoy
(0z0T “|e 13 ung) ‘83104 1snuy L ‘000'€ ‘005’7 = (wdi) paads ajpuids wiwg = J33auWelq /AYIVOLL/dY4D
ainssaid Jeq g = TOW AvAdH pue avad4T ‘@D
A31/350 Gz = Kouanbauy 91 = (9) abue
uone|IdSO Ww 90’0 = (v) apnydwy XI|3H ,§51/8TL = (&) 3|bue uiod
dY4D 10} AdI/WW 900 ww 6 L= (p) 4919Welp 310D
QVA4H pue QvAd41 ‘@D jo uosuiedwio) ‘11 40} ASI/WWI 00 = () P34 T = (N) s3bpa bumn)
‘f13owoab abpa bumnd ulw/w oz = I pue wwgse'/ = Japwelq
(6107 “Ie 10 Buey) ‘910} 15Ny L ulw/w 071 = 444D Jo paads Bumn) oplqued pljos AVIV9LL/dY4D
0S1C pue 005'L (zH) 4 ‘Aouanbaiy
‘'S pue ¢ ‘g (wrl) v ‘apnyjdwy
w61y ung 1xd ‘SL0°0 pue .07 = 3|bue xi|3H
pue aimesadwal bumnd S0°0 'ST0°0 = (AdJ/wiw) § ‘S1e pIsyg 8LL = 3|bue uiog
(6L0T ‘92104 15Ny} '000'S ww 9 = Idwelq
"|e 19 uIassnH) ‘QVA-41 pue QvA-4H usamiaq uosedwo) pue 000’z = (wdJ) N paads Jeuoneioy oM AvIV9!L/dY¥44D
loyiny sishjeuy sl9laweleq |joo] 2291d oM

‘panunuod | 3|qer



=
<
%)
0
<
T
T
=
[a)]
=z
<
=
<
=
<
o
<<
[~a)
w
w
=
-

(panunuo)

Aydeibodoy adeying

‘sbewep 3|0H ADJ/WW GT'0
‘Jeam 00 ‘710 ‘€1°0 ‘80°0 ‘€00 = 9184 P33y
(1007 ‘uoidnpoud 3|oH wdi0S£'T ‘0SL'L
“[e 13 njnwey) ‘sad104 buluq ‘SLL'L ‘099 ‘Sz€ = paads ajpuidg S|IUP 3sIM3 3pIgued ‘03-SSH ‘SSH AvIv¥911/(19/19)
ulw/Ad)
005/00%/00£/00T ulw 8L = 3|bue juiod
/A31 005/00%/00€/00 = paads Buimn) pue ww9g'e = Jajawelp
(0zoT “Ie 33 EIf) anbio} pue 32104 1snuy | ASI/WW T°0/S1°0/1°0/S0°0 = 23eJ pad YUM g [[UP ISIM] 138}-IN0J Y AVIVOLL/dY4D
wrigl = (e) apnydwy
uoleujweap ‘/89'81 = (4) Aouanbaiy
‘fAbojoydiow 3|0y S1 ‘0L ‘S = [ASu/wiM] 4 ‘S1e4 pao4 jueys papealyl
‘ainjesadwal adepalul 000 YHM S|P ISIM} DM paleodun
(20T “|e 13 oeys) pue Buljup uo @) pue @yn jo uostedwo) ‘0007 ‘000°L = [wdi] u ‘paads 3puids ww g/ = Jspewelq AVIVOLL/dY4D
A31/2S0 G'| UOIE||IDSO
buijood-1e padio4
1e3aMm |00} ww z'0 = apnydwy ,0€ = 3jbue x|y
pue uonewsoy diyd 0900 ‘S¥0°0 ‘,0vL = 3|bue juiod
‘saunjesadwial bumno ‘0€0°0 ‘SL0°0 = [A21/wiw] J ‘S1e) P4 ‘Ww G£'9 = Jarewelp
's910} 0z = [ulw/w] A ‘paads bumn) 'sabpa buind omy
(610 “|e 19 1) Builup uo @ pue ayn jo uosuedwo) 000°L = [widi] u ‘paads 3|puids yum apigued udlsbuny pijos pajeodun AVIV9!L/dY¥4D
ZHY 6€ pue
wrl 7' jo Aouanbauy pue spnyjdwe
J1UoSel)N Paxly Yum jiom qyn
1e3aMm |00} ‘ulw/w G/ pue g ‘sz = spaads S||UP 3SIM) S3INJ-Z DM
(9107 “Je 1@ [2uyeQ) ‘32104 ISNIY} Uo @D pue gy Jo uosuedwod) Bunind pue Adl/WW GO'0 = d1el pas4 ww ['9 = Jawelq AVIVOLL/dY4D
Bumnd A1g ‘wdi000‘s
e zH GZ1 pue wdiQo'z 18
Abojoydiow diyd ZH £€°€8) AI/s9PAd 67 = 4 Adouanbauy
pue ssauybnol adeyins 870 'ST0
‘Kutenoin ‘91°0 ‘L'0 £0°0 = (ww) wy apnyjdwy
‘azis 3joy SL0°0 .07 = 3|bue xij5H
(8107 ‘uorjeuiwedp ‘ainyesadwal bumnd ‘adioy ‘G0°0 ‘ST0°0 = (A34/Wiw) 4 14 P .8LL = 3|bue ulod
“[e 13 uIBssnH) IsnJyL uo ) pue gvA41 4o uosuedwo) 000'€ ‘000°¢ = (wdi) N paads bumn) DM Wwg = J3jawelq AvIV9LL/dY4D
loyiny sisAleuy sidldweled ool 92a1d ylopm

‘panupuod | qer



MACHINING SCIENCE AND TECHNOLOGY 47

Qomzt.::o&
Buijood 1a1eM
Ayjenb 3joH -1SIW pue AIp :JUsWUOoIIAUS Bumn) ww 9 = Idwelq
(c10t ‘1eam |00 ] ASJ/WW 70 = 31eJ Pav) s||up
“le 19 elemifny) ‘sad104 buljjuq ulw/w g'gL = paads Bumn) pa1e0d-iS11/1D|VIL PUe NISIL ‘NIVIL AVIV9!L/d44D
ssauybnos adeung ‘ieam |00] UlW/WW /G pue gL = 93l pasy ww 9 = Jajawelq
(710T "ysiwssseyn) ‘sadu04 Buljjuq wdi 00y pue o0p'L = paads ajpuids SIIUp 9plgied pajeod-/) AVIV9LL/dY4D
(11) uw/ww /Gy TSk = 3jbue xipy
(€10t 1eam 00| pue (d44D) ulw/ww el = 214 pasy ,0rL = d|bue uiod |jup
‘yalwasseyn ‘ssauybnos depng (d¥4D) wdi0os'y ww g = Jaawelq
pue .1jiqs)) ‘sung ‘uonjeulwefaq ‘sedioy Buljuq pue (11) wdioop'L = paads ajpuids S||Up 1sIM} NILIY AVIV9LL/dY4D
ASJ/WIW | G0'0 = dleJ pasy
auewiopad joo) (11) wdi1008 ‘00% ‘(d4dD)
(710T " 19 Hieq) ‘leam j00L wdi 0009 ‘000'C = paads 3|puids S||UP Pa1eOd-NYE DM AVIVOLL/dY44D
1SIW :JUSWUOIAUS Bumn)
(11) A31/Ww 8050°0 87 = 9|bue xij3y
(d4d4D) ASI/WW 7900 = D14 Pasy oGEL = 3|bue juod ||up
leam |oo| (11) wdi008 ‘00% ‘00¢ ‘(d¥4) Ww 675’6 = Iapwelq
(L10T " 19 >ied) ‘sadu04 buljjuq wd1000'9 ‘000’7 = paads 3|pulds SIIP add DM AvIVOLL/d¥4D
19M pue AIp :JusWUoIIAUS Bumind
(MEE] .87 = 3|bue x|y
Aujenb sjoH /W 8050°0’(d¥4D) T9L0'0 = el pady »SEL = 9|bue juiod [Up
‘leam j00L (11) wdi 0ok ‘008 = U (d4dD) ww 6zg'6 = Jewelq
(10T “Ie 13 Yled) ‘sa2104 Buluqg wdi000'9 ‘000’7 = paads a|puids S|IUp 3sIM3 DM AVIVOLL/dY4D
TOW :JUSWUOIIAUS Buiindy
(110 2IN1PNASODIW deuNnS ulw/Ww G = dlel pasy wwg| = Jawelq AVIVOLL
“[e 19 J3IRWISYULIG) ‘Speo| |ed1ueydaw pue jeway| ulw/w o = paads bumn) p dois ‘|up 1sim] /d44D/2bWnIY
-,0€ = 3|bue xij3y
suolIpuod ,0€1 = 9|bue uiod |up
1S1W |10 pue AIp :uswuodiAu bumn) ‘ww gl = Japwelq
(00T ‘uassuer 1eam 00| wwGLo = el pasy (puowerp 2gi ‘pajeodun) AvIVOLL
pue Japwsyulg) ‘Aujenb acaidyiopm ulw/w oz ‘0L = paads bumn) s|up da1s ‘|up 1sIm| /d44D/7BWNDIY
1e3M 00|
(00T ‘Ajenb sjoH ASJ/WW ST'00T'0EL0°80°0 = 3184 P33y
‘ninwey pue wy) ‘uoneziwndo ssado04d bulja wdig/’L ‘SLLL ‘099 = paads 3|puids s||Up 3piqJed ‘Juiod-y(ds ‘0J-SSH AvIV911/(19/19
loyiny sisAleuy sidlaweled ool 92a1d ylopm

‘panunuo) | a|qey



=
<
%)
0
<
T
T
=
o
=z
<
=
<
=
<
o
<<
[~a)
w
w
=
-

(panuijuod)

(zeoz "le 1w 1)
(€10
“le 19 Jewny||iyiuss)

(LT0T “Ie 13 uy)

(€107 "®anwe|
pue einwnsiep)

(#10T “Ie 12 Buep)

(110t
“le 13 |efensed)

uoneujwedq
Abojoydiow diydp ‘axuesajoy ‘ybIay 1ing
‘uojeujwelap ‘1eam abpa [asIyd ‘Ieam yuelq

‘y1buais
9J1sua} dniels 1senp ‘anbiiey ‘Ayjenb
3|0H ‘@3uanbas dy4D 03 IL ‘11 03 dY4D

$3210) PaINSeI
32104 PAPIPaId S|PpoW 32104-Bulluq

P 11/d44D pue
A|uo-11 “Aluo-dy4dul SwisiueydI3W Jeam [00]
‘sa2104 Buug

1919wWelp

9]0y uo s1010e) Indul JUAISYIP JO S1IPYT
uolewloy 1ing

‘foeindde 3joH

(wrl 0z ‘zH €€°€€ Aouanbauy

-mo| ‘wrlg ‘zZHy L6'pE = Aouanbaiy
-YBIH) QVAD ‘@D Buljjup [euonuaAUO)

900
'S0°0 ‘Y0°0 ‘€00 = (4/wiw) 314 pay
00y = (utwy/1) paads djpurds
"AJ/WIW GO0 “ADJ/WWISO'0) = PIdy
wdigzg’l ‘wdizL9 = paads 3jpuids

AJI/WW 90’0 = eI PIdy
‘ulw/w gL= paads bupin)

A3J/wiw |°0 ‘50°0 = el
pas) ‘ulw/w Gz ‘0L = paads bumin)

JURJO0D ISIIA| UlW/TW 9|
A1/WW 80S0°0 = 918l

pa3y ‘wdi 0pg = paads djpuids 1] 404
ASI/WW Z9/0°0 = d1eJ Pasdy

‘wdi 000’9 = paads 3|pulds dy4D 104
219 ‘paads
9|puids ‘a1es pady ‘s|elssrew

JO ainjeu ‘suonipuod bumnd sjgeuep

ABJ/WW G1°0 ‘80°0 = 91eJ PID)

",0€ = 3|bue x|3y
.01 = 9jbue jujod
‘ww g

JO I913WeIP Y} YUM [[Up ISIM] dpIqie)

",0€L pue gLl = s3|bue juiog
ww € = yibus| abpa-buimnd
pue .0yl = 3|bue juiod
's0€ =
9|bue XI]ay ‘Ww GE'9 JaWelp Ay}
YUM |[Up 3pICUed PAJUSWd Paleodun
07 = 3lbue xijy
071 = 3|bue jutod |jup
ww 9 = Idjawelq
[IUP 3SIM} pa1eod NIV!IL
o5 = 9lbue xijy
oGEL = 3|bue jutod |jup
ww 675’6 = Jarawelg
S|P DM Pa1e0d Xilew YNEIS Aq
papunouns sutelb N[y dulfjeisAid
Oueu pue pa1eod NI]|Y ‘pPaleodun

,0€ = 9|bue
s0FL = 3|bue juiod |jup

AIY9lL/dd4D

11/d44D

APIV9L/d44D

11/d44D

dd4D ‘AvIvoLL
‘AvIV911/d44D

IV/d44D “1L/dd4D

‘1eam j0o] (IV ‘d¥4D) uiw/w ozL = paads bunnd ww gg'9 = Jasawelq 0S0ZIV
(10T “Ie 12 ony) ‘anbio] ‘@210 3snuyL ‘(1) uw/w og = paads Bumnd l4p puowelp gAD pue 11 /dY¥42/APIVOLL
(11) ASJ/Ww Z°0 ,0€ = 3|bue Xy
“(d¥4D) ASI/Ww GO0 = Bkl pady s0FL = 3|bue uiod |up
ﬁm_.ON Jeam 00| A_C widi [°r4 ww | = Jeswelq
“[e 13 ploInod) ‘sa2104 Bulug {(d44D) wdizs9'c = paads s|puids [I4p pajeodun oy AYIVOLL/dY4D
Bulj00d IsIw
-191em pue AIp :uswuodiAud buimn)
uosiiedwod JuswuoIIAUS bunin) ADJ/WW Z°0 ‘L'0 = d)eJ pasy ww 9 = J3pwelq
(L1L0Z “[e 13 ouiyse|) ‘Ayjenb 3joH ‘ieam |00 ‘sedi04 Bumn) ulw/w g'g| ‘v'6 = paads bumind S|P Pa1eod IS11/1DIVIL ‘NIVIL AvIVILL/dY4D
loyiny sisAleuy sld)oweled j00] 2231d oM

‘panunuo) °| 3|qeL



MACHINING SCIENCE AND TECHNOLOGY 49

(€207 “|e 19 o))

ulw/ww 0§ = pas4

uI/A2 0007 ‘005’1 ‘000°'L = paads
10 [eJ3UIW 3|qN|OS %8~/ BujuleIuod

‘Jeq 0/ Jo ainssaid e pue uiw/0g
JO 91B4 MO} B 1 Ajjeulaiul paIAISp

uoIsS|NWa paseq-alem — piny bumn)

dd4d an
S||UP 1SIM] BpIgUed PJROd N|YIL
ww G£'9 = J91swelq

0%l = 3|bue juiog

‘¥l = d|bue Jai3y

de|d
APIVILL pue d44d

Buppad noyum pue yum S||Up 1sIm) DM pajeod 0S0LVY
(8107 “Ie 12 ony) 80°0 ‘S0°0 = (Adu/wiw) pad4 NIL/NIVIL pue pajeodu) - buneo) /dH4D/AIVOIL
dd4D 03 11 ‘1] 03 d44D — dudnbas ".§€L = 3|bue juiod
710 ‘600 ‘.02 = 3|bue xij3y
‘90°0 ‘€0°0 = (Adu/wiw) 4 3)eJ P34 ww L1°0 = 3bpa |asiyd
59 'Sy ‘sabpa bumnd ¢
(zzoz Aujenb ajoy Ajjeuly pue Auibajul adepns ‘0€ ‘GL = (ulw/wy) A paads bupind ‘ww /|y = J91welp
“le 19 yuinog) ‘foeIndde JeuolIsuswWIp ‘sad10) buluiydepy ‘bumnd fig ‘||Up 9pIgied pijos paieodun AIVOLL/dY4D
loyiny sisAleuy sld)oweled j00] 2231d oM

‘panunuo) °| 3|qeL



50 J. M. JEBARATNAM AND M. H. HASSAN

and delamination defects. Conversely, when drilling titanium alloy, a higher
feed rate and lower cutting speed are preferable to reduce cutting tempera-
ture, mitigate tool wear and reduce exit burr height in the titanium alloy
(Park et al.,, 2011; Wang et al., 2014; Jiaying et al., 2022). Therefore, when
considering the CFRP/Ti stack-up drilling, the choice of drilling parameters
must account for the specific requirements of the CFRP, titanium alloy and
interface machining stage (Ramulu et al., 2001; Denkena et al., 2008; Park
et al,, 2011).

For drilling composite panels, it is generally recommended to employ a
low feed rate (0.01-0.05mm/rev) with a relatively high cutting speed (150-
200 m/min) to minimize delamination (Mkaddem et al., 2013; Sheikh-
Ahmad, 2015). Conversely, for titanium phase machining, a high feed rate
(0.05-0.1 mm/rev) with a low cutting speed (10-30 m/min) is advisable;
however, these circumstances are detrimental to composite parts because
the high axial force causes delamination (Ramulu et al,, 2001; Sharif and
Rahim, 2007). Moreover, specific scenarios might benefit from a cutting
condition comprising a low cutting speed and a moderate feed rate,
enhancing CFRP/Ti drilling and ensuring an admirable hole surface finish
for both CFRP and Ti phases (Park et al., 2014). Additionally, research by
Soo et al. (2019) highlighted that increasing the feed rate resulted in
improved hole accuracy, with diameter fluctuation not exceeding 15 pum.
Zitoune et al. observed that drilling with a low feed rate (f=0.05mm/rev)
resulted in the formation of continuous chips, and increasing the spindle
speed from 1,050 to 2,750 rev/min had no discernible effect on chip shape
and size (Zitoune et al., 2010).

The selection of drilling parameters significantly influences machining
efficiency, tool life and hole quality in CFRP/Ti stacks, requiring tailored
approaches for each material layer. Cutting speed has minimal effect
on thrust force, whereas feed rate has a substantial impact, with higher
feed rates increasing thrust force but reducing tool-work contact time,
thereby minimizing heat and exit burrs in titanium. Lower feed rates
(0.01-0.05mm/rev) and higher cutting speeds (150-200 m/min) are recom-
mended for CFRP to reduce delamination, while higher feed rates (0.05-
0.1 mm/rev) and lower cutting speeds (10-30 m/min) are ideal for titanium
to lower cutting temperatures and mitigate burrs. Balancing these parame-
ters for interface machining can enhance hole quality for both materials.
Additionally, moderate feed rates and low cutting speeds can improve sur-
face finish in stack drilling, while higher feed rates may enhance hole
accuracy without significant diameter fluctuations. Chip formation and
behavior also vary with feed rates and spindle speeds, further influencing
the overall drilling performance. Table 2 shows different combinations of
feed and speed and the impact of them on various outcomes.
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Table 2. Influence of speed and feed on various machining outputs while drilling CFRP/Ti
stack.

Speed Feed Result Reference

Increase Decrease  Continuous metal chip Kim et al., 2005)

Increase Increase continuous metal chip Ramulu et al., 2001), (Kim and Ramulu, 2004)
Decrease  CFRP Continuous chip Kim et al., 2005)
Increase CFRP Dust chip Kim et al., 2005)

Increase Exit delamination increased Abrao et al., 2007)
Increase Decrease ~ Optimum for CFRP panel Ramulu et al., 2001), (Liu et al., 2012) (Kuo et al., 2018)
Increase Increase Optimum for Ti panel Ramulu et al., 2001), (Kurt et al., 2008)

(

(

(

(

Increase Entry delamination increased  (Abrao et al., 2007)
(

(

(

Decrease  Increase Thrust force increase (Xu et al., 2016)

Customizing tool geometry

Selecting an optimal tool for CFRP/Ti stack drilling presents a notable chal-
lenge, primarily because each phase of machining shows distinct wear pat-
terns. For example, when drilling CFRP panels, the cutting tool undergoes
noticeable wear on its edges, causing edge rounding and the flank experien-
ces considerable wear due to the abrasive nature of the reinforcing fibers
(Konig and Graf3, 1989) and the major wear modes are abrasion, chipping
and fracture induced by mechanical and thermal loads (Xu et al., 2014).
Conversely, when drilling Ti panels, severe adhesion of Ti chips combined
with highly localized temperature concentrations at the tool-chip interface
easily leads to edge chipping, adhesion wear and tool breakage. Therefore,
cutting tools for hybrid CFRP/Ti drilling should possess exceptional tough-
ness, high hardness, superior wear resistance, high thermal conductivity
and favorable chemical inertness. Various tool materials, such as high-speed
steel, coated tools, carbide tools and super hard materials like PCBN or
PCD, have been examined for this purpose (Lantrip, 2008). For composite/
metal drilling, carbide tools with low cobalt content are preferred due to
their higher hardness and improved abrasion resistance. However, research
by Xu and El Mansori (2016) indicates that the geometric properties of the
tool have a greater impact on FML drilling than the material composition.
Specially designed tool geometries have demonstrated significant poten-
tial in achieving improved hole quality while drilling stacks (Zitoune et al.,
2016; Altin Karatag and Gokkaya, 2018). Researches on these tool geome-
tries incorporate characteristic angles (e.g., helix angle, clearance angle,
point and) (Senthilkumar et al., 2013, 2018; Xu and El Mansori, 2016),
edge configurations (Zitoune et al., 2016), tool diameter (Zitoune et al.,
2010) and tool shapes (e.g., twist, double point, candlestick, etc) (Pawar
et al., 2015; Soo et al., 2019; Unai et al., 2019). Figure 19 illustrates the typ-
ical structure of a conventional twist drill. Smaller geometric properties of
the drill, such as helix angle, point angle and chisel edge length, typically
lead to better hole quality, including improved circularity, reduced delam-
ination, enhanced surface roughness and precise hole size, compared to
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larger ones (Zitoune et al., 2010; Senthilkumar et al., 2013, 2018; Xu and El
Mansori, 2016). Zitoune et al. suggested utilizing drills with diameters of
6mm or less for drilling multi-material stacks because larger diameters
result in significant increases in chip cross-sectional area and longer chisel
edge lengths (Zitoune et al., 2010). Won and Dharan emphasized that
when the feed rate is low, 40% of the total cutting force originates from the
chisel edge, increasing to 60% when the feed rate is high (Won and
Dharan, 2002). Therefore, for drilling multi-material stacks, it is preferable
to use a drill with a diameter of 6 mm or less. Moreover, it was noted that
drill bits with a narrow chisel-edge width could decrease force generation
and mitigate delamination damage during drilling (Sheikh-Ahmad, 2015).

In drilling FML stacks, Aydin and Nalbant achieved optimal performance
with a helix angle of 130° (ErmanAydin, 2020). Literature suggests that
higher drill point angles (130° < ¢ < 140°) are more effective for drilling
metal (Kelly and Cotterell, 2002), whereas lower drill point angles (75° <
0 <118°) are preferable for drilling FRP (Chen, 1997; Secholzer et al,
2019). Kuo et al. (2014) revealed that employing a two-stage point design
for a drill bit could improve its ‘self-centering’ capability, thereby reducing
tool deflection and ensuring excellent hole accuracy. Garrick argued that
drill bits featuring a unique K-land design, typically employed in cutting Ti
alloy, could strengthen the cutting edges, rendering the tool suitable for
power-feed drilling in CFRP/Ti stacks. In the author’s experiments, veined
PCD drills with a modified K-land design exhibited extended tool life and
enhanced hole quality when compared to conventional geometric PCD
drills (Garrick, 2007).

Multiple researches have established that stepped drills are highly effect-
ive in drilling CFRP/titanium alloy structures. Stepped drills play a crucial
role in distributing mechanical load during drilling, leading to improved
hole quality and reduced tool wear. Alonso et al. (Unai et al., 2019) com-
pared the impact of flute count and geometry in stepped drills on interface
drilling quality, as depicted in Figure 20a. The findings revealed that a
three-flute step drill, in contrast to a double-edge step drill and a regular
twist drill, significantly reduces tool wear, minimizes thermal damage at the
interface and notably decreases CFRP delamination at the stack interface.
Moreover, the burr height measurements for stepless drills were approxi-
mately twice as high as those recorded for two-fluted stepped drills.
However, Xia and Mahdavian (2005) observed that during metal drilling,
the second step of a step drill bit consistently generates continuous and
large-sized chips. This poses challenges as these unbroken metal chips must
traverse a longer removal route, particularly through the upper CFRP layer,
where there is a risk of potential tearing damages. Hence, to facilitate chip
breaking and removal as well as minimize cutting temperature, Wang et al.
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Figure 20. Novel tool structure for CFRP/Ti (Al) stacks: (a) the stepped drill with different num-
ber of flutes and geometry (Unai et al, 2019), (b) a new stepped drill with a chip breaking
structure (Wang et al., 2021) and (c) a multi-cutting-edge twist drill (Yuan Jia et al., 2020).

(2021) innovated a modified stepped drill featuring a chip-breaking design
based on chip fracture theory as illustrated in Figure 20b. This novel design
incorporates a block surface on the inner side of the secondary cutting
edge’s rake surface. This addition of a block surface adjacent to the rake
surface effectively restricts lateral chip movement, thereby reducing the chip
curl radius, increasing chip surface strain and potentially leading to chip
breakage. Furthermore, Yuan Jia et al. (2020) introduced a multi-
cutting-edge twist drill specifically tailored for drilling titanium alloy/CFRP
structures in the opposite stacking sequence, as depicted in Figure 20c. The
multi-cutting-edge configuration serves to reduce both radial and axial cut-
ting depths, effectively alleviating the tool’s pressure on the hole wall during
machining and minimizing pressure in the outlet direction. Consequently,
this design significantly enhances machining precision for laminated aper-
tures while reducing CFRP exit delamination and titanium alloy burr height.
Therefore, it can be said that drilling CFRP/Ti stacks presents challenges
due to distinct wear patterns in each material: CFRP’s abrasiveness causes
edge rounding and flank wear, while Ti’s high adhesion and heat gener-
ation lead to chipping and tool breakage. Optimal tools require toughness,
hardness, wear resistance, thermal conductivity and chemical inertness.
Carbide tools with low cobalt content are preferred for their abrasion
resistance, but tool geometry plays a more significant role. Key geometric
features include helix and point angles, chisel-edge width and flute design,
with smaller diameters (<6 mm) and narrow chisel edges reducing



54 J. M. JEBARATNAM AND M. H. HASSAN

delamination and cutting forces. Higher point angles (130°-140°) suit metal
drilling, while lower angles (75°-118°) are better for FRP. Advanced
designs like two-flute drills with large helix angles, stepped drills and
multi-cutting-edge twist drills improve chip removal, reduce wear and
enhance hole quality. Innovations like modified stepped drills with chip-
breaking designs further optimize performance by reducing thermal dam-
age, delamination, and burr formation in CFRP/Ti stacks.

Selecting drill bit material

Hardness, toughness, wear and heat resistance are the main factors that
determine a drill’s lifespan. A high-quality drill should be able to withstand
high temperatures without breaking, rupturing, or wearing out (Prajapati
et al., 2015; Hari Nath Reddy et al., 2021). In theory, for the cutting tool to
effectively cut through the workpiece, its hardness needs to be higher than
that of the workpiece. A bit’s resistance to stress load, vibration-induced
chipping and cracking, misalignment, runouts and other drilling process
flaws increases with its toughness. Increasing the toughness of drill bits
while maintaining their hardness is a prominent trend in their development
phases.

High-speed steel (HSS) is typically utilized in drilling applications since
it is less expensive than other materials like tungsten carbide, ceramic, or
polycrystalline diamond (PCD). According to Liu et al, the main reason
why HSS or carbide drill bits have become popular is because they operate
better at high cutting speeds than other drill bits (Liu et al., 2012). HSS
drills were often employed in a number of studies, making it the most
widely used tooling material because of its affordability and increased
toughness (Davim and Reis, 2003a; Tsao and Hocheng, 2007). But HSS is
not advised for composite drilling applications because of its poor wear
resistance when drilling on highly abrasive materials like CFRP (Geier
et al., 2019; Geng et al,, 2019). In contrast to other tooling materials, HSS
with the maximum hardness deforms at about 700°C (Davim and Reis,
2003b; Astakhov et al., 2008).

In the case of tungsten carbide, the cobalt matrix is added together by
the sintering process in carbide materials, which are composed of carbide
particles (tungsten carbides, titanium, tantalum, or some mix of these). The
carbide particle size that is often utilized for cutting can be categorized
respectively as less than 0.8 pym, 0.8 um to 1.0 um, 1 pum to 4 pm and more
than 4 um for micro grains, fine grains, medium grains and coarse grains
(Lin and Chen, 1996; Hassan, 2020). The characteristics of carbide tools are
greatly impacted by the quantity of cobalt present. Depending on the
desired toughness and hardness, the cobalt percentage of the sintered
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tungsten carbide rod for the drill bit will vary between 3% and 20%. The
toughness of the drill bit increases as the cobalt concentration rises, but the
strength and hardness may deteriorate. For the identical composite materi-
als, tungsten carbide bits outperformed HSS at low speed and feed while
drilling at high temperature in terms of wear resistance, delamination and
improved surface finish (Lin and Chen, 1996). When the radius away from
the corner was measured after the drilling procedure, there was hardly any
wear visible on the carbide drills’ flank surface, while the HSS bit had sig-
nificant wear (Shyha et al., 2009).

When considering ceramic tool material, maintaining high hardness (and
hence abrasive wear resistance) at high temperatures is the key benefit of
employing them. The high temperature that results from the tool and
workpiece coming into contact weakens all tool materials during the drill-
ing operation, but ceramic materials can function since they wear off con-
siderably more slowly. One of the key advantages of ceramic cutting tools
is their chemical stability (Celik et al., 2015). Compared to the majority of
ferrous materials, including super-alloys, ceramic materials are therefore
perfect. There are two basic varieties of ceramics. The first is aluminum
oxide, which is generally applied to strong steel and is brittle yet wear-
resistant. The other one is silicon nitride, which is used specifically on cast
iron and is comparatively soft and durable. The configuration of a variety
of ceramic materials known as Si-AIONs, which mix silicon nitride and
aluminum oxide, is now the most important breakthrough. The harder the
material, the greater the ratio of aluminum oxide; nevertheless, the more
silicon nitride needed, the tougher the material must be (Celik et al., 2015).
It now seems that ceramic tools will benefit greatly from the new field of
nanotechnology. Nowadays, the most sophisticated ceramics are micro-
grain materials, while the most recent advancements are focused on moving
toward nanograins (Celik et al., 2015). The main benefit of this technique
is that when more grain area is exposed to bonding, the strength increases
with the smallest particle size. Increased resistance to damage and
improved wear characteristics are the outcomes of the strength gain.
Coating applications are seldom used for ceramic materials because of the
poor adherence between the coating materials and the ceramic substrate.

The hardest material for cutting tools is polycrystalline diamond, where
diamond particles in a metal matrix make up the PCD cutting tool.
Compared to tungsten carbide, which has a hardness of 1,600-2,200 HV,
PCD has a far higher Vickers hardness (HV) of 6,000. According to Karpat
and Bahtiyar, PCD is appropriate for high-speed drilling and cutting of
very abrasive materials like CFRP (Karpat and Bahtiyar, 2015). According
to Garrick et al. and Heath et al.,, they have created a veined drill that can
drill titanium stacks and carbon composites in a single stroke (Heath, 2001;
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Garrick, 2007). The helical PCD drill geometry performed the best overall
cutting when compared to other tungsten carbide drills; nevertheless, when
delamination is taken into account, it is more susceptible to variations in
feed rate. Heath et al. asserted that because PCD can tolerate very abrasive
carbon fiber-reinforced polymers (CFRP), it is a more robust tool that may
be used to drill composite materials. But when combined with composites,
PCD is too brittle to withstand the high cutting forces of metals like titan-
ium (Heath, 2001; Garrick, 2007). According to Butler-Smith et al., there
are notable benefits of core drilling using PCD drill. A novel core drill
design reduced drilling temperature, thrust force and surface deterioration
by 26%, which decreased the likelihood of delamination during composite
drilling (Butler-Smith et al., 2015). The PCD tool was mainly claimed to
have greater cutting efficiency while processing typical composites because
of its low heat conductivity and strong wear resistance (Ferreira et al.,
1999; Kim et al,, 2015). When used in stack-up drilling, the PCD coating
may also offer exceptional wear resistance and successfully lessen the exces-
sive chip adhesion that occurs during metal component drilling (Park
et al.,, 2012). Due to their great abrasion resistance, PCD tools are typically
chosen for cutting composites (An et al., 2013, 2014). Build-up edge and
build-up layer are the primary issues while drilling a stack material with
metal components. When drilling a metallic item, the chips that are created
during the drilling process can readily fuse to the drill’s cutting edge, creat-
ing a layer that causes the tool to fail too soon (Zitoune et al., 2010, 2012).
One of the materials that may be utilized to drill the stack material at the
lowest drilling temperature is PCD because of its strong wear resistance,
low friction characteristics and low thermal conductivity. However, when
drilling a metallic item with high-speed machining, a PCD drill can readily
fracture because of the material’s inherent brittleness. In contrast to tung-
sten carbide materials, it is advised that PCD drills be used at a somewhat
narrower range of cutting parameters. In contrast to high-speed steel
(HSS), PCD has the least acceptable toughness property because of its
abrupt deformation at 600°C (Davim and Reis, 2003b; Astakhov et al.,
2008).

On the whole, it can be said that the lifespan of drills depends on hard-
ness, toughness, wear and heat resistance, with tougher, harder drills being
key for improved performance. High-speed steel (HSS) is commonly used
for its affordability and toughness but lacks wear resistance, especially for
abrasive materials like CFRP. Tungsten carbide, with its cobalt matrix and
varying cobalt content, offers superior wear resistance, toughness and per-
formance under high temperatures compared to HSS. Ceramic tools,
known for their hardness and thermal stability, excel in high-temperature
applications but are brittle, with advancements in nanotechnology
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enhancing their strength and wear resistance. Polycrystalline diamond
(PCD) tools, the hardest cutting material, provide exceptional wear resist-
ance and cutting efficiency for abrasive composites but are brittle and less
suited for high cutting forces or metallic materials like titanium.

Application of cooling technology

Metalworking fluids (MWFs) are used to machine tough-to-cut materials
because they reduce cutting temperatures, reduce friction between the
workpiece and tool and improve chip removal. These factors significantly
extend tool life and reduce surface quality and machinability issues
(Krolczyk et al., 2019). When using cutting fluid during drilling, the hole
size decreases as the coolant helps to dissipate some of the cutting heat
(Park et al., 2011). However, they pose risks to both the environment and
employees (Wang et al,, 2022). Due to moisture absorption, composite
materials like CFRPs lose their interlaminar strength as well (Almudaihesh
et al., 2020). Turner et al. examined the impact of various MWFs on the
mechanical characteristics of CFRPs and demonstrated that swelling of the
composite resulted from water absorption in both water- and oil-based
coolants. This consequently resulted in the tested specimens’ mechanical
strength declining (Turner et al., 2015). In contrast, Tetsuya et al. revealed
that, while drilling CFRP/Ti6Al4V stacks with cemented carbide drills,
employing water-mist cooling can enhance the precision of the hole diam-
eter in the CFRP layer (Tashiro et al., 2011).

Minimum quantity lubrication

During dry drilling, since the drill edges aren’t cooled or lubricated by the
cutting fluid, the hot, sharp-edged metallic chips generated during subse-
quent titanium drilling induce notable mechanical wear and thermal deg-
radation on the surface of the carbon/epoxy. This exacerbates the severity
of the composite flaws (Xu et al., 2020). According to Min et al., the mor-
phologies of the drilled composite phase are substantially smoother under
the minimum quantity lubrication (MQL) conditions (Ji et al, 2020). In
order to reduce friction at the tool-chip interface with less lubricant
(500 mL/h), oil atomization is used in MQL to provide highly localized
lubrication (Madarkar et al., 2018; Masoudi et al., 2018), which lowers the
cutting temperature (Hamran et al., 2020) and conserves the energy lost to
friction to reduce the power usage (Ji et al., 2020; Xu et al., 2020). When
drilling CFRP/metal stacks, MQL can be used to reduce high drilling tem-
peratures, delay tool wear and prevent metal from sticking to the cutting
edge, especially when the metallic panel is titanium (Hassan et al.,, 2022).
Due to the lubricant’s moistening effect, which causes the composite chip



58 J. M. JEBARATNAM AND M. H. HASSAN

dust to soak up the lubricant and stick at the drill edges, the majority of
the chip adhesion under MQL conditions is composed of powdery compos-
ite debris (Pergin et al., 2016). In contrast, dry machining results in highly
worn drill surfaces with large amounts of titanium chips firmly fused on
the primary, secondary and drill chisel edges. It suggests that poor cutting
conditions are predominating during stack drilling since the severe adher-
ence of titanium might lead to BUE or even peeling off of the adhered
chips, which accelerates drill edge chipping or fracture (Xu, Ji, et al., 2019).
Utilizing MQL reduced the rate of tool wear by preventing BUE from
forming on tool faces due to high cutting temperatures (Brinksmeier and
Janssen, 2002).

Dry and flood cooling have traditionally been the two mediums for
machining; and more recently, attention has been paid to MQL as a cool-
ing medium. The experimental diagram for MQL is shown in Figure 21.
The machining quality of CFRP/Ti6Al4V stacks was first studied by
Senthilkumar et al. under MQL conditions (Senthilkumar et al., 2018). The
authors conducted a number of test runs using different MQL variants and
noted that a lower flow rate resulted in improved machining quality.
Under the established process conditions, a number of MQL drilling
experiments were conducted by different authors with a compressed air
pressure of 0.6 MPa and coolant flow rate of 15mL/h (Xu, Ji, et al., 2019; Ji
et al., 2020; Xu et al,, 2020). It was found that low oil flow rates and high
air pressures work well together to produce MQL drilling with greater
machining quality (Iskandar et al., 2013; Meshreki et al., 2016). Nam and
Lee examined the effects of using nanofluid MQL conditions and com-
pressed air in micro-drilling of Ti6Al4V alloys (Nam and Lee, 2018).
According to the findings, the nanofluid MQL may more successfully enter
the cutting area and make best use of the ball bearing effects, which would
result in a large reduction in friction.

Kistler 9272

CFRP/Ti6Al4V )
workpiece dynamometer Fixture MQL system

Figure 21. Experiment set up with MQL (Xu et al., 2020).
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According to Seo et al. (2021), MQL machining increased cutting force
and accordingly delamination because the material didn’t soften as a result
of lower cutting temperatures. Typically, the MQL environment produces
greater thrust forces than dry machining (Meshreki et al., 2016; Xu et al.,
2020); for instance, it produces CFRP panel thrust forces that are 12.71%
higher than those attained during dry drilling circumstances at V=15m/
min and f=0.100 mm/rev (Xu, Ji, et al, 2019). Two elements can explain
these phenomena. First, since the lubricants’ wetting properties make the
powdery particles that have been removed from the composite panel easy
to clog along drill edges, increasing the frictional effort needed to eliminate
composite chips (Xu, Ji, et al., 2019). Second, the cooling effects brought on
by the MQL oil supply stop the composite polymer matrix from softening
and plasticizing, preserving the brittle characteristics of the carbon/epoxy sys-
tem and exhibiting greater mechanical resistance to the drill cutting edges,
particularly the chisel edge (Xu et al., 2020). While drilling the Ti6Al4V layer,
MQL conditions also fall short of reducing drilling forces since they encour-
age thrust forces that are on par with those attained in a dry drilling environ-
ment. Two elements can explain these phenomena. First of all, titanium alloy
is a typical tough-to-cut material and when MQL is used, the cutting zone’s
temperature is lowered, which diminishes the impact of thermal softening
and induces a cooling effect on the chips expelled from the drilled hole,
thereby elevating the friction between each chip and the hole wall. Second, to
drill the tough titanium alloy, the sharpness of the cutting edge should be
maximized. However, the oil-induced adhesion of CFRP chips causes a sig-
nificant rounding of the cutting edge and worsens the drill bit’s abrasive
wear, which is quite unfavorable and increases the cutting load (Xu et al,,
2020). Additionally, regardless of whether there are CFRP or Ti6Al4V layers
present, the drilling speed has a negative impact on the growth of thrust
forces in the majority of drilling scenarios. The incident is linked to softening
of the workpiece due to high speeds, which lowers the cutting resistance to
evacuate additional softened pieces (Krishnaraj et al., 2012; Xu et al., 2014,
2020). It is found that both MQL and dry drilling methods benefit from a
parametric combination of high cutting speeds and low feed rates for reduc-
ing thrust forces (Xu, Ji, et al.,, 2019).

Although using MQL reduced tool wear and enhanced the surface mor-
phologies of the drilled holes, it did not solve the issues of delamination
(Xu, Ji, et al., 2019) and hole cylindricity (Xu et al., 2020). When compared
to dry machining, MQL environments typically result in substantially
smoother composite surfaces with lower levels of drilling-induced flaws
(Xu et al., 2020). This shows how well the cutting oil penetrates the tool-
work interface, lubricates, cools and cuts holes, minimizing the occurrence
of different forms of thermal and mechanical-driven defects over the
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material removal process (Xu, Ji, et al., 2019). Due to the efficient cooling
and lubricating properties of the MQL atmosphere, the titanium chip
evacuation does not create visible scratch marks or thermal deterioration
on the cut composite holes (Rahim and Sasahara, 2010).

One of the first to use MQL while machining multilayer composite
stacks was Brinksmeier and Janssen (2002). They discovered that while
drilling composite/metal stacks, the usage of MQL could significantly
decrease the diameter difference and reduce tool-metallic chip adherence.
When the MQL environment is used, composite hole diameters are typic-
ally more consistent and nearer to the nominal diameter. However, in dry
drilling and MQL drilling, increasing either the cutting speed or feed rate
tends to impact the titanium chips’ scratching on the composite holes (Xu
et al., 2020) and increase the CFRP hole diameter (Xu, Ji, et al., 2019).
Additionally, for both the dry and the MQL circumstances, in the CFRP
panel, the exit hole diameters show the highest values, succeeded by those
of the middle hole and the entrance hole (Xu et al., 2020). In metallic
panel, the MQL conditions frequently result in undersized holes that are
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less than the nominal diameter in the titanium phase, as shown in
Figure 22 (Xu, Ji, et al., 2019). This occurrence results from the cooling
shrinkage of the hole’s diameter following the drilling procedure (Xu et al.,
2020). The multilayer composite/metal stacks should be drilled at the low-
est cutting speed and feed rate to obtain the most consistent titanium hole
diameters (Xu, Ji, et al., 2019).

When considering cylindricity on a titanium panel, the MQL has a nega-
tive impact, causing an error increase of 28.03% for the drill with the
TiAIN coating and of 106.54% for the drill coated with diamond. But in
CFRP panel, it decreased the average cylindricity errors by 16.11% and
15.08%, respectively, for TIAIN and diamond-coated tools (Xu et al., 2020).
When considering burr height, the occurrence is reduced because titanium
chips become firm and crisp, making it simpler to break off and remove
from the hole walls since the titanium panel’s cutting temperature is greatly
reduced under the MQL condition due to the lubricating and cooling phe-
nomena (Xu et al., 2020).

Cryogenic cooling

MQL and cryogenic cooling are eco-friendly methods to lower the cutting
temperature among the several other methods (Yildiz and Nalbant, 2008).
Due to their cleaner, safer and more environmentally friendly qualities,
cryogenic coolants have drawn the most interest from researchers since
MQL, when used at high cutting speeds, negatively affects the precision of
machined parts (Bhowmick and Alpas, 2008). An experimental setup of
cryogenic cooling is shown in Figure 23. Usually, liquid gases like liquid
nitrogen (LN,) and liquid carbon dioxide (LCO,) are used as coolants in
cryogenic cooling. These fluids reduce cutting temperatures and reduce
workplace pollution because the gases after use get mixed into the atmos-
phere (Rodriguez et al, 2021). The methods of heat extraction, however,
are highly dissimilar for these two gases. LN, is sprayed over the cutting
zone at —196 °C, and when the liquid phase evaporates, it draws heat away

Workpiece

Liquid nitrogen nozzle

IR- Camera Kistler dynamometer

Figure 23. Experimental setup for cryogenic drilling (Kumar, 2018).
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from the cutting zone. LCO, is kept at ambient temperature and 57 bar of
pressure, and after a quick expansion caused by the Joule-Thomson effect,
the temperature is reduced (down to —78.5°C) when the liquid is ejected
to ambient pressure. Dry ice and gaseous CO, coexist in a two-phase flow
as a result, and the solid phase sublimates to lower the temperature (Liu
et al., 2021). Additionally, the increased injection pressure results in a cush-
ioning effect at the tool-material interface, reducing friction (Klocke et al.,
2011). Further, they strengthen the hole quality and lengthen the tool life
(Pu et al, 2009; Pusavec et al., 2010). For drilling and other types of
machining, cryogenic coolant is chosen over normal coolant because of its
various advantages, such as higher productivity, increased chip breaking,
better surface finish, lower cost and worker health (Yildiz and Nalbant,
2008; Kumar, 2018). A number of research projects concentrated on drill-
ing single materials like CFRP (Xia et al., 2016), titanium (Jerold and
Kumar, 2013; Ahmed and Kumar, 2016) and CFRP/Ti stack-up panels
(Kim et al., 2015) examining the success with regard to force, torque, tool
wear, chip morphology and hole quality.

According to tests on CFRP/Ti drilling, forces and torque obtained dur-
ing cryogenic drilling are greater than those obtained in dry conditions
because the stiffness of CFRP and hardness of Ti increase due to their ten-
sile strength and young’s modulus as the temperature decreases (Basmaci
et al., 2017; Kumar, 2018). Increased thrust force and torque are a problem
that raises the likelihood of delamination (Xia et al., 2016), which results
from CFRP hardening as a result of the extremely low LN, temperature
(Khanna et al.,, 2019). Impero et al. (2018), however, stated that this cooling
method in CFRP/Ti6Al4V stacks meant a loss in torque and thrust force.
The functionality of Ti6Al4V/CFRP/Ti6Al4V stacks in dry and LN, drilling
conditions was also examined by Kumar et al. (2020), and they found that
the torque was 7-25% lower (Kumar, 2018) and thrust force was 33-54%
higher under the LN, condition compared to the dry state. This reduction
in torque should be due to the lubrication action of the LN, film formed
in the tool-work interface. They further mentioned that the CFRP hole sur-
face was smoother and there were fewer fiber pull-outs, fiber matrix
debonding (Kumar, 2018) and protruding fibers (Isbilir and Ghassemieh,
2013). When drilling CFRP/Ti6Al4V with DLC-coated solid carbide tools,
it was found that LN, cryogenic cooling outperformed wet cooling for CFRP
drilling, reducing the average thrust force by 17% in the CFRP panel
Similarly, thrust force during titanium drilling was also lower under cryo-
genic conditions compared to wet cooling (Umberto, 2019). When drilling
CFRP/Ti stacks with a cemented WC drill under LN, cryogenic conditions,
the forces on the CFRP are significantly higher compared to dry and MQL
conditions. This increase is due to the low machining temperatures causing
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matrix hardening in the CFRP, which results in higher cutting forces (Jiaying
et al., 2022). According to Prisco, LN, cryogenic cooling has opposing effects
on the two main factors influencing cutting forces (Umberto, 2019). On one
hand, the reduced workpiece temperature increases its shear strength, leading
to higher cutting forces. On the other hand, cryogenic cooling reduces adhe-
sion between the tool rake and the chip due to chip hardening at lower tem-
peratures, which lowers friction (Pradeep Kumar and Shakeel Ahmed, 2017).
Additionally, the reduced temperature enhances chip breakability, which is
crucial for evacuating chips from confined spaces, such as during drilling. In
deep hole drilling, the benefits of reduced friction and improved chip break-
ability outweigh the increased shear strength. Additionally, compared to
those under dry conditions, entry delamination, hole diameter error, surface
roughness and entrance and exit burr heights were all reduced (Kumar, 2018;
Kumar et al.,, 2020), but exit delamination was a little larger (Kumar, 2018).
The use of cryogenic cooling results in a drop in temperature at the site of
chip creation, which lowers plastic deformation as seen by the Ti panel’s duc-
tility and elongation and thereby lowers the burr height (Biermann and
Hartmann, 2012). The rationale for the enhanced hole surface is that lower-
ing the cutting zone temperature reduces thermal damages like debonding
and smearing on the hole surface and changes the material’s characteristics
from ductile to brittle (Kumar, 2018).

Rodriguez investigated the drilling performance in CFRP/Ti6Al4V stacks
using LCO, as the cutting fluid as shown in Figure 24 (Rodriguez et al,,
2021). The findings demonstrated that tool tip temperature is greatly
reduced, hole diameter values deviate less than 0.5% from nominal values,
and CFRP layer surface integrity is preserved when CO, cryogenic cooling
is used during drilling. Delamination is minimized because the composite
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matrix stiffens at low temperatures, reducing the likelihood of cracking
(Rodriguez et al., 2021). This also prevents burned areas during CO, cryo-
genic drilling, unlike dry drilling, where burned areas are common. This
phenomenon is attributed to the cutting temperature, which remains below
0°C under CO, cryogenic conditions but can exceed 300°C in dry condi-
tions (Rodriguez et al, 2021). Although delamination factors increase
almost linearly with the number of holes drilled using a WC tool across all
conditions, they are lower under cryogenic conditions compared to dry and
MQL conditions (Jiaying et al., 2022). Further, using LCO, results in a 50%
increase in spindle power consumption in the first hole; however, it reduces
edge damage to the drilling tools, thereby extending their lifespan. This
effect is attributed to the material’s decreased ductility and increased fragil-
ity at lower temperatures, which reduces the dislocation mobility of the
material grains. As a result, torque increases, leading to higher spindle
power consumption (Rodriguez et al., 2021).

The surface quality of machined holes improved with the use of cryo-
genic coolant, particularly when drilling at higher spindle speeds with a
PCD-tipped bit on CFRP/Ti stacks. This improvement is due to the reduc-
tion in cutting zone temperature, which prevents thermal damage to the
hole surface and alters material properties from ductile to brittle (Kumar,
2018). In contrast, maximum feed marks or smearing were observed during
dry drilling with a PCD-tipped bit on CFRP/Ti stacks due to the elevated
cutting zone temperatures (Kumar, 2018). However, under MQL and cryo-
genic conditions, the hole surfaces appeared smoother, likely due to the
polishing effect of adhering CFRP powders or the lower temperatures
achieved under cryogenic conditions (Jiaying et al., 2022). Furthermore,
burr height was not influenced by cutting parameters but was instead
dependent on cooling conditions. Drilling with DLC-coated solid carbide
tools under LN, cryogenic cooling resulted in a higher burr height com-
pared to wet conditions (Umberto, 2019). However, when LN, was used as
a coolant with a PCD-tipped bit, exit burr height was reduced due to the
lower temperature at the chip formation area, which minimized plastic
deformation. Burr formation is largely influenced by the material’s plastic
deformation, as determined by its ductility and elongation properties
(Kumar, 2018). Additionally, when drilling with DLC-coated solid carbide
tools, the average hole diameter for both CFRP and titanium is largely
unaffected by drilling parameters but is influenced by the cooling method
(Umberto, 2019). Drilling under LN2 cryogenic cooling produces smaller
hole diameters compared to wet cooling. This undersizing effect is attribu-
ted to the spring-back phenomenon (Kim et al., 2015). Table 3 shows the
comparison between MQL and cryogenic cooling on various outputs
related to CFRP/Ti drilling.
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Table 3. Comparison between cryogenic cooling and MQL cooling.

Aspect

Cryogenic cooling

MQL Cooling

Nature

Cooling efficiency

Tool wear reduction

Surface quality

Chip evacuation

Environmental impact

Operational Cost

System Complexity

Suitability for CFRP/Ti

Defect Mitigation

Application Versatility

Uses extremely low temperatures
(e.g., liquid nitrogen) to cool
the cutting tool and workpiece.

Excellent cooling capacity due to
extremely low temperatures,
minimizing heat in high-speed
drilling.

Significantly reduces tool wear due
to better control of cutting
temperatures.

Achieves smoother surface finish
due to reduced thermal damage
and chip adhesion.

Helps prevent chips from adhering
to the tool due to cold
temperatures.

Environmentally friendly if using
liquid nitrogen; no toxic waste
or disposal issues.

High due to the cost of cryogenic
equipment and liquid nitrogen
supply.

Requires specialized equipment for
liquid nitrogen storage and
delivery.

Highly effective for CFRP/Ti drilling
due to better control of heat at
the composite-metal interface.

Reduces delamination, burr
formation and surface
roughness due to better
temperature control.

Limited primarily to high-
performance machining and
aerospace applications.

Utilizes a minimal amount of
lubricant delivered in aerosol
form to the cutting area.

Moderate cooling effect; suitable
for medium-speed operations
and light machining.

Reduces tool wear but not as
effective as cryogenic cooling in
high-friction applications.

Provides good surface quality but
may leave slight residue or
require post-cleaning.

Effective chip evacuation due to
lubricant flow but may clog
under heavy chip loads.

Environmentally friendly due to
minimal lubricant usage, but
some oil mist may be present.

Low to moderate, depending on
lubricant costs and MQL system
setup.

Simple system with easy
installation and operation.

Effective but may struggle with
higher temperatures generated
during CFRP/Ti drilling.

Can help reduce delamination and
burrs but not as effective as
cryogenic cooling.

Versatile for a wide range of
machining operations, from
general machining to aerospace.

Minimum quantity lubrication (MQL) and cryogenic cooling are eco-

friendly machining methods that reduce cutting temperatures and improve
drilling performance in CFRP/Ti6Al4V stacks. MQL uses oil atomization to
provide localized lubrication, reducing tool wear and enhancing surface
morphology, though it can increase thrust forces and delamination due to
chip adhesion and reduced matrix softening. Cryogenic cooling, using liquid
nitrogen (LN,) or liquid carbon dioxide (LCO,), cools the cutting zone effi-
ciently, improving hole quality and reducing burr height, delamination and
thermal damage, though it can increase thrust forces and torque due to
material hardening at low temperatures. Cryogenic cooling also minimizes
hole diameter error and tool wear, enhancing machining quality and tool
life, making it a promising alternative for drilling composite/metal stacks.

Application of coating technology

Using a variety of coating materials is another potential method to improve
the interface zone’s heat flow conditions, drilled hole quality and tool wear
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conditions (Jebaratnam, 2025). But the use of coated tools in CFRP/Ti
machining is uncommon despite the limited study that has been done to
examine the impacts of coating due to the low resistance of coating materials
to the harsh brushing effects of CFRP (Hartung et al., 1982; Berger et al.,
1998; Klocke and Krieg, 1999). ASTM B348 Grade 5 standard Ti6Al4V titan-
ium alloy (ASTM B348-83) has poorer abrasion resistance compared to soft
300 series stainless steel. Anodizing titanium alloys in sliding systems fol-
lowed by treatment with a dry film lubricant coating of molybdenum disul-
fide (MoS,) and/or polytetrafluoroethane (PTFE) can notably reduce wear
(Budinski, 1991). Contrarily, titanium alloy’s tendency for adhesion results in
chip accumulation at the cutting edges, and the application of wear-resistant
coatings propels this effect (Hartung et al., 1982; Berger et al., 1998; Klocke
and Krieg, 1999). Therefore, it is believed that the impact of tool coating dur-
ing CFRP/Ti panel drilling is minimal compared to cutting parameters and
environment (Shyha et al., 2010). However, those who experimented with
coated tool drilling discovered that, in drilling CFRP/Ti stacks, the coatings
stopped edge chipping before they wore off since edge-rounding and edge
chipping are the main causes of tool failure in uncoated WC tools during
CFRP/Ti stack drilling (Wang et al., 2014).

Studies on CFRP, Ti6Al4V and CFRP/Ti6Al4V stack were carried out by
Isbilir and Ghassemieh using an AlTiN-coated WC drill bit (Isbilir and
Ghassemieh, 2013). The authors made the conclusion that various stack
sequences and cutting parameters had an impact on the torque, thrust
force, burr development and drilling temperature. They stated that between
the first and fifteenth holes, the thrust force increased by 56.6% and 37.8%
in CFRP and Ti6Al4V, respectively. When drilling a CFRP/Ti6Al4V stack
with nano-crystalline AITiN grains embedded in amorphous silicon nitride
(Si3Ny) coated drill (C7), Ghassemieh reported that the thrust force
increased by 12.5% and 37.5% in Ti6Al4V and CFRP, respectively, and the
torque increased by 18% and 25% in Ti6Al4V and CFRP, respectively,
between the first and fourteenth holes. In both situations, the rise in CFRP
is continuous and linear, whereas the rise in Ti varied (Ghassemieh, 2012).
Additionally, it was discovered that delamination increased by 85% and
grew exponentially between the first and 24th holes. Moreover, throughout
the process of drilling 15 holes, the surface roughness in both panels was
far lower than the acceptable industry limit. In CFRP, the hole surface
roughness was less than 2.3 um, while in Ti6Al4V, it was less than 0.4 pm
(Ghassemieh, 2012).

Tashiro et al. (2011) experimented with drilling a stack made of CFRP
and Ti6Al4V with TiAIN and TiAlCr/TiSi-coated drills . The coating
strength of TiAlCr/TiSi (50 GPa) is 30% greater than that of TiAIN
(35GPa) and the life of the drill with the TiAlCr/TiSi coating was longer
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Figure 25. Flank wear width with different coating (Tashiro et al., 2011).

than the drill with the TiAIN coating. Additionally, water-mist cooling does
not extend drill life because, with a TiAlCr/TiSi-coated tool, only 90 holes
could be drilled in water-mist cooling while 140 holes could be drilled in a
dry process with just 0.2 mm of flank wear as shown in Figure 25 (Tashiro
et al., 2011). They added that, in both CFRP and Ti panels, a TiAlCr/TiSi
coated tool produced less thrust force with water mist cooling than with
dry cooling. Both TiAIN and TiAlCr/TiSi-coated drills exhibit nearly identi-
cal and stable torque values over the course of the trial involving 250 holes
in CFRP. When using a tool coated in TiAIN, the torque in Ti panels
increases gradually; however, when using a tool coated in TiAlCr/TiSi,
the torque increases quickly in both wet and dry conditions. In addition,
the hole diameter made by both drills in the CFRP panel is bigger than the
hole diameter made in the Ti panel. In Ti panels, the drill coated with
TiAICr/TiSi generated greater diameters than the tool coated with TiAlN,
and the difference between the two was minimal (Tashiro et al., 2011).
However, in the case of CFRP, the hole diameter formed by the TiAIN-
coated drill is greater than the diameter produced by the TiAlCr/TiSi-
coated drill. Furthermore, when the number of holes increases, the TiAICr/
TiSi coated drill exhibits minimal variation, whereas the TiAIN-coated tool
had a variation of 0.5mm from the nominal diameter at the 100th hole
(Tashiro et al., 2011). Kuo et al. (2014) also mentioned that, after drilling
roughly 70 holes, Ti/CFRP/Al exhibits a 0.04 mm diameter tolerance using
DLC and diamond-coated drill bits.

According to Xu et al, the surface roughness values generated by the
drill with the physical vapor deposited (PVD) TiAIN coating are discovered
to be only marginally less than those produced by the drill without coating,
though the TiAIN coating’s outstanding mechanical and physical qualities
mitigate the high friction of tool-chip interaction during the drilling
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operation (Xu and El Mansori, 2016). They also mentioned that the TiAIN
coating’s outstanding wear resistance and keeping sharp cutting edges for
drilling either CFRP or Ti phase holes are the reason why the TiAIN-coated
drill is observed to provide better hole diameter tolerance than that with an
uncoated drill (Xu and El Mansori, 2016). However, uncoated drill bits
with small chisel lengths, small point angles and small helix angles outper-
formed TiAlN-coated drill bits with large chisel lengths, large points and
large helix angles when it came to the formation of Ti exit burrs and CFRP
delamination. This finding suggests that tool geometry has a higher impact
on CFRP/Ti drilling than tool coating. This may be because a tiny chisel
length with a small point and helix angle encourages lower thrust force as
the torque is largely impacted by the drill point angle and helix angle, and
the chisel edge is believed to contribute 50% to 60% of the overall thrust
force creation (Xu and El Mansori, 2016). In another research, the
uncoated carbide drill outperformed the AITiN and nanocomposite and C7
(nanocrystalline AITiN grains surrounded by Siz;N, matrix) coated drills
when drilling CFRP/Ti stacks (Wang et al., 2014). When drilling began, the
value of the force produced by the uncoated tool was less than that of the
coated tool. This might be because coated tools have somewhat larger radi-
uses than uncoated tools due to coating application (Wang et al., 2014).
Throughout the drilling of 80 holes, the torque in the CFRP panel did not
change significantly, but it increased for all three tool types in the Ti panel,
going from a 400-500 Ncm interval to a 650-800 Ncm interval (Wang
et al., 2014). Instead, the C7- coated drill and AITiN-coated drill had 21.4%
and 26.6% greater flank wear than the uncoated tool at the 120th hole.
Edge rounding wear is measured by local wear quantity (LWQ), which was
shown to be minimal with uncoated tools and maximal with tools coated
in TIAIN (Wang et al., 2014).

Kuo et al. mentioned that when drilling a stack panel with a TiAIN-
coated carbide drill with a 140° point angle, the quality of the stack’s sur-
face was examined. The findings demonstrated that Ti6Al4V layers had
adherent material because of compressive tool stresses while CFRP layers
had surface voids as a result of fiber/matrix losses (Kuo et al., 2014).
Brinksmeier et al. conducted an experiment on the machining of multi-
layer materials made of CFRP, titanium and aluminum (Brinksmeier and
Janssen, 2002). The primary issues with multi-material drilling were identi-
tied as CFRP delamination, metal burr formation, heavy tool wear and var-
iations in measured diameters between each material.

Different cutting sequences were tried by Xu et al, such as
CFRP—Ti6A4V stacks and Ti6Al4V—CFRP stacks (Xu, El Mansori,
Voisin, et al., 2019). Additionally, they experimented with various varieties
of polycrystalline diamond (PCD) drills as well as coated and uncoated
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sintered carbide drills. The findings demonstrated that the tool tip acquired
a higher starting temperature in the case of the Ti6Al4V—CFRP stack and
that the drilling thrust force was lower. A drill with diamond coating pro-
duced less heat than one without (Xu, El Mansori, Voisin, et al., 2019). Xu
et al. also tested with TiAIN-coated drill on both sequences. They found
that the Ti — CFRP machining generated a little bit less thrust force and
torque magnitudes than those generated in the CFRP — Ti cutting
sequence (Xu and El Mansori, 2016). In both the sequences the thrust force
is amplified with the feed rate. The surface roughness on CFRP with a
CFRP — Ti sequence is larger than that of a Ti — CFRP sequence, while
on Ti, a Ti — CFRP sequence produced comparatively poorer results than
a CFRP — Ti sequence (Xu and El Mansori, 2016).

When drilling a Ti/CFRP/AIl stack, Kuo et al. noted that TiAIN/TiN-
coated tools generated 90-148 holes before they reached the tool life crite-
ria of 0.30mm flank wear, whereas 180 holes were produced by the
uncoated drills with a flank wear of not more than 0.23mm (Kuo et al,
2018). Since tool coating was discovered to be the primary reason influenc-
ing the hole diameter with PCR of 64.5% and 57.5% in Ti and CFRP,
respectively, the TiAIN/TiN-coated drills, irrespective of their lower tool
life, often produced improved hole diameter accuracy as a result of less
wear at the peripheral corners of the drill. The uncoated drill produces
entrance and exit burrs that are higher than those produced by drills
coated with TiAIN/TiN, suggesting that coating reduces friction at the tool-
workpiece interface and thereby reduces temperature, which in turn
resulted in reduced burr height. Regardless of the lower flank wear level,
holes drilled with the uncoated tool showed worse cylindricity throughout
the whole stack. This may have happened because the tool’s margin and
periphery had seen more wear, which reduced its ability to effectively with-
stand imbalanced forces and prevent tool deflection during drilling.
However, there was no discernible difference between coated and uncoated
tools’ hole surface roughness (Kuo et al., 2018).

With uncoated, chemical vapor deposited (CVD) diamond-coated, and
C7-coated tungsten carbide tools, Shyha et al. performed drilling tests on a
Ti/CFRP/Al panel. The drilling trials were begun with the titanium compo-
nent, moved through the CFRP and ended with the aluminum at the base
of the stack (Shyha et al., 2010). Because the Al and CFRP surfaces of the
stack sustained significant damage due to the sharp Ti swarf sliding up the
hole during chip removal (Brinksmeier and Janssen, 2002), the reverse dir-
ection to typical (Al/CFRP/Ti) practice was chosen. Uncoated tools pro-
vided the longest tool lives when cutting parameters were low, but as
cutting parameters increased, CVD diamond-coated tools outperformed
C7-coated tools. When using a CVD diamond-coated tool on CFRP and Ti



70 J. M. JEBARATNAM AND M. H. HASSAN

panels, the thrust force is greater than when using an uncoated tool; how-
ever, when utilizing wet cutting on Al panels, the thrust force is the oppos-
ite. Additionally, the uncoated drill failed at its first hole due to high feed
and speed. Under spray mist cooling, the C7-coated tool produces less
thrust force than the uncoated tool in all three panels (Shyha et al., 2010).
Table 4 shows the quantitative comparison of the effects of different drill
bit coatings on tool damage.

Therefore, it can be decided that the use of coated tools in CFRP/Ti
drilling remains limited due to the harsh abrasive nature of CFRP and the
adhesion tendency of titanium, which often accelerates coating wear.
However, research highlights the potential benefits of coatings in reducing
edge chipping and wear. Studies using coatings like AITiN, TiAIN, TiAlCr/
TiSi and diamond coatings reveal varying impacts on thrust force, torque,
surface roughness and tool life. Coated drills often enhance hole diameter
accuracy and reduce burr formation, but tool geometry and cutting param-
eters have a greater influence on performance. TiAlCr/TiSi coatings dem-
onstrate superior durability compared to TiAlIN, producing less thrust force
under water-mist cooling, while uncoated tools sometimes outperform
coated ones in specific scenarios, such as with low cutting parameters. The
sequence of drilling (e.g., CFRP — Ti or Ti — CFRP) also affects thrust
force, torque and surface quality, with Ti — CFRP generally yielding lower
thrust force but poorer titanium surface results. Although coated tools can
improve wear resistance and maintain sharper cutting edges, uncoated tools
often exhibit longer tool life and better resistance to edge rounding under
certain conditions, emphasizing the complex interplay between coating,
geometry, and cutting environment.

Developing advanced process

There are creative ideas and methods for drilling good holes in fiber metal
stack materials like advanced cutting tools and coatings (Geier et al., 2019),
optimized process parameters (Geier and Szalay, 2017; Baldzs and Takacs,
2020), application of support plates (Dogrusadik and Kentli, 2017),
advanced technologies like helical milling, circular milling, wobble or tilted
helical milling (Haiyan and Xuda, 2016; Durante et al., 2019; Pereszlai and
Geier, 2020; Pereszlai et al, 2021), vibration assisted drilling (Hussein
et al., 2018; Xu, Ji, et al., 2019; Xu, Zhou, et al., 2019), ultrasonic vibration-
assisted drilling (Li et al,, 2019) and peck drilling (Fernandez-Vidal et al.,
2018) which are discussed by various researchers; however, their temporal
and case horizons are frequently too narrow. So conventional drilling is still
highly preferred (Sorrentino et al., 2018).
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Researchers investigated how drilling strategies, such as adaptive pecking,
affected the cutting temperatures and chip morphology (Shyha et al., 2010).
Researchers found that two-shot peck drilling produced a tool life of 75
holes, but drilling the CFRP/Ti stacks in single shot lasted only for 62 holes
due to a higher rate of flank wear (Dahnel et al, 2020). Two-shot peck
drilling produced fewer hole diameter errors in Ti panels than single-shot
drilling, but the contrary was true for CFRP panels, where the two-shot
peck drilling produced larger mistakes than single-shot drilling. These
measured sizes are all more than the nominal diameter and up to 80 holes
under the H7 industrial tolerance (Dahnel et al., 2020). Additionally, the
entry delamination of two shots of peck drilling resulted in smaller CFRP
entrance delamination for the first few holes (up to 20 holes), but as the
number of holes increased, the delamination increased and became greater
than that of single-shot drilling (Dahnel et al., 2020). Moreover, it was dis-
covered that single-shot drilling of CFRP/Ti stacks produces a 30% higher
burr height than two-shot peck drilling (Dahnel et al., 2020).

Since pre-drilling is the initial stage of the step drill and drilling is the
final stage, modified step drills have improved surface quality, diameter tol-
erances and tool wear when drilling multilayer materials (Brinksmeier and
Janssen, 2002). As a result, even though both the step drill and double-
point angle tool demonstrated little thrust, good hole quality and minimal
burr, the step drill performs drilling tasks better than the double-point
angle drill (Wei et al.,, 2016). Many scholars became interested in the rela-
tion between tool wear, forces and torque (Park et al, 2011), trying to
establish connections with the effect of process parameters on force and
torque (Denkena et al., 2008). Step drilling with MQL on Al/CFRP/Ti
stacks has been demonstrated by Brinksmeier and Janssen to provide
improved chip removal, tool life, hole size and hole surface (Brinksmeier
and Janssen, 2002).

According to Alonso et al., stepped geometries with more flutes result in
reduced local wear quantity (LWQ) values and thrust forces (Unai et al.,
2019). They added that the diameter of the holes rose linearly for the
stepped tools in CFRP and Ti panels. However, because of the less pro-
nounced wear progression, the increase for 40 holes in a three-fluted step
drill (5pum) is smaller than it is for a two-fluted step drill (10 pm). Another
research group found that the diameter of the hole in CFRP is often
smaller even when using conventional step drill bits and exceeds the
acceptable accuracy (Tsao, 2008). In addition, the two fluted step drill’s
burr height values were higher than those found for the stepped drill with
three flutes (Unai et al., 2019). Because the ultimate burr that forms during
drilling with a step drill is the consequence of both drill bit steps, the non-
stepped drill produced the least burr height. The tool point first creates a
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main burr when it leaves the titanium plate. This procedure is comparable
to that used in non-stepped tool drilling operations. Both the cut and uncut
material and the primary burr that has already been developed are pushed
out by the cutting edges when the tool step leaves the workpiece (Unai
et al., 2019). Additionally, the three-fluted step drill caused the least delam-
ination, while the non-step drill caused the greatest. According to Ko et al.
and Li et al,, machining with a step drill bit always results in the initial
CFRP hole exit defects and those defects are expected to be prolonged
when the rest of the drill bit contacts the drill-exit leftover material, causing
additional defects to the final hole (Ko et al, 2003; Li et al., 2018). They
further mentioned that, comparing the hole diameters of CFRP-Ti and
CFRP-only stacks, it can be seen that the hole sizes for CFRP-only stacks
are 5-7 um lesser than the nominal tool diameter (Ko et al., 2003; Li et al.,
2018). Re-sharpenable veined PCD drill was a new idea put up by Garrick
for drilling holes of consistently high quality on CFRP/Ti stacks (Garrick,
2007).

Vibration-assisted drilling is another technique to promote high-quality
drilling while machining CFRP/Ti6Al4V stacks. It can be classified as low
frequency vibration assisted drilling (LFVAD), ultrasonic vibration-aided
drilling (UVAD) and compound vibration-assisted drilling (CVAD).
LEVAD and UVAD show considerable promise in decreasing cutting tem-
perature and force, improving machining quality and extending tool life
compared to conventional drilling (CD) (Yang, Chen, et al., 2020; Yang,
Zhu, et al,, 2020). In an experiment using CFRP/Ti6Al4V stacked material,
the temperature of LFVAD was substantially lower than that of CD,
according to Hussein et al. (2018). It was also noted by Pecat et al. that, in
LEVAD, the measured temperatures are approximately 43% lower com-
pared to CD when operating at the same cutting speed and feed rate with
an equivalent material removal rate. It is due to the following reasons. The
axial oscillations in vibration-assisted drilling create an interrupted cutting
action, allowing the tool to cool during non-cutting intervals, with the
actual contact time reduced by approximately 55% under the given parame-
ters (Pecat and Brinksmeier, 2014). Additionally, the tool’s lifting motion
enables better lubrication of the borehole bottom, reducing frictional heat.
Moreover, small metallic chips, which absorb most of the heat, are rapidly
evacuated from the cutting zone, further contributing to temperature
reduction. Hot metallic chips that damage CFRP’s exit hole cause the
majority of the heat in the cutting zone. In order to optimize small chip
segment extraction, cutting temperatures must be lowered in order to pre-
vent damage to titanium’s burr and CFRP’s borehole. Both the CFRP
entrance and exit delamination faults were decreased as a result of an
improvement in the chip removal mechanism and a decrease in the drilling
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temperature (Li et al., 2022). When using LFVAD with the right operating
parameters, the workpiece and tool will periodically come into contact and
then separate, which can satisfy the geometric chip-breaking criterion. The
discontinuous cutting mode of LFVAD may efficiently break and remove
chips, decrease drilling temperature and decrease average thrust force and
cutting time (Li et al., 2022).

Ultrasonic vibration aided drilling (UVAD) is the machining process
where a workpiece or tool is subjected to a specific frequency of vibration.
The experimental setup of UVAD is shown in Figure 26. Here, the proper-
ties of the rotation between the hole surface and tool produced by the
ultrasonic vibration alter the tool-workpiece interaction (Wang et al.,
2023). The amplitude in UVAD is minimal and frequently falls short of the
requirements for chip breaking. However, because of the antifriction nature
of ultrasonic vibration, the cutting edge’s torque and cutting force are
decreased and the conditions for heat dissipation are improved (Yan and
Shao, 2011). The reason is because the cutting zone in UVAD can be
opened at regular intervals, which will decrease heat production and
encourage air to penetrate the workpiece-tool interface, lengthen cooling
times and quicken heat dissipation (Wang et al., 2017). Additionally, due
to ultrasonic vibration, which has the features of high-speed machining,
UVAD has high instantaneous cutting speed and energy. This makes it eas-
ier to cut carbon fiber, which significantly lessens the delamination flaws in
CFRP (Li et al, 2017) by accelerating the local fracture of carbon fibers in
CFRP (Wang et al,, 2018). In addition, Ti chips can be split into smaller
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Figure 26. The experimental set up of ultrasonic vibration assisted drilling (Shao et al., 2021).
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pieces than the traditional long ribbon Ti chips. Segmented chips are sim-
ple to remove, effectively resolving the issue of chip entanglement and
reducing secondary damages to the wall of drilled CFRP holes (Xu and El
Mansori, 2016). For the single-shot drilling of CFRP/Ti stacks with cutting
fluid, Dahnel et al. employed the UVAD technique and examined the
mechanisms of tool wear (Dahnel et al., 2015). Results showed that, in con-
trast to CD, tool wear in UVAD, such as titanium adhesion, abrasive wear
and major edges chipping, may be efficiently reduced. Additionally, Dahnel
et al. (2016) discovered that the intermittent cutting mode of UVAD, which
was essential in weakening titanium adherence, resulted in lower thrust
force and tool wear for UVAD at various cutting speeds than for CD.
Onawumi et al. found that, at the lowest feed rate of 0.03 mm/rev, UVAD
reduced thrust force by approximately 49% compared to CD. This reduc-
tion is attributed to the high forces typically required for the plastic
deformation of the titanium alloy during material removal in CD. In con-
trast, UVAD’s intermittent cutting action facilitated material removal
through micro-chipping, leading to localized damage and deformation,
thereby lowering the overall cutting forces (Onawumi et al., 2018). In order
to drill CFRP/Ti stacks without cooling, Shao et al. used the UVAD
method, which resulted in higher hole quality and productivity than CD
(Shao et al., 2019). Additionally, Cong et al. discovered that the variable
feed rate can produce better process effects during UVAD of CFRP/Ti
stacks as compared to the constant feed rate (Cong et al., 2013). According
to Onawumi et al., UVAD of stacks can provide better hole circularity and
smaller burr height than CD while using less cutting force (Onawumi
et al, 2018). They mentioned that, as the feed rate increased during
UVAD, the hole diameter decreased. Further, UVAD demonstrated overall
superior performance compared to CD, achieving a 50% reduction in burr
formation. At lower cutting speeds, heat was generated more quickly, mak-
ing the exit side of the titanium plate more ductile, which in turn reduced
fracture and shear during drilling.

When compared to LFVAD, CVAD - which is also referred to as low-
and high-frequency vibration-assisted drilling (LF/HF VAD) - can increase
the chip-breaking zone to some degree and decrease the low-frequency
amplitude of the critical chip- breaking condition, thereby reducing the
impact of low-frequency vibration. The experimental setup of CVAD is
shown in Figure 27. CVAD can expand the frequency and thickness range,
which promotes the development of discontinuous, smaller chips (Li et al.,
2022). The smaller chip has a greater surface area per unit volume in con-
tact with the air, accelerating the chip’s heat dissipation and allowing for a
smoother discharge out of the hole to further lower drilling temperature.
On the one hand, the matrix strength degradation brought on by high
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Figure 27. Working principal diagram of CVAD set up (Li et al.,, 2022).

temperature can be avoided by the dissipation of a significant portion of
cutting heat (Li et al., 2022). On the other hand, effective chip evacuation
can significantly lessen the chip’s resistance against the hole wall. CVAD
has a stronger potential relevance in preventing the thermal-mechanical
damage produced by titanium alloy on CFRP while evacuation and delam-
ination fault at the CFRP entrance. This occurs as a result of the CVAD,
which converts drilling from continuous drilling to intermittent drilling,
increasing the tool’s duty cycle (Li et al.,, 2022). A temperature decrease of
around 38% is attained, especially during the titanium alloy drilling with
CVAD to shatter titanium alloy chips into smaller bits, which are then
effectively expelled from the hole following the spiral groove. In addition to
greatly reducing CFRP secondary damage in the titanium alloy machining
phase, the rapid cutting speed impacted by longitudinal torsional ultrasonic
vibration somewhat reduces entrance delamination during the CFRP drill-
ing phase with CVAD (Li et al., 2022).

Helical milling (HM) is a hole-machining technique that makes use of
milling tools with helical feed. By changing the diameter of the helical feed
trajectory, this technique can be used for holes with various diameters
(Pereira et al., 2017; Wang et al., 2020). Compared to traditional drilling,
HM has a larger space for heat dissipation and chip removal (Jiaying et al.,
2022). Because of the intermittent contact between the tool and the work-
piece, the cutting temperature is lower in HM compared to CD, which
enhances the quality of the CFRP hole surface (Sun et al., 2020). Wang
et al. found that in CD and HM hole machining of CFRP/Ti stacks, HM
resulted in better roundness in the CFRP panel, improved geometric preci-
sion for the titanium alloy panel holes and decreased roundness in the
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transition area (Wang et al., 2021). Denkena et al. demonstrated that HM
of CFRP/Ti stacks could improve the quality of the holes (Denkena et al.,
2008). Due to the peripheral force distribution on CFRP/Ti stacks, HM
outperforms conventional drilling in terms of reduced delamination and
burr. Ge et al. investigated the HM of CFRP/Ti6Al4V stacks under cryo-
genic and MQL conditions, revealing that MQL lubrication can decrease
friction between the tool and the hole surface (Jiaying et al., 2022).

For CFRP/Ti stacks to tightly verify the hole-making precision, two oper-
ations, including drilling and reaming, are necessary during industrial pro-
duction. Though Ti6Al4V chips can readily leave a major scrape on the
surface of a drilled CFRP hole when the machining sequence is CFRP —
Ti, in most circumstances the reaming procedure can still eliminate the cre-
ated hole defects and enhance the uniformity of the hole quality of the
stack structure. While using the Ti — CFRP drilling sequence can mitigate
erosion damage caused by Ti6Al4V chips on the CFRP layer, it does not
completely eliminate delamination damage during the reaming process (An
et al,, 2020). Thus, table 5 shows the advantages, disadvantages, and pos-
sible remedies for those disadvantages in single shot drilling of CFRP/Ti
stack material.

Table 5. Advantages, disadvantages and possible solutions for disadvantages in single-shot
drilling of CFRP/Ti stack material.

Remedies for

Advantages Disadvantages disadvantages

Tool Wear & Shorter Tool Life: High-speed
steel tools exhibit extreme wear,
sometimes failing after a single hole due
to the varying hardness of composite and
metal layers

Hole Diameter Variability: Differences in the
mechanical properties of composite and
metal layers lead to substantial hole
diameter differences across layers

Chip Adhesion Issues: Metal chips may build

Reduced Process Time & Cost:
Since the drilling is done in a
single pass, it minimizes the
overall machining time and
reduces drilling costs

Fewer Cutting Tools Required:
Fewer tool changes are needed,
which decreases tool inventory
and maintenance costs

Minimized Heat Generation & Chip

Optimized Tool
Coating

Advanced Drill
Geometry

Optimization of

Size: Single-shot drilling reduces
the drill bit's temperature and
produces smaller chips, which is
crucial for maintaining hole
quality, particularly in CFRP/AI
stacks

Improved Hole Tolerance: By

optimizing drill geometry, hole
tolerance of 25 um can be
achieved, preventing chip
clogging and ensuring better
hole quality

Better Alignment & Positioning:

Reduces errors caused by
repositioning the drill, ensuring
improved alignment of holes in
composite-metal stacks

up on the cutting edges, leading to
Build-Up Layer (BUL) and Build-Up Edge
(BUE), which accelerates tool wear

Surface Roughness Issues: The rubbing and
abrasion of hot, sharp metal chips
against the composite layer can degrade
the hole surface quality

Delamination & Burr Formation: The process
may cause exit delamination in CFRP
layers and burr formation in metal layers,
which can impact the structural integrity
and require additional deburring
processes

Cutting Parameters

Use of Cooling and
Lubrication

Application of
Vibration-Assisted
Drilling
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Concluding remarks

Composite/metal stacking materials are being widely used as structural
supports in aircraft sector designs. The simplest method of assembling
parts during production operations to prevent positioning problems is
single-shot drilling while stacking material sheets. In this review article,
potential methods for high-quality drilling of CFRP/Ti stacks were
reviewed. In a complex and dynamic production process, high-quality
drilling is influenced by a variety of internal and external elements,
including tool geometry, material, coating, cutting environment, drilling
parameters, the characteristics of the workpiece and the drilling
sequence. High interface temperature, high cutting force fluctuation,
tool wear and chip erosion are issues that arise while drilling CFRP/Ti
stacks. Suppression tactics are also discussed in this study in order to
address these challenges.

Owing to the dissimilar characters of the composite/metal system, drill-
ing hybrid CFRP/Ti composite entails connected chip-separation modes
and interrelated cutting behaviors. When comparing interface drilling to
drilling the CFRP and Ti panels separately, interface drilling is often
regarded as the most complex and challenging operation due to the
interaction of multiple tools and the intense transfer of mechanical and
physical reactions involved. Due to the differing material properties
while cutting two distinct materials simultaneously, the tool-workpiece
system is unstable, which worsens the production circumstances at the
transition region of the laminated interface. The choice of machining
parameters will be greatly impacted by the capacity to estimate the sta-
bility of the drilling system and forecast the cutting force during the
drilling operation.

Owing to the difference in production temperatures between Ti and
CFRP, high temperatures that are challenging to regulate can quickly
cause irreversible thermal damage in CFRP. Currently, the experimental
approach is mostly employed to gauge the laminated interface’s tem-
perature. Due to the various heat production, dispersion and transmis-
sion mechanisms of various materials, additional research may be
necessary to establish to accurately develop a model that can predict
temperature at the interface and determine the impact of drilling
parameters on the temperature.

On CFRP/Ti stack drilling, tool wear mechanisms typically involve the
connection and engagement of both metal-leading and composite lead-
ing wear modes. Even though different drill materials wear differently,
from a global perspective, abrasive wear, flank wear, edge rounding
wear and adhesion wear are often the primary wear patterns regulating
the tool wear development. Additionally, during the cutting process of
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the stack interface, the temperature and stress distribution along the
cutting edge are not even, which causes a variety of tool damage. Tool
wear in turn leads to hole damage.

e Induced hole damage in CFRP/Ti drilling includes both polymeric flaws
and metallic flaws. The interface damage is typically the most severe of
them all. The primary sources of damage are thought to be poor bottom
Ti plate stiffness, high interface temperature and erosion of Ti chips. To
meet the requirements of the aerospace industry for the drilled holes,
close tolerance must be attained in the areas of hole delamination, exit
burr height, hole wall surface roughness and stack-up diameter devi-
ation. Few researchers have studied hole circularity and hole cylindricity
in CFRP/Ti stack- up drilling, which may create the impression that
their importance is lower than it actually is. Therefore, in-depth study
of these aspects is required.

e Variable parameter drilling can choose the best cutting parameters for
various materials, enhance drilling performance and quality and
decrease tool wear. For titanium panels, high feed rates and low cutting
speeds are typically best, whereas CFRP panels benefit from low feed
rates and high cutting speeds. Making the right processing parameter
choices helps increase process stability, which benefits drilling accuracy
and hole quality. Additionally, the creation of sophisticated variable par-
ameter machining apparatus and systems is crucial for real-world engin-
eering applications.

e A suitable machining environment may successfully decrease the cutting
temperature, increase the tool’s lifespan and enhance the drilling quality
of CFRP/Ti stacks. The drilling of CFRP/Ti stacks has recently used
more ecologically friendly cryogenic cooling and MQL technology. Two
widely used coolants are liquid nitrogen and liquid carbon dioxide.
Some significant benefits of cooling are fast cooling, quick chip evacu-
ation, prevention of chip accumulation and improved chip breakage.

e Although various coatings have been created and tested, no studies have
yet reported on the tribological characterization of these coatings for
this application. To develop a superior coating, additional research on
the bond strength, hardness and coefficient of friction of coated drill
bits may be required.

e In drilling CFRP/Ti stacks, vibration-assisted drilling offers benefits
such as lowering the interface temperature, reducing chip size and
extending tool life. Particularly, the recently proposed HE-LF VAD pro-
vides a more evident machining effect.

o In the future, exploration of hybrid cooling methods (e.g., combining
cryogenic cooling with MQL or high-pressure air) to improve tempera-
ture control, reduce tool wear and mitigate chip adhesion can be used.
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Development of sustainable, environmentally friendly lubricants to meet
regulatory requirements and reduce environmental impact may also be
occupied. Further, an ideal drilling environment may be created by
combining the application of coatings, cooling techniques, better tool
geometry, and optimal drilling settings. This will enhance the hole qual-
ity and lengthen the tool life.

e The development of self-healing coatings and enhanced wear-resistant
tools to focus on cost-effectiveness by increasing the lifespan of cutting
tools would be a great solution to current challenges. Further, develop-
ment of multi-functional tool coatings optimized for wear resistance,
thermal insulation and self-lubrication will enhance tool life and reduce
cutting forces. Additionally, developing tools and processes capable of
performing drilling, reaming and deburring in a single operation will
improve productivity and reduce secondary processes.

o With the trend toward machine learning and AI these days, predictive
analytics and machine learning algorithms to analyze historical data to
predict tool wear, optimize drilling sequences and improve hole quality
may be occupied in the future to improve hole quality. Integration of
automated drilling systems and robotic arms for consistent and precise
drilling, reducing manual intervention and improving repeatability in
aerospace manufacturing

e Integration of real-time monitoring systems using sensors and Al-based
predictive algorithms to detect tool wear, chip buildup and surface
defects during drilling may be used. Adaptive control systems that auto-
matically adjust feed rates, cutting speeds and coolant flow to optimize
drilling performance and extend tool life can be added while drilling.

Nomenclature

BUE Build-up edge

BUL Build-up layer

CARALL Carbon-reinforced aluminum laminate

CFRP Carbon fiber-reinforced polymer

CFRP/Al Carbon Fiber-Reinforced Polymer / Aluminum

CFRP/Ti Carbon Fiber-Reinforced Polymer / Titanium

CVD Chemical vapor deposition

Cc7 Nano-crystalline AITiN grains embedded in an amorphous matrix of sili-
con nitride (Si3N4)

DF Delamination Factor

DLC Diamond like carbon

FMC Fiber metal composite

GFRP Glass fiber-reinforced plastic

GLARE Glass-reinforced aluminum laminate

HSS High speed steel

HSS-Co High Speed Steel with Cobalt
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HP-LF MQL High Pressure Low Frequency Minimum Quantity Lubrication
LN2 Liquid Nitrogen

LCO2 Liquid carbon dioxide

LP-HF MQL Low Pressure High Frequency Minimum Quantity Lubrication
MD CFRP Multi directional Carbon fiber-reinforced plastic
MoS2 Molybdenum di sulfide

MQL Minimum Quantity Lubrication

PCBN Polycrystalline cubic boron nitride

PCD Polycrystalline diamond

PCR Partial Correlation Regression

PMC Polymer Matrix Composite

PVD Physical Vapor Deposition

Ti Titanium alloy

TiN Titanium nitride coating

TiAICr Titanium aluminum chromium coating

TiAIN Titanium aluminum nitride coating

TiSi Titanium silica coating

TiSiN Titanium silica nitride coating

UD CFRP Uni directional Carbon fiber-reinforced plastic
WwC Tungsten Carbide
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