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Abstract
Drilling is an essential process in the construction of aircraft panels made from composite/metal stack materials, and it has 
a considerable impact on the performance of the aircraft during flight and its overall lifespan. Among CFRP/Al/Ti, CFRP/
Ti, and CFRP/Al stacks, CFRP/Al panels are widely used in the aviation industry. This paper examines in detail the develop-
ments made in the drilling of stacks made of carbon fiber reinforced polymer (CFRP) and aluminum (Al), with the goal of 
determining how different machining parameters affect the quality of the holes. The primary requirements for aircraft com-
ponents are to attain a low level of hole surface roughness, minimize burr heights, reduce the diameter difference in stack-up, 
and minimize delamination. The subject matter encompasses a wide range of tool shapes, materials, drilling parameters, and 
innovative methods of cooling and coating, all with the goal of reducing hole damage and improving quality. In addition, the 
paper examines several forms of hole damage and presents modern methodologies for their quantification. This review study 
aims to develop a reliable standard for achieving accuracy, optimal productivity, and reducing harm in the drilling procedure 
of CFRP/Al stacks in aerospace applications. Future works on analysis of bond strength, hardness, and coefficient of friction 
of coated drill bits and application of nano fluid-based coolants may further enhance the drilling quality.
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Abbreviations
AL	� Aluminum alloy
AlTiSiN-G	� Aluminum titanium silicon nitride coating
BUE	� Build-up edge
BUL	� Build-up layer
CARALL	� Carbon reinforced aluminum laminate
CFRP	� Carbon fiber reinforced plastic
CFRP/Al	� Carbon fiber reinforced polymer/

aluminum
CVD	� Chemical vapor deposition

C7	� Nano-crystalline AlTiN grains embedded 
in an amorphous matrix of silicon 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 binder
HP-LF MQL	� High pressure low frequency minimum 

quantity lubrication
LN2	� Liquid nitrogen
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
PC	� Percentage of contribution
PCBN	� Polycrystalline cubic boron nitride
PCD	� Polycrystalline diamond
PCR	� Partial correlation regression
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PMC	� Polymer matrix composite
PVD	� Physical vapor deposition
ta-C	� Tetrahedral amorphous carbon
ta-C:Cr	� Chromium dopant added tetrahedral amor-

phous carbon
Ti	� Titanium alloy
TiN	� Titanium nitride coating
TiAlCr	� Titanium aluminum chromium
TiAlN	� Titanium aluminum nitride
TiSi	� Titanium silica
TiSiN	� Titanium silica nitride
WC	� Tungsten carbide

1  Introduction

When manufacturing multi-material parts for aerospace 
structures, metals like aluminum or titanium stacked up 
with composite panels are frequently used these days [1]. 
Among CFRP/Al/Ti, CFRP/Ti, and CFRP/Al stacks, CFRP/
Al panels are widely used in the aviation industry due to the 
salient features of carbon fiber reinforced plastic (CFRP) 
and aluminum. Composites have high stiffness-to-weight 
ratio, high strength-to-weight ratio, good fatigue strength 
[2], good damage tolerance, excellent specific strength, good 
corrosion resistance, good dimensional, and chemical sta-
bility [3]. Metals consist of isotropic structure, high impact 
strength, high bearing strength, and are easily repairable. 
Specifically, aluminum have superior qualities like high 
fatigue strength, high thermal conductivity, lightweight, and 
excellent workability [4]. The combined advantages of metal 
and composite are the reason behind metal-composite stack 
material being used in aircraft industry. In general, CFRP 
is extensively used in structural applications as it is stiffer 
than titanium and more resilient than steel while maintaining 
the strength [5]. By using composite materials into airplane 
constructions, fuel efficiency, pollution control, and weight 
carrying capability have been improved [5–9]. Fiber metal 
laminates (FML) can be made using thin sheets of metallic 
alloy and composite material that are adhered together with 
adhesives like epoxy due to their strong bonding abilities 
and easiness of manufacturing [10–12]. Epoxy resins are 
widely used in fiber metal composites (FMC) since they 
possess outstanding heat and chemical resistance, excellent 
electrical insulating qualities, low density, and outstanding 
elastic modulus.

In aircraft constructions, single-shot drilling is used 
to produce holes of various sizes and depths [13]. Single 
shot drilling varies from the conventional drilling in the 
following aspects. In single-shot drilling, a single drill bit 
is used to drill through all layers of stacked materials like 
CFRP/Al stack in one continuous operation. It is faster and 
more efficient because it completes the drilling in a single 

pass, reducing the need for tool changes or multiple drill-
ing operations. But conventional drilling typically involves 
drilling one layer/type of material at a time or using mul-
tiple operations for different materials (e.g., drilling CFRP 
first, then drilling aluminum). It takes longer time because it 
involves separate processes or steps for different materials. 
For stacked materials, it may require flipping or reposition-
ing the workpiece or changing tools. Therefore, drilling of 
fiber-reinforced composite materials compared to drilling of 
metallic materials, in single-shot drilling, introduces special 
obstacles as its manufacturing activity varies in different 
aspects [14–17]. Not only the product being anisotropic and 
inhomogeneous [18–20], but the action also depends on the 
orientation of the fiber and its properties [21]. Inappropriate 
selection of drilling parameters including speed and feed or 
configuration of drill bits may also cause various types of 
damages like delamination, fiber-matrix debonding, pull up 
or push down fibers, splintering, geometrical defects, and 
thermal alterations [22, 23]. Tool wear is also an undesirable 
occurrence in the drilling phase when drilling a compos-
ite since this has an impact on geometry and quality of the 
workpiece’s drilled surfaces, especially in the hole diameter 
[24].

Therefore, the primary goal of this study is to present 
an in-depth analysis of single-shot drilling of carbon fiber 
reinforced composites/aluminum (CFRP/Al) stacks by con-
centrating on the crucial problems in the industry and pro-
vide possible solutions. Although few review studies have 
addressed the drilling of carbon fiber reinforced composites/
titanium (CFRP/Ti) stacks, none of them concerns specifi-
cally on manufacturing defects and process improvement 
for the drilling of CFRP/Al stacks. First, the key features of 
material usage in aircraft industry will be discussed in terms 
of FMC, and composite/metal stacks. The key findings of 
experiments conducted by the industry and academicians 
over the past years on single-shot stack up drilling process 
advancements and their impact on hole quality will then 
be outlined. Then, the performance measurements of the 
manufacturing defects in terms of drilling forces, delamina-
tion, dimensional accuracy, hole surface roughness, and burr 
formation will be addressed. By emphasizing relevant find-
ings from the literature, this research strives to bring forth 
the techniques of drilling CFRP/Al stacks bearing in mind 
the damage suppression. It also aims to assist researchers 
and industry in selecting the most effective ways for high-
performance drilling.

2 � Commercial aircraft assembly

Aerospace industries have become more interested in fiber 
metal laminates due to its better mechanical and physical 
qualities including excellent impact and fire resistance, 
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high strength-to-weight ratio, and outstanding corrosion 
and erosion resistance [9, 25–27]. Despite the fact that they 
are typically manufactured in a close-to-net shape for nec-
essary precision in assembly, more complex components 
require secondary machining processes. To this end, the 
most important machining for applying rivets and screws 
during part assembly is drilling. Various literature stud-
ies mentioned that three hundred thousand to three million 
holes may be present in commercial aircraft and majority of 
them deal with holes of diameters of 4–8 mm [2, 11, 28–37]. 
This indicates that drilling is an important procedure used 
in aircraft manufacturing and it has a direct effect on the 
flight characteristics and lifespan of the aircraft [38]. Drill-
ing of composite/metal stacks like CFRP/Ti, CFRP/Al, and 
CFRP/Al/Ti with minimum hole surface roughness, stack 
up diameter difference between panels, and burr height that 
abides close tolerance for aircraft components is a difficult 
task [39, 40]. Their inherent differences in machining prop-
erties present the biggest problem when drilling a stack of 
metal and composite materials. Poor hole quality due to 
roundness, surface roughness, chipping, etc., produced by 
improper machine setup typically results in rejection. There-
fore, to prevent defects in the drilled hole, it is crucial to 
have a fundamental knowledge of the interaction between 
the cutting-edge of the drill and the material being drilled 
[41, 42]. For example, cutting conditions between metals 
and composites in single-shot drilling differ in terms of the 
chip generation during drilling [43]. While superior hole 
surface roughness in composites requires continuous chip 
formation [44], discontinuous chip creation is better machin-
ing characteristic for metals [20, 26]. However, since the 
composite part is formed from layers that produce dust-type 
chips, it is very difficult to make continuous chips for com-
posite part [37]. Therefore, drilling ductile aluminum and 
highly abrasive carbon fiber require the right cutting tool 
and process parameters selection.

The best method for reducing processing time and posi-
tioning error is single-shot drilling of stacked metal/com-
posite panels [39, 40]. However, an appropriate drill bit for 
both metal and composite materials is needed for single-
shot drilling of the CFRP/Al considering the drilling mecha-
nism of the tool. The same material may be cut differently 
by different cutting edges, and the same cutting edge may 
simultaneously cut metal and CFRP. Thus, throughout the 
combined machining process, the force acting on various 
parts of the cutting edge is completely different and will 
fluctuate constantly. In particular, when the stack up com-
prises of a metal portion, the unique geometric design of 
drills such as straight flute drills or spur drills which is suit-
able for composite drilling is not suited for stack up mate-
rial drilling [38]. The majority of earlier studies used the 
standard twist drills when drilling metal/composite stacks 
[25, 37, 45–48]. In contemplation of achieving better hole 

quality, particularly at the composite portion, most research-
ers selected tungsten carbide (WC) as cutting tool material 
because of its high wear resistance and strength compared to 
high-speed steel (HSS) tools or high-speed steel with cobalt 
(HSS-Co) [49, 50].

2.1 � Fiber metal composite laminates

Fiber reinforced composite and thin layers of alloy are com-
bined into a single laminate using the autoclave procedure to 
create FMC laminates as an alternative material to fiber-rein-
forced composites or metals [2]. The primary goal of FMC 
is to address the shortcomings of metal’s corrosion resist-
ance and fatigue strength as well as poor impact strength, 
bearing strength, and repairability issues of composite 
materials [51]. FMC have been divided into many groups, 
such as those based on aluminum, titanium, and magne-
sium, depending on the type of metal utilized. The FMC 
made of aluminum can be divided further into three groups 
depending on the bonded fiber reinforced composite such as 
carbon-reinforced aluminum laminate (CARALL) [52, 53], 
glass reinforced aluminum laminate (GLARE) [2, 54–56], 
and aramid reinforced aluminum laminate (ARALL) [52, 
57]. These FMC have advantages including high tolerance 
against impact damage and fatigue crack growth while being 
used in structural applications such as aircraft, compared 
to the conventional laminates which consists only of sheet 
fiber reinforced composite ply or monolithic metal (mostly 
aluminum or titanium) [51]. Boeing and Airbus, the main 
aircraft manufacturers, are switching from conventional 
aerospace alloys to FMC in their new aircraft models. The 
analysis of the use of titanium, aluminum, and composite 
materials in various commercial aircrafts is shown in Fig. 1. 
It reveals a rise in composite and a decline in aluminum in 
the aviation industry. The data of Fig. 1 are derived from 
references [31, 58].

Since about 1930, aluminum alloys presented the most 
commonly utilized material for the structural elements 
of airplanes [58] such as fuselage, wings, and supporting 
structures of commercial aircraft as well as military cargo 
and transport planes. Although polymer matrix compos-
ites (PMC) have been broadly utilized in high-performance 
military planes and some applications in contemporary com-
mercial planes, the continued respect for aluminum alloys 
has long been a result of a sum of factors such as familiar 
performance characteristics, known fabrication cost, sub-
stantial body of design knowledge, and extensive produc-
tion methods and facilities [58]. Due to its light weight, 
aluminum can easily replace other metals and withstand 
pressure loads on wings that have increased as a result of 
the development of larger aircraft [59]. Though there are 
various grades of aluminum alloys, aerospace sector mostly 
prefers the grades come from the 2000 and 7000 series [60]. 



	 The International Journal of Advanced Manufacturing Technology

Alloys from the 2000 series have better tolerance for damage 
and exhibit good resistance to the development of fatigue 
cracks. As a result, they are frequently utilized in aircraft’s 
lower wings and fuselage skins, where a crucial design fac-
tor is fracture toughness [61]. Al2024-T3 is the most widely 
utilized 2000 series alloy in fuselage construction [62]. The 
primary design factor for the upper wing skins where the 
7000 series is usually utilized is strength [61]. The most 
well-known alloy from the 7000 series for usage in aircraft 
applications is Al7075-T6 [63]. Copper makes up 3–4% 
of the primary alloying constituents in the Al 2000 series, 
whereas zinc makes up 6–7% of the alloying constituents 
in the Al 7000 series. The friction stirs welding process, 
which was developed in 1991, can be used to combine these 
two series of aluminum, which are typically not weldable by 
conventional methods. Since riveting is the acknowledged 
traditional method of attaching fuselage and wing structures, 
the weldability of the high strength 2000 and 7000 series of 
aluminum alloys used to make fuselage and wing parts is 
extremely low [64].

It has become more common these days to create stack 
materials with CFRP, titanium, and or aluminum since met-
als can only be partially replaced at the moment [65]. CFRP/
Al and CFRP/Ti stack are the most common structures 
among them [66]. In general, this is true for systems like 
structures used in aerospace that are vulnerable to dangerous 
mechanical loads [67]. These materials require high-quality 
hole drilling and joining. Different structural characteristics 
(such as unique elastic components, thermal expansion coef-
ficient) usually make it difficult to achieve the necessary tol-
erances. Severe tool wear, roundness deviation, heat-induced 
damage, and metal burr formation are the most common 
issues when cutting these incompatible materials [47].

3 � Process improvement in drilling 
of stacked material

It is highly recommended and necessary to conduct a 
machinability analysis of CFRP/Ti, CFRP/Al, or CFRP/Al/
Ti structures for aerospace applications, mostly due to its 
enormous potential [68, 69]. Conventional drilling is a fre-
quently used process in manufacturing airplanes [70]. Tool 
temperature, tool wear, changes in dynamic cutting forces, 
hole damage, and chip disposal are some major issues with 
multi-material stack drilling [25, 47, 71]. These problems 
account for approximately 60% of all part rejections [11, 55, 
59, 72–75]. This section covers the recent researches con-
ducted on customization of drill geometry, optimization of 
drilling parameters, application of coating, and implementa-
tion of cooling environment, and it shows that each of these 
actions plays an important role on process improvement of 
stack up drilling. Each of the following sub-sections discuss 
these advancements in detail.

3.1 � Customization of drill geometry

The point angle, helix angle, primary clearance angle, and 
chisel edge angle are the four main tool geometry variables 
that have an impact on the cutting mechanism. The detailed 
tool geometry is shown in Fig. 2 [76]. Khan mentioned that 
drill’s cutting edge is tougher and less likely to chip when 
the helix angle is lower, but it also produces higher cutting 
forces and temperatures [77]. Primary clearance is essen-
tial to avoid the workpiece from being rubbed by the drill’s 
flank. A large clearance angle will extend the tool’s life since 
it reduces friction, but at the expense of tool’s strength, since 
it decreases as the primary clearance angle increases [77]. 
The point angle is the first point of contact that cuts the fib-
ers and matrix while drilling [78], and it is more efficient 
to cut the CFRP by a sharper point angle (110°) as the cut-
ting area is small which in turn will reduce the delamination 
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damage [79]. Regarding the chisel edge angle, the longer 
cutting lips created at a lower chisel edge resulted in a more 
effective cutting operation [80].

According to Hassan et al., the tool geometry has a big 
impact on generated thrust force. They mentioned that, when 
performing single shot drilling in CFRP/Al stack, the drill-
ing process generates the minimum thrust force in CFRP 
panel when the point angle is 110°, primary clearance angle 
is 6°, chisel edge angle is 30°, the feed rate is 0.05 mm/
rev, and spindle speed is 1500 rev/min. Increasing the helix 
angle yields a reduction in the thrust force for the Al7075-
T6 panel, while it had no influence on the CFRP panel. 
With regard to the Al7075-T6 panel, the optimal results are 
achieved when the point angle is 130°, helix angle is 30°, 
chisel edge angle is 30°, the feed rate is 0.05 mm/rev, and the 
spindle speed is 1500 rev/min [80]. They further mentioned 
that, for CFRP panel, the point angle and chisel edge angle 
appear to be important factors in determining the peak thrust 
force value in addition to the feed rate, since a lower point 
angle and chisel edge angle corresponds to a lower peak 
thrust force [80].

In another research by Hassan et al., the CFRP panel 
showed the least amount of thrust force (81.16 N) when 
maximum chisel edge angle (PC 8.87%) and maximum 
primary clearance angle (PC 58.78%) were combined. 
The Al7075-T6 panel also showed the lowest thrust force 
(180.67 N) when maximum chisel edge angle (PC 12.19%) 
and maximum primary clearance angle (PC 52.34%) were 
combined (Fig. 3(c)) [81]. They revealed that, for drilling 
CFRP/Al7075-T6 stacks in a single shot drilling, the com-
bined set of 45° chisel edge angle (Fig. 3(a, c)), 130° point 
angle (Fig. 3(a)), and 7° primary clearance angle (Fig. 3(d)) 
drill geometry resulted in the lowest possible thrust force 
and the smoothest possible hole surface [81]. According to 
Wei et al., a rise in point angle results in an increase in thrust 
force and a decrease in torque, whereas an increase in chisel 
edge and helix angles produces a drop in thrust force and 
torque [82]. Additionally, it has been claimed that drill bits 

with narrow chisel edges can help provide less thrust force, 
enhance heat dissipation area, and reduce thermal expan-
sion of composite and thereby minimize damage caused by 
delamination [83, 84]. Because of less workpiece material 
being prone to plastic deformation, there will be shorter burr 
formation near the hole’s exit and more material being cut as 
opposed to being extruded as the result of the chisel’s short 
edge [65]. To prevent material degradation, which might in 
return affect the degree of delamination, the drill bits should 
be designed to produce the least amount of heat [85]. Table 1 
summarizes the researches on the thrust forces obtained for 
single shot drilling of CFRP/Al stacked up materials using 
various drill bit geometries and drilling parameters. It can be 
seen that, with the rise in feed rate, the thrust force in both 
Al and CFRP panels increases. Besides that, the thrust force 
in aluminum panel is greater than that in the CFRP panel.

When it comes to the hole size, Hassan et al. mentioned 
that the primary reason for the bigger hole sizes in Al7075-
T6 than CFRP is mostly attributed to the greater helix angle 
of 30°. A greater helix angle enhances the lifting force, 
facilitating effective and consistent removal of chips during 
the machining process. Conversely, the bigger hole sizes in 
CFRP than Al7075-T6 are due to the occurrence of continu-
ous chip development. When chips are formed continuously, 
they can get stuck and not be removed easily. This can cause 
the hole in the CFRP material to become larger [80].

When analyzing the formation of burr height, a twist drill 
with a large point angle produces smaller burrs by altering 
the direction of chip flow. According to Hassan et al., this 
alteration facilitates rapid movement of the cutting edge, 
minimizing the risk of work hardening [81]. It was possible 
to suppress the minimum burr height by 89.1% by raising 
the point angle from 110° to 130° as shown in Fig. 4. It 
was also stated that while using a tool with a point angle 
of 130°, the burr height varied from 133.62 to 211.45 μm, 
and when using a tool with a point angle of 110°, it varied 
from 1036.25 to 2066.85 μm. According to their observa-
tions, drills with 110°-point angle produced transitory and 

Fig. 2   Detailed tool geometry 
of a twist drill [76]
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Fig. 3   3D response surface for maximum thrust force for CFRP: 
(a) chisel edge angle and point angle, (b) primary clearance angle 
and point angle. 3D response surface for maximum thrust force for 

Al7075-T6: c  chisel edge angle and primary clearance angle, (d) 
point angle and primary clearance angle [81]

Table 1   Maximum thrust force obtained for single shot drilling of CFRP/Al stacked up materials while changing the drilling parameters

Tool 
diameter 
(mm)

Type of tool Parameters Maximum thrust 
force

Feed rate
(mm/rev)

Spindle speed
(rev/min)

Point angle (°) Helix 
angle 
(°)

CFRP (N) Al (N) Author

6.35 Twist drill with
double cone type drill

1. 0.05
2. 0.10
3. 0.15

2020 90
132

- 1. 80
2. 100
3. 122

1. 180
2. 330
3. 486

[37]

6.00 Uncoated solid carbide twist drill 1. 0.05
2. 0.10
3. 0.15

2750 136 - 1. 108
2. 142
3. 180

1. 285
2. 486
3. 658

[86]

8.00 Uncoated twist drill 0.1 1050 118 - 100 250 [87]
6.00 1. Uncoated twist drill

2. Diamond coated
3. TiAlCrN coated
4. AlTiSiN-G coated

0.04 3000 124 30 1. 40
2. 100
3. 60
4. 70

1. 120
2. 180
3. 140
4. 140

[88]

6.35 Twist drill
(tungsten carbide)

0.05 2020 90
132

- 50 300 [44]

6.80 Solid carbide twist drill 0.06 3500 - - 300 450 [89]
6.80 Solid carbide twist drill coated with TiCN 0.06 3050 - - 250 300 [90]
9.53 Diamond coated drill bit with double tip point 

angles
1. 0.02
2. 0.08

2000 130/60 30 1. 100
2. 175

1. 200
2. 325

[20]
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crown burrs, whereas drills with 130°-point angle created 
uniform burr type [81]. In addition, they noticed that raising 
the primary clearance angle from 6° to 8° led to a modest 
rise in burr height of 7.13%, and raising the helix angle and 
chisel edge angle increased the burr height by 43.41% and 
25.92%, respectively. This is owing to the fact that there was 
not enough room for chips to evacuate, which increased the 
likelihood of chips obstructing the drill flutes. Congested 
chips constantly rub against the hole wall cause heat to pro-
duce in the drill and the area around the drill flute which 
makes the workpiece more ductile and eventually leads to 
high burr height. In a different experiment by Hassan et al., 
lower burr height was discovered at 130°-point angle, 6° 
primary clearance angle, and 45° chisel edge angle while 
higher burr height was discovered at 135°-point angle, 7° 
primary clearance angle, and 30° chisel edge angle [38]. The 
drill cap must also present at the hole’s exit so that a consist-
ent and minimal burr height may be achieved.

When considering the surface roughness, the average 
roughness of the CFRP panel during the drilling of Ti/
CFRP/Al stack panels is significantly influenced by the ori-
entation of the individual ply fibers and the sharpness of the 
tool corner, according to Kuo et al. The friction between the 
workpiece and the drill bit would increase when the drill 
bit’s outer edge wore down and it was observed that, as the 
tool became more worn, the CFRP hole surface roughness 
also increased [91]. This friction caused problems such as 
the separation of layers, empty spaces, fibers sticking out, 
cracks in the material, and resin sticking to the surface that 
was drilled. Studies show that when a low point angle and 
primary clearance angle are combined with a high chisel 
edge angle, the CFRP panel achieves the smoothest hole 
surface roughness of 0.4649 µm. Additionally, when a higher 
chisel edge angle is combined with a lower point angle and 
primary clearance angle, the Al7076-T6 material has the 

least surface roughness (0.2423 µm) [81]. Furthermore, Xu 
et al. discovered that drilling at a lower point angle pro-
duced a fine dust chip of composite material [92]. The better 
the hole surface roughness that may be attained, the finer 
the dust chip that the particular bit shape can create [93]. 
According to Hassan et al., the lowest hole surface rough-
ness is achieved with a drill bit geometry of 45° chisel edge 
angle and 6° primary clearance angle. If the primary clear-
ance angle is set too high (8°), the tool’s cutting edge weak-
ens and chipping becomes more noticeable [81].

Special geometry drill bits were also occupied to carry 
out stack drilling by some researchers. The drilling perfor-
mance of a high-strength CFRP composite panels using a 
regular twist drill (Fig. 5(a)) and a customized “dagger drill” 
(Fig. 5(d)) was discussed by few researchers [94–96]. How-
ever, because of the insufficient chip evacuation capability 
of the narrow helix angle, the “dagger drill” is not advised 
for aluminum/titanium panels, but the smaller helix angle 
and point angle of the dagger drill provided superior sur-
face finish such as less delamination damage and less burr 
defect than the twist drill design. The single-shot drilling of 
CFRP/Al stack combinations was also found to be improper 
with double cone geometry drill (Fig. 5(c)), because, even 
when performing at minimum parameter combination, the 
system catastrophically failed after only four holes [39]. This 
was brought on by the drill flutes’ extreme chip packing 
and adhesion, which prevented the removal of swarf from 
the hole. Various drills experimentally tried for stack up 
drilling are shown in Fig. 5. Zhang et al. compared a twist 
drill (Fig. 5(a)) and a special geometry candle stick drill 
(Fig. 5(e)) with varying feed and speed. They mentioned 
that small diameter tolerance (less than 5 μm), burr height 
(50 to 80 μm), burr root thickness (around 5 µm), and hole 
wall roughness (for CFRP within 2 μm, and for Al 7075-
T7 within 1 μm) are because of the tool geometry rather 
than the cutting parameters [65]. This is because the special 
geometry candle stick drill bit’s two-stage point configura-
tion offered an enhanced “self-centering” ability, resulted in 
improved tool positioning and superior hole precision [65, 
97]. It was also stated by some other researchers that, regard-
less of the drill type utilized, the chip would damage the 
drilled hole diameter and surface roughness of CFRP while 
evacuation [45, 98, 99].

While many studies on stack-up drilling have been con-
ducted in recent years, most of the work conducted using 
direct comparisons of specialized and ordinary tools with 
one or more characteristics of drilling responses. They 
merely describe the possible relation between tool geometry, 
tool material, and other functions like cutting parameters. A 
solid fit between these parameters and perfect tool shape is 
yet to be find. Additional study is required to explore and 
establish the ideal combination of tool attributes for optimal 
performance in stack-up drilling.
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Fig. 4   Maximum burr formation value for different combination of 
tool geometry (R1, R2, R5, and R6 are with 110° point angle; R3, R4, 
R7, and R8 are with 130° point angle [38])
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3.2 � Optimizing drilling parameters

The impact of optimizing the drilling parameters on process 
improvement can be analyzed from various grounds such as 
chip size and form, thrust force and torque, and hole quality. 
This section explains about the influence of drilling param-
eters on these factors. When considering the chips, the most 
important component for the quality of a drilling operation is 
the form and size of the chip. Researches showed that mate-
rial, feed rate, drill type, cutting fluid, drill speed, and coat-
ings are the key factors impacting chip size [101, 102]. If the 
chips are well broken, the drilling operation will be smooth. 
CFRP chips are fragmented into tiny dust particles during 
drilling CFRP/Al stacks due to its high brittle nature, lay-
ered structure, and anisotropic property. As the drill passes 
to the aluminum panel from the CFRP panel, it creates a 
continuous aluminum chip. Generally, ductile materials tend 
to undergo a continuous chip production instead of fractur-
ing when subjected to drilling. Nevertheless, a reduced feed 
rate and elevated cutting speed can impede chip breakability, 
resulting in the formation of continuous chips [37]. Increas-
ing the depth of cut can potentially improve chip breakabil-
ity, which is evaluated by the number of chips in 100 g of 
chips. However, the determination of the ideal depth of cut 
is dependent upon both the feed rate and the drill diameter. 
The impact of the drill diameter and feed rate on chip break-
ability is substantial, since it leads to an enlargement of the 
chip’s cross-sectional area, hence enhancing its stiffness 
[37]. Chip breaking was simple and effective for feed rates of 
0.1 mm/rev and higher and for drill diameters of 6 mm and 
above. Additionally, it was noted that while drilling CFRP/
Al using 6-mm and 4-mm drills, the increase in torque and 
thrust force was significantly less than when using an 8-mm 
drill. This is explained by the chip’s sharply rising cross-
sectional area and the longer chisel edge length that comes 
with higher diameters [37]. Nevertheless, the impact of spin-
dle speed on chip breakability and therefore on torque and 
thrust force was less pronounced in comparison to the feed 

rate. Zitoune et al. [45] indicated that, while drilling CFRP 
panel in CFRP/Al stack, the size and shape of the chip are 
unaffected by the choice of cutting parameters; nevertheless, 
when drilling aluminum panel, the feed rate has a prominent 
effect on the size and shape of the chip, as shown in Fig. 6, 
regardless of the drill or coating employed. Additionally, 
they said that no change in chip size or form was seen while 
spindle speed was increased within the range 1050–2750 
rev/min. Usually polymer composite chips are continuous at 
low feed rates, and as the feed rate grew, the chips turn into 
dust [103]. But when the feed rate is low, and the spindle 
speed is high, aluminum chips produce continuously [89].

Hassan et al. also mentioned that the size and shape of chips 
generated while drilling Al7075-T6 panel of a stack up panel 
with a fixed-diameter twist drill are significantly influenced 
spindle speed. When operating at a lower spindle speed of 
1500 rev/min, the low shearing rate allows for easy winding of 
chips, resulting in the development of long, continuous chips 
[80]. However, as the speed raised to 2600 rev/min, the higher 
shearing speed causes the chips to become stiffer and more 
resistant to winding, breaking them into smaller spiral pieces. 
Lower feed rates result in smaller shearing areas, facilitating 
smoother chip evacuation since the chips created at 0.05 mm/
rev have more uniform size and shape [80]. Kim et al. men-
tioned that when the feed rate is small and the cutting speed is 
large, the production of aluminum chips is continuous [103]. 
They also mentioned that continuous chip is formed when 
drilling a composite panel using small feed rate, and it changes 
to dust-like chips as the feed rate is raised [103]. A continu-
ous, high-temperature aluminum chip would pass through the 
CFRP panel hole when aluminum is layered at the bottom 
of the composite. Long chips tend to impede their efficient 
movement through the flutes, which, in turn, leads to increased 
torque, elevated temperatures, and an elevated risk of drill 
breakage [98]. However, when operating at a speed of 2600 
rev/min with a feed rate of 0.05 mm/rev, chip development 
reaches an optimal state. This results in the creation of com-
pact, closely wound chips as well as serrated and fragmented 

Fig. 5   Advanced drilling tools: a twist drill with a small point angle; b step drill; c double point angle twist drill; d dagger drill (also known as 
one-shot drill); e fishtail drill; f brad and spur drill (also known as candlestick drill) with a dagger type center [100]
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chips. Spiral cone-shaped chips facilitate their easy ejection 
and, consequently, aid in efficient chip evacuation during the 
drilling process. The preference generally lies with shorter 
chips and tightly wound helical chips, as they contribute to a 
superior surface finish on the workpiece [104].

When considering the impact of drilling parameters on 
process improvement based on thrust force and torque, Chen 
stated that the impact of cutting speed on torque and thrust 
force while drilling multidirectional (MD) and unidirectional 
(UD) CFRP is negligible [17]. However, Liu et al. emphasized 
the considerable importance of the feed rate, as demonstrated 
by Figs. 7 and 8 [105]. Soo et al. agreed with this, affirming 
that changes in cutting speed did not have any influence on 
thrust force. However, elevating the feed rate to 0.30 mm/rev 
from 0.15 mm/rev caused the torque and thrust forces in the 
CFRP and aluminum layers of the stack to significantly rise—
with maximum increases of 100% and 60%, respectively [39]. 
Ramulu et al. and Liu et al. mentioned that the optimum situ-
ation for drilling composite panels is with high speed and 
low feed rate [25, 105], while Ramulu et al. and Kurt et al. 
stated that high feed rate and high speed are optimum for 
aluminum alloys [25, 106]. Kuo et al. concluded that small 
spindle speed and large feed rates are harmful for hole drill-
ing in composites since high damages were caused by these 
conditions [91]. However, Nouari et al. noted that using a WC 
tool to drill AA2024 is appropriate when the feed rate and the 
cutting speed is low [101]. Zitoune et al. when drilling CFRP/
Al stacks observed that the torque and thrust force during alu-
minum drilling at 0.05 mm/rev is twice as high compared to 

CFRP drilling. However, at 0.1 mm/rev and 0.15 mm/rev, this 
difference increases to approximately three times higher. This 
disparity can be attributed to the diminished effective clear-
ance angles of the drill, causing friction within the CFRP/Al 
stack and the intensified impact of the fibers [37]. They further 
mentioned that at larger spindle speeds, the thrust force of 
CFRP decreases because of the elevated temperature of cut-
ting edges, which, in turn, decreases the cutting resistance of 
epoxy. Rawat and Attia also noted that reducing cutting speeds 
within the feed rate range of 0.02 to 0.08 mm/rev resulted in 
a substantial rise in the thrust force [107]. Conversely, when 
drilling aluminum, a faster spindle speed increases the thrust 
force as shown in Fig. 7 [37]. According to Won et al., at 
low feed rates, the thrust force attributable to the chisel edge 
makes up 40% of the total thrust force; and at high feed rates, 
this amount rises to 60% [108]. Additionally, as the number 
of holes drilled increased in the Al portion, a gradually declin-
ing trend in thrust force was noted by Soo et al. This could be 
related to a rise in temperature and consequent softening of 
the material as the trials went on [39].

The features that affect the hole surface finish significantly 
are material to be drilled, machining parameters, and the drill 
type [107]. When considering the impact of drilling parameters 
on process improvement, spindle speed and feed rate are two 
machining parameters that affect processing quality and precision, 
with feed rate having a bigger impact than spindle speed [109]. 
Some researches advised drilling of stack up materials using 
correct machining parameters consist of high feed rate and high 
speed to reduce continuous chip formation [25, 47]. Hassan et al. 

Fig. 6   Chip characteristics of 
CFRP/Al composites: speed 
versus feed on chip size [37]
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mentioned that the optimum parameters for machining stacked 
materials are a feed rate of 0.05 mm/rev and a spindle speed of 
2600 rev/min [80]. They further mentioned that the selection is 
driven by the benefits of using a lower feed rate, which allows 
for a gradual material removal at a shallower depth, ultimately 
resulting in an improved surface finish. However, in the aerospace 
industry, specific customer requirements dictate a fixed feed rate 
of 0.1 mm/rev and speed of 2600 rev/min, primarily to prioritize 
efficiency and time considerations [80]. When considering the 
surface roughness, it increased on both CFRP and Al panels after 
increasing the feed rate from 0.02 to 0.08 mm/rev while using 
diamond-coated cemented carbide tool [90]. When employing 
nc-CrAlN/a-Si3N4-coated tool [45] and uncoated tool [37], it is 
found that the roughness increases with increasing feed rate from 
0.05 to 0.15 mm/rev on both CFRP and Al panel for different 
speeds. When the feed rate is low at 0.05 mm/rev, continuous 
chips are created, and the machining quality is improved with the 
least amount of surface roughness. The chips become broken at 

larger feed rates (between 0.1 and 0.15 mm/rev), which increases 
the surface roughness and thrust force irrespective of drill type 
[37, 45]. Contradictorily, Brinksmeier and Janssen mentioned that, 
creation of continuous aluminum chip can increase the surface 
roughness at low feed rate and spindle speed at both CFRP hole 
wall and the hole entry as the revolution of drill body with lengthy, 
hot, and sharp metal chips can hamper the surface finish and spoil 
the composite hole wall during evacuation [48]. According to 
Zitoune et al., surface roughness values of approximately 2–4 µm 
have been observed for CFRP at small feed rates of 0.05 mm/
rev, independent of drill diameters and spindle speed. Addition-
ally, when the feed rate rises, so does the surface roughness [37]. 
Contradictorily, Angelone et al. mentioned that internal rough-
ness is affected by spindle speed as compared to feed rate [110]. 
According to Benezech et al., machining parameters have greater 
impact on CFRP’s surface roughness than they do on aluminum as 
illustrated in Fig. 9 [111] and it is due to the anisotropy of CFRP 
material [37].

Fig. 8   Effect of speed and feed on torque for U8 mm drill: a CFRP material and (b) aluminum material [37]

Fig. 7   Effect of spindle speed and feed rate on thrust force for U8 mm drill: a CFRP material and (b) aluminum material [37]
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Experiments conducted on CFRP/Al panel to test the 
influence of feed rate and speed on drilled hole diameter 
by Wang et al. show that a greater spindle speed can result 
in improved CFRP and aluminum panel’s diameter toler-
ance when the speed is raised from 1000 to 3000 rev/min 
with diamond-coated cemented carbide tools. The maximum 
stack-up diameter error at 1000 rev/min, 2000 rev/min, and 
3000 rev/min were 50 µm, 35 µm, and 11 µm, respectively 
[90]. Soo et al. agreed with it saying that the diameter dif-
ference between first and last hole reduced when increasing 
speed to 120 m/min from 60 m/min while drilling CFRP/
AA7010-T7451 with CVD diamond-coated WC drill [39], 
but Kim et al. mentioned that the diameter increases with 
increasing speed and metal holes are consistently have 
larger hole diameters than composite holes [47]. According 
to Wang et al., when feed rate rose to 0.08 mm/rev from 
0.02 mm/rev, the diameters of aluminum, CFRP exit, and 
CFRP entrance showed a rising pattern. This was explained 
by instability of the drilling state and vibration of the drill-
ing process [90]. Contradictorily, Soo et al. mentioned that 
the diameter was decreasing with increasing feed rate from 
0.15 to 0.3 mm/rev [39].

When a hole is measured for roundness, it may be deter-
mined how closely its circular cross-section resembles a 
real circle, whereas cylindricity quantifies the cylinder’s 
overall deviation from the true circle [46]. According to 
Kuo et al., when considering hole cylindricity, higher feed 
rate results in lower hole cylindricity in a way that, at a 
feed rate of 0.05 mm/rev, hole cylindricity was around 
150 μm; however, at a feed rate of 0.08 mm/rev, it dropped 
to 100 μm [91]. Soo et al. also agreed with it saying that 
higher feed rate results in lower hole cylindricity at ele-
vated speeds of 120 m/min, but at lower speeds of 60 m/
min with increasing feed rate, the hole cylindricity also 
increases [39]. They also found that higher speed results 
in lower hole cylindricity and lower discrepancy between 
first and last hole when increasing the speed to 120 m/

min from 60 m/min. As can be seen from Fig. 10, at low 
feed rates of 0.05 mm/rev, the circularity of the hole in 
CFRP was around 6 µm; as feed rates increase to 0.15 mm/
rev, the circularity error rises to 25 µm [37]. Moreover, 
the out of roundness for CFRP was higher than that of 
AA7010-T7451 as the drill pierced the top layer of CFRP, 
potentially due to tool runout generating initial chisel edge 
sliding or radial deflection [97].

Soo et al. found that while using a larger feed rate of 
0.30 mm/rev, delamination factor increased up to 23% because 
of the stronger thrust forces produced [39]. On one hand, seri-
ous damages were found even in the initial hole in the form 
of uncut or frayed fibers, and on the other hand, the delami-
nation was barely influenced by the effects of cutting speed, 
tool wear, and the quantity of holes drilled. Meanwhile, Gra-
ham T Smith mentioned that continuous chips in aluminum 
will affect the composite’s hole quality at the top of the hole 
with low feed rates by causing peel-up delamination [112]. 
According to Zitoune et al., when the amount of airborne 
dust increases, the vacuum system’s effectiveness decreases 

Fig. 9   Hole surface roughness versus feed rate at various spindle speeds for (a) CFRP and (b) Al panels during single-shot drilling of CFRP/Al 
stack up panel [37]

Fig. 10   Effect of spindle speed and feed on circularity of CFRP [37]
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with the presence of continuous chips [20]. Therefore, using a 
higher feed rate of 0.1 mm/rev is the most optimal parameter 
to compensate for both CFRP and aluminum hole quality [81].

According to Zhang et al., with larger feed rate, the 
burr height tends to increase. The cutting zone’s tem-
perature and strain rate vary based on the spindle speed 
and feed rate, which affects the materials’ ductility and 
strength [65]. As a result, the root thickness and burr height 
increases. Small feed rate of 0.05 mm/rev is necessary to 
ensure that the minimum thrust force is provided to mini-
mize the burr growth [113]. Soo et al. also said that the 
exit burr width and height grew with growth in feed rates 
from 0.15 to 0.3 mm/rev, and were at least twice as large as 
those at the entrance’s interlayer point, which was between 
15.3 and 32.5 μm [39]. In contrast, Rivero et al. obtained 
the minimum burr height when increasing the feed rate 
when drilling a Ti/CFRP/Al stack [114]. Kelly and Cot-
terell also say that raising the feed rate would result in a 
smaller exit burr [115]. It was found that burrs at the exit 
and entrance were less at a larger feed rate of 0.08 mm/rev, 
perhaps because low thrust forces caused less plastic defor-
mation of the workpiece [91]. Contradictory results were 
also obtained that the maximum burr height was unaffected 

by altering the feed rate to 0.1 mm/rev from 0.05 mm/rev, 
although an increase in spindle speed reduced the burr 
height by 32.39% [116].

Table 2 shows the experiments performed by various 
authors regarding the impact of tool feed and cutting speed 
on several output parameters such as surface roughness, 
delamination, and burr height. This table shows that differ-
ent authors got varying outputs while changing the speed or 
feed. Therefore, it leads to the conclusion that the outputs 
are not solely dependent on feed and/or speed. Based on 
this conclusion, Table 3 is constructed. Table 3 not only 
consists of the cutting parameters but also contains cutting 
environment, tool geometry, tool material, and workpiece 
material details as well. This table further elaborates the 
outputs related to hole finish and tool wear behavior, chip 
formation and evacuation, thrust force, and torque details.

3.3 � Usage of polycrystalline diamond

Cutting tools with high toughness, high hardness, high 
wear resistance, high thermal conductivity, and improved 
chemical insensibility are typically favored to obtain the 
best drill bit criterion to drill stack-up materials [136, 137]. 

Table 2   Influence of speed 
and feed on various machining 
outputs

Speed Feed Result Researcher

Increase Decrease Al discontinuous chip [37]
Increase Decrease Al continuous chip [89, 103]
Increase Increase Al continuous chip [25, 47]
Decrease Decrease Al continuous chip [98]

Decrease CFRP Continuous chip [103]
Increase CFRP Dust chip [103]
Increase Roughness increase [37, 45]

Decrease Decrease Roughness increase [98, 101, 102]
Increase Decrease Roughness decrease [117, 118]

Increase Burr height increase [65, 113]
Increase Burr height decrease [114]

Increase Not much change Burr height decrease [116]
Increase Entry delamination increased [119, 120]
Increase Entry delamination decreased [121]
Increase Exit delamination increased [23, 119, 120, 122]
Increase Exit delamination decreased [121, 123, 124]
Increase No/Slight effect on entry delamination [34, 125]
Increase No/Slight effect on exit delamination [34, 126]

Increase Entry delamination increased [23, 34, 125–127]
Increase Exit delamination increased [121, 125, 128, 129]

Increase Decrease Delamination decreased [117, 130]
Increase Decrease Optimum for CFRP panel [25, 91, 105]
Increase Increase Optimum for Al panel [25, 106]
Decrease Decrease Optimum for Al panel [101]

Increase Optimum for stack-up panel [81]
Decrease Increase Thrust force increase [9, 14, 37, 107, 113]
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To effectively cut the workpiece, the cutting tool’s hard-
ness should be higher than that of the workpiece. The resist-
ance to indenter penetration is known as hardness [138]. 
Temperatures during drilling CFRP/Al stack can reach up 
to 200 °C [139]. To sustain such high temperatures, drills 
with hot hardness are essential. Hot hardness is the capac-
ity to sustain high hardness at high temperatures. To be 
able to handle shock loads, vibration-induced chipping and 
cracking, misalignment, runouts, and other drilling process 
flaws, the tools should possess high toughness. Toughness is 
described as the material’s capacity to absorb energy before 
breaking. Materials used to make drill bits move in the oppo-
site direction in terms of hardness and toughness as can be 
seen in Fig. 11. For example, PCD, the hardest material, 
has the least toughness since its sharp deformation occurs 
at 600 °C, whereas high-speed steel (HSS), which has the 
highest toughness, deforms at a temperature of 700 °C [122, 
140]. Therefore, increasing drill bit toughness while main-
taining hardness is a key trend in the industry. In single-shot 
drilling applications, several tool materials, such as WC, 
high-speed steel (HSS), and super hard materials like poly-
crystalline cubic boron nitride (PCBN) and poly crystalline 
diamond (PCD), have been studied so far.

PCD is the hardest material used for manufacturing cut-
ting tools and it is an artificially created incredibly hard 
material made by encasing diamond particles in a metal 
matrix. Vickers hardness (HV) of 6000 for PCD is signifi-
cantly higher than that of WC (HV range of 1600–2200). 
Because of their high abrasion resistance [94, 95], high-
speed drilling capability [141], and high thermal conduc-
tivity [142, 143], PCD tools have better cutting efficiency 
when drilling standard composites [144]. The PCD coat-
ing can also provide outstanding wear resistance due to its 
low friction properties when used for stack-up drilling and 
effectively mitigate the extreme adhesion of the chips found 
in metal part drilling [144]. Tools with primary diamond 
content and PCD tools are frequently used for stack-up drill-
ing purpose [91, 145–148]. Because of manufacturing chal-
lenges and high costs, PCD tools, in contrast to WC, have a 
relatively small market share [29, 149].

It was discovered by Garrick et al. that, after 200 suc-
cessfully completed holes, the 86-series PCD veined 
drill had to have its cutting edge re-sharpened since wear 
appeared on the cutting edge. The helical PCD drill outper-
formed conventional WC drills in terms of overall perfor-
mance, but it was more susceptible to changes in feed rate 
when delamination was considered [67, 150]. In actuality, 
it was demonstrated that the core drill was stronger than 
the traditional twist drill. A novel core drill design showed 
a 26% reduction in delamination during composite drilling 
because of the drop in thrust force, drilling temperature, 
and surface clogging. This is one of the notable benefits 
of core drilling with a solid PCD drill [151]. Additionally, 

the veined PCD drills upgraded with K-land design outper-
formed traditional geometric PCD drills in terms of hole 
performance and tool life. A PCD drill, however, can read-
ily fracture when machining either aluminum or titanium 
panel with high-speed particularly when layered with com-
posites since PCD is inherently fragile [150]. As a result, 
it is advised that PCD drills be used with a comparatively 
lower range of cutting parameters than WC drills. Besides 
drill geometry and drilling parameters, drilling environment 
also have an important part in hole quality, which will be 
discussed next.

3.4 � Cooling applications

To improve the effectiveness of stack up drilling experi-
ments, several cooling techniques such as cryogenic cooling, 
flood cooling, and minimum quantity lubrication (MQL) can 
be used. A schematic diagram of cooling set up is shown in 
Fig. 12. Low-temperature liquefied gas is used in cryogenic 
cooling as cutting fluid. Liquid nitrogen (LN2) or liquefied 
carbon dioxide (LCO2) are typically employed due to their 
low cost and wide range of applications [152]. MQL is a 
green manufacturing process that can replace traditional dry 
and wet cutting with flow rates between 10 and 100 ml/h 
[153]. According to Iskander et al. and Meshreki et al., a 
combination of low oil flow rate and high air pressure is 
advantageous for the MQL drilling to achieve improved 
machining quality [154, 155], due to oil microparticles’ 
superior penetration in the tool-chip contact [43]. However, 
it is advised against using flood cooling because the oil 
could enter the polymer matrix and change its mechanical 
properties [156].

3.4.1 � Impact of cooling on thrust force

When a workpiece is being machined, the cutting tool slides 
against the workpiece as it removes material, and this cre-
ates the cutting force. Thrust force is one of the main scales 
used to assess the machinability of various composite/metal 
stacks and at high feed rates the power consumption also. It 
also affects the quality of holes and tool wear during drilling 
operations [14, 88, 132, 147]. Janakiraman et al. conducted 
cooling-related experiments on CFRP/GFRP/Al stacks and 
observed that, in cryogenic and MQL conditions, maximum 
and minimum thrust forces were produced, respectively 
[158]. When liquid nitrogen (LN2) was used in cryogenic 
conditions, it increased the thrust force by 68.6%. This was 
due to the rise in Young’s modulus and tensile strength of the 
CFRP-GFRP composite layers brought about by the abrupt 
drop in temperature [158]. At cryogenic temperatures, the 
epoxy matrix stiffens, enhancing the fibers’ stiffness, which 
causes shear breakage of fibers instead of bending and tear-
ing [72, 159]. The hardness of the aluminum alloy (Al 1100) 
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Table 3   Summary of testing of drill bit geometry and drilling parameters used for drilling a CFRP/Aluminum stack up

Drilling parameter Tool & Environment Workpiece Findings Author

(a) Spindle speed: 1050 rev/min 
to 2750 rev/min

(b) Feed rate: 0.05 mm/rev to 
0.15 mm/rev

(a) Size: 4 mm, 6 mm, and 
8 mm

(b) Dry condition

(a) CFRP/AL 2024
(b) Total thickness: 7.2 mm

Thrust force & torque, Surface 
roughness, Hole circularity, 
Delamination

Chip behavior & BUE

[37]

(a) Spindle speed: 3050 rev/min
(b) Feed rate: 0.06 mm/rev

(a) Uncoated WC, CVD dia-
mond coating, hard metal C7 
layer coated

(b) Spray mist and wet cutting

(a) Ti-6Al-4 V/CFRP/AL7050 
T7451

(b) Total thickness: ~ 10 mm

Effect of coating type
Hole size & Burr height
Hole surface roughness
Micro hardness

[46]

(a) Spindle speed: 1050 rev/min 
to 2750 rev/min

(b) Feed rates: 0.05 mm/rev to 
0.15 mm/rev

(a) Uncoated carbide and nc-
CrAlN/a-Si3N4 coating

(b) Dry cutting

(a) CFRP/AL 2024
(b) Total thickness: 7.25 mm

Shape and size of the chips
Surface roughness

[45]

(a) Spindle speed: 6000 rev/min
(b) Feed rates: 0.02 mm/rev to 

0.08 mm/rev

(a) Point angle: 120° to 150°
(b) Rake angle: 0°to 40°
(c) Dry cutting

(a) CFRP T800M21/Al 2024
(b) Total thickness: 10 mm

Axial rake angle
Included angle

[111]

(a) Spindle speed: 3000 rev/min
(b) Feed rate: 0.04 mm/rev

(a) Uncoated carbide, diamond, 
TiAlCrN and AlTiSiN-G 
coating

(b) Dry cutting

(a) CFRPT800/AL7010 (b) 
Total thickness: 21 mm

Thrust force, BUE, Surface 
roughness, Holes diameter 
error, Delamination, Tool 
wear

[88]

(a) Spindle speed: 2000 rev/min
(b) Feed rate: 0.03 mm/rev to 

0.25 mm/rev

(a) Uncoated carbide and AlTiN 
coating under dry cutting

(b) Point angle: 120° to 133.4°
(c) Helix angle: 25° to 30°
(d)Chisel edge angle: 120° to 

135°

(a) CFRP bidirectional/Al 2024/
CFRP bidirectional

(b) Total thickness: 13.5 mm

Thrust force & torque
Entry delamination
Surface roughness
Point angle & Helix angle

[131]

(a) Spindle speed: 1000 rev/min 
to 3000 rev/min

(b) Feed rate: 0.02 mm/rev to 
0.08 mm/rev

(a) Carbide diamond coated (b) 
Dry cutting

(a) CFRPT800-X850/AL7075-
T651

(b)Total thickness:14.7 mm

Thrust force,
Heat formation,
Hole quality,
Hole diameter

[90]

(a) Spindle speed: 1000 rev/min 
to 3000 rev/min

(b) Feed rate: 0.05 mm/rev to 
0.08 mm/rev

(a) Single and triple margin
(b) No pecking and pecking 

with 2 mm retraction
(c) Dry cutting

(a) Ti-6Al-4 V/CFRP/AL 7050-
T7651

(b) Total thickness: 30 mm

Hole diameter,
Chip formation

[109]

(a) Spindle speed: 2700 rev/min 
to 5900 rev/min

(b) Feed rate: 0.03 mm/rev to 
0.07 mm/rev

(a) CVD diamond coated drill 
with 25°of helix angle

(b) Point angle: 90°to 130°
(c) Relief angle:15°to 23°
(d) Dry cutting

(a) CCF300/AL 7075-T7
(b) Total thickness: 6.17 mm

Hole diameter error,
Thrust force and torque
Flank wear, Surface roughness, 

Exit burr height,
Drill geometry

[65]

(a) Spindle speed: 2020 rev/min 
to 2750 rev/min

(b) Feed rate: 0.05 mm/rev to 
0.15 mm/rev

(a) Standard twist, double cone 
M1 and double cone M2

(b) Dry cutting

(a) CFRP T700-M21/Al 2024
(b) Total thickness: 7.2 mm

Thrust force, Surface roughness, 
Delamination, Chip shape

[20]

(a) Spindle speed: 60 m/min to 
120 m/min

(b) Feed rate: 0.15 mm/rev to 
0.3 mm/rev

(a) Double cone and flat point 
geometry

(b) primary point angle: 130°to 
140°

(c) Secondary point angle: 60° 
and 180°

(a) CFRP/AA7010-T7451
(b) Total thickness: 16.5 mm

Hole diameter
Bur formation
Delamination

[39]

(a) Spindle speed: 60 m/min to 
120 m/min

(b) Feed rate: 0.15 mm/rev to 
0.3 mm/rev

(a) CVD diamond coated drill
(b) Double cone and flat point 

geometry
(c) Primary point angle: 130° 

to 140°
(d) Secondary point angle: 60° 

and 180°

(a) CFRP/AA7075/CFRP
(b) Total thickness: 26.1 mm

Tool wear
Hole diameter
Thrust force
Delamination

[132]
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surface also increases with the reduction in temperature, and 
it provides extra resistance leading to increased force levels 
when drilling Al panel [160, 161]. Betrolini et al. agreed 
with it and said that cryogenic cooling assisted drilling on 
CFRP/Al stacks increased the thrust force on Al panel by 
20%, 27%, and 23% for feed rate of 0.05, 0.1, and 0.15 mm/
rev, and when drilling the CFRP sheet, it did so by 62%, 
53%, and 45% in comparison to the dry drilling approach 
[162]. LCO2 is also used by some researchers as cryogenic 
coolant when performing CFRP/Al stack up drilling. The 
volumetric expansion-based CO2 cooling process causes the 
liquefied pressurized stored CO2 to cool at a temperature 
of − 78.5 °C just prior to the cutting zone [163]. Seeholzer 
et al. said that, if the prime focus is to cool the aluminum 
plate, it will barely be affecting the temperature of CFRP 
panel when supplying CO2 cryogenic coolant from the Al 
plate side [157]. Kneubühler et al. mentioned that around 
50% of chip breakage occur by using CO2 cooling from the 
workpiece side, and as the chip advances along the chip 
flute, the effects of pressurized air and CO2 cooling start to 
fade [163]. They further mentioned that CO2 cooling from 
the tool side caused approximately 90% of chip breakage, 
produced the highest thrust force, and small, separated Al 
chips indicated that the secondary material separation was 
continuously achieved [163]. The shapes of the Al chips 
obtained by them using various cooling methods which are 
discussed above are shown in Fig. 13.

The minimum quantity lubrication (MQL) environment 
aids in the greatest force reduction by reducing friction 
between the machining surface and the chisel edge [164]. 

While the lubricant helps to disintegrate the heat from the 
machining region, high-pressure helps the lubricant to pen-
etrate effectively, functioning as a chip breaker and clearing 
the generated chips from the cutting zone as soon as possible 
[157]. Meshreki et al. supported this statement by compar-
ing the results of low pressure—high feed (LP-HF) MQL 
and high pressure—low feed (HP-LF) MQL cooling. They 
found that LP-HF MQL resulted in poor penetration of the 
jet, thus resulted in higher forces in all directions [155]. They 
further noticed that drilling in dry mode and using HP-LF 
MQL gave lower cutting forces in CFRP, while HP-LF MQL 
and flood cooling were commendable in aluminum panel as 
shown in Fig. 14. [155]. This difference in the force fluctua-
tion between the layers is due to the mechanical character-
istics of each layer [159]. Janakiraman et al. mentioned that 
the force levels during dry drilling were in-between to those 
under MQL and cryogenic conditions [158]. Kneubühler 
et al. [163] found that rare chip breakage occurs (30%) in dry 
drilling whereas pressurized air leads to a more frequent chip 
breakage (40%). This variation can be described by the added 
pressure that pushes the chip toward the chip flute, allowing 
the crack to fully propagate and increase the likelihood of 
subsequent material separation. Seeholzer et al. [157] also 
mentioned the same that chip evacuation is improved by pres-
surized air because, at the start, only a few chips are created, 
but as drilling depth increases, chips begin to accumulate. 
Chip evacuation keeps chips from rubbing up against the 
hole wall and helps expose the drilled region to cold air for 
better heat dissipation [164]. Chip accumulation is caused by 
inadequate chip transport, whereby individual chips become 

Table 3   (continued)

Drilling parameter Tool & Environment Workpiece Findings Author

(a) Spindle speed: 
30/120/120 m/min for the Ti/
CFRP/Al layers respectively

(b) Feed rate: 0.05 mm/rev to 
0.08 mm/rev

(a) Uncoated and TiAlN/TiN 
coated WC

(b) Drilling strategy: pecking 
and without pecking

(a) Ti-6Al–4 V/CFRP/AA7050
(b) Total thickness: 30 mm

Tool life
Thrust force
Tool geometry

[91]

(a) Spindle speed: 1000 rev/min 
to 3000 rev/min

(b) Feed rate: 5 mm/min to 
15 mm/min

(a) Solid carbide twist drill and 
helical milling tool (b) drilling 
strategy: multistep process and 
helical cutting process

(a) CFRP HTS40 12K300/Al 
2024-T3

(b) Total thickness: 4 mm

Hole delamination
Pecking method,
Roughness

[133]

(a) Cutting speed: 145 m/min
(b) Feed rate: 250 mm/min

(a) WC–Co helical drill without 
coat

(b) Helix angle 29.82 degree
(c) Double point angle 

(118°/140°)
(d) Dry machining

(a) CFRP/UNS A97075-T6
(b) Total thickness: 9.36 mm

BUL and BUE
Cutting force
Hole diameter

[134]

(a) Cutting speed: 85 m/min to 
145 m/min

(b) Feed rate: 200 mm/min to 
300 mm/min

(a) WC–Co helical drill without 
coat

(b) Helix angle 29.82°
(c) Double point angle 

(118°/140°)
(d) Dry machining

(a) CFRP/UNS A92024
(b) Total thickness: 10 mm

Diametric deviations, Surface 
quality, adhesive loss (using 
ANOVA)

Hole diameter

[135]
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trapped in the chip flute and subsequently squeezed at an 
elevated temperature [157]. Smaller chips would be formed 
during the machining at low temperatures, which reduces the 
possibility of accumulation of chips in the chip flute.

Janakiraman et al. discovered that the thrust force dif-
ference between the dry and MQL environment was mini-
mal at higher feed rates, despite the maximum reduction in 
thrust force of 17.2% with the MQL environment [158]. This 

Fig. 11   Overall hardness and 
toughness level for well-known 
cutting tool materials [140]

Fig. 12   Schematic illustration 
of the test rig: (a) top view and 
(b) side view [157]

(a) (b) (c) (d)

Fig. 13   Al-chips formed while using (a) dry cutting, (b) cooling with compressed air (8 bar) through the tool (c) liquid CO2 (60 bar) from the 
work piece side (d) liquid CO2 (60 bar) from tool side through the cooling channels [163]
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may be because of either MQL unable to dissipate the heat 
produced at increased feed rates or because of the higher 
friction between workpiece and tool at increased feed rates 
[155]. The elevation in temperature resulting from friction 
leads to a decrease in oil’s viscosity, impacting the flowabil-
ity of the lubricant. This, in turn, disrupts the maintenance 
of a proper film, subsequently amplifying the exposure of 
the tool to the surface and the tool to the chip [158]. Exag-
gerated thrust force may also be associated with increased 
tool edge contact with abrasive fibers and a significant rise in 
hole surface resistance force [165]. However, there was also 
a chance that the oil coating could completely break down at 
high temperatures, which shows that MQL is inefficient at 
increased feed rates since it resembled a dry condition [166].

Shyha et al. performed cooling experiments with Ti/
CFRP/Al stacks and observed that, irrespective of drill 
coating, the noise levels increased because of the rubbing 
friction between the tool and metal layers when using spray 
mist application and low cutting speed [167]. They stated 
that the life of the tool was inadequate and the maximum 
number of drilled holes was only about 100 when using 
spray mist cooling. Testing with the uncoated drill at mod-
erate and high cutting speeds created a screaming sound 
with sparks which resulted in even lower tool lifetime. In 
the experiments performed by Shyha et al. while cutting 
with flood coolant, the force associated with Ti (285–600 N) 
was significantly greater compared to both CFRP (44–190 
N) and Al (135–342 N) [167]. However, because only low 
concentrations of spray mist lubricant reached the Al panel, 
which is the bottom layer, thrust force noted in the Al layer 
(234–540 N) occasionally exceeded those noted in the Ti 
layer (239–426 N) in a spray mist environment. Their con-
clusions were also corroborated by the outcomes of their 
ANOVA analysis, which showed that feed rate significantly 
affects the formation of thrust force in each of the three lay-
ers, with PCR of 40%, 31%, and 20% for Ti, CFRP, and 
Al, respectively [167]. Generally speaking, the force levels 
measured during Ti drilling were about three times higher 

than those of CFRP and Al cutting. The lowest torque was 
recorded in CFRP, then in Al and Ti, which is consistent 
with the tendency of titanium and aluminum swarf to attach 
on the drill edges and lips [167].

3.4.2 � Impact of cooling on hole damage

Cryogenic conditions and MQL are characterized by 
reduced friction, improved heat dissipation, and minor 
hole damage. When considering delamination, Janakira-
man et al. found that delamination factor was highest under 
dry conditions, followed by MQL and least by cryogenic 
LN2 condition [158]. Due to MQL’s limited penetration 
and inferior cooling capacity, its effect was not as strong 
as LN2’s [155]. Despite the highest thrust force, using LN2 
proved to be more effective at controlling delamination 
than using MQL. This may be because of the enhance-
ment of the CFRP’s interlaminar shear strength at low 
temperatures [168]. On the other hand, Bertolini et al. and 
Nagaraj et al. noted that regardless of feed rate, significant 
exit delamination only happened when cutting trials were 
performed on CFRP/Al stack under LN2 cryogenic drilling 
as opposed to dry and ultrasonic vibration assisted drilling 
[162, 169]. In contrast, under cryogenic and MQL condi-
tions, Janakiraman et al. found that the highest delami-
nation occurred by increasing the feed rate at a constant 
cutting speed and not because of the variations in the oil 
flow rate [158]. This phenomenon is particularly notable 
because a larger thrust force corresponds to an enlarged 
exit delamination and the deflection of the final ply of the 
fiber metal laminate (FML) intersects a broader zone with 
increased force [170]. Janakiraman et  al. further men-
tioned that the delamination factor rises at a cutting speed 
of 125 m/min in a dry environment before decreasing at a 
cutting speed of 150 m/min [158]. This decrease can be 
caused by thermal softening occurred from higher fric-
tional heat produced throughout the process thus ensuing 
drop in cutting forces [2]. In general, the lack of adequate 

Fig. 14   Drilling thrust forces in (a) CFRP and (b) aluminum panels with different cooling methods [155]
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cooling at higher temperatures promotes thermal softening 
since the material exhibits less internal deformation resist-
ance [163]. The application of cryogenic cooling stiffens 
the epoxy matrix which may enhance the rigidity of the 
fibers causing shear rupture and brittle fracture behavior 
of the workpiece material rather than bending and tearing 
resulting in increased process forces [72]. Meshreki et al. 
said that, while holes free from entry delamination were 
generated by dry and flood conditions, the holes drilled 
with MQL (LP-HF) and (HP-LF) had delamination of 
1.167 mm (24% of the diameter) and 0.915 mm (19% of 
the diameter) [155]. This could be due to higher horizon-
tal forces in the case of MQL compared to dry and flood 
modes [99].

Janakiraman et al. noted that under cryogenic condi-
tions, larger cutting speed and smaller feed rate revealed 
the superior surface finish. Additionally, though drilling 
under cryogenic and MQL conditions showed a similar 
pattern but with a comparatively lower increase, drill-
ing under dry conditions showed a substantial growth in 
surface roughness (Ra) depending on the feed rate [158]. 
They further mentioned that variations in cutting speed 
in dry conditions had the greatest impact on roughness, 
whereas feed rate predominated in MQL conditions. The 
lower temperature in the cutting region caused by MQL 
may be responsible for the improved hole quality since it 
averts the chips from fusing to the drill bit and harming 
the hole surface [158]. Additionally, it was discovered that 
in cryogenic drilling environments, as compared to MQL 
and dry environments, the influence of feed rate on sur-
face roughness was marginal. This is due to the laminate’s 
constituent composite layers undergoing a ductile–brit-
tle transition at cryogenic temperature [158]. Moreover, 
Giasin et al. mentioned that, as a result of the laminate’s 
lower compressive stresses resulting from carbon, glass 
fiber, and aluminum sheets’ minor differences in thermal 
expansion under cryogenic environment, the plies were 
substantially less distorted, which improved the surface 
smoothness [54]. The enhanced hole quality in cryogenic 
conditions may also be attributed to the minimum build-up 
edge (BUE) that developed on the drill bit as a result of 
the cushioning effect formed by the efficient dispersion of 
gaseous nitrogen coolant into the tool-chip interface [171]. 
Zitoune et al. also found that the fusion of metal chips to 
the drill bit’s cutting edges may be the cause of imprecise 
surface roughness [45]. BUE was reported to form mostly 
on the drill margins and the principal cutting lips in spray 
mist application trials, according to Shyha et al. [167]. This 
was most likely brought on by the spray mist lubricant not 
being applied enough to the machining area, particularly 
as the drill bit penetrated deeper into the bottom aluminum 
layer of the stack. In contrary to all the above observations, 
Meshreki et al. mentioned that dry drilling gave better 

surface roughness than the holes obtained in all kinds of 
cooling for both CFRP and Al panels as shown in Fig. 15. 
It should also be noted that the surface roughness of all 
the tested cooling modes fell within 3 µm and did not fol-
low a noticeable trend [155]. Among all the samples, the 
surface roughness is higher in CFRP compared to Al due 
to the heterogeneity of CFRP [155]. It is also supported 
by Zitoune et al. that the CFRP/GFRP interface’s average 
surface roughness is significantly larger than that of the 
metallic alloy panel [45].

When considering diameter variations, Meshreki et al. 
found that flood cooling gave the lowest diameter errors 
followed by HP-LF MQL as shown in Fig. 16 [155]. They 
further mentioned that, in CFRP panel, the lowest circularity 
error was obtained under flood cooling, while in aluminum 
panel it was LP-HF MQL and then HP-LF MQL that offered 
the best results, but all the circularity errors were below 
25 µm [155]. According to Shyha et al., most of the holes 
produced on multi-layer stacks drilling under wet drilling 
were small, and the overall tendency is the drop in diameter 
with increase in number of holes [46]. Such phenomenon 
can be explained by material loss brought on by tool wear 
that grows with the number of holes. According to Kneubuh-
ler et al., there was no discernible variation in the location 

Fig. 15   Surface roughness values for CFRP and aluminum at differ-
ent cooling methods [155]

Fig. 16   Diameter error values in CFRP and aluminum for different 
cooling modes [155]
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of the crack’s initiation regardless of the cooling method 
[163]. With regard to the location of the crack initiation, it is 
therefore considered that the process parameters and the tool 
geometry have a larger impact than the cooling techniques.

According to Shyha et al., variances in hole roundness 
for the Ti, CFRP, and Al layers in a Ti/CFRP/Al stack panel 
drilling were up to 78, 39, and 53 μm, respectively, under 
wet conditions, while cylindricity error varied from 23 to 
120 μm for the overall stack. This variation increased for 
spray mist environment up to an average of 170 μm [46]. 
Table 4 presents the researches conducted to investigate the 
impact of cooling strategies on stack up drilling. Research-
ers tried various cooling environments by changing the 
types of coolants, air pressure, coolant flow direction, etc., 
to determine the best cooling strategy. Most of their focus 
was centered on improving hole quality by mitigating thrust 
force and improving the chip evacuation methods. Along 
with all the abovementioned strategies, application of coat-
ing to drill bit also improves the hole quality of single shot 
drilling of stack up materials, and which will be discussed 
in the next section.

3.5 � Coating applications

The extent to which coated drill bits establish tribological 
relationship between tool-composite component and tool-
metallic component is the major factor in their desirability 
of selection for stack material drilling [173, 174]. These 
interactions may be utilized to forecast surface quality and 
the frequency of delamination in composite material drill-
ing [175]. Production companies mainly use inorganic com-
pounds to coat drilling tools either through physical vapor 
deposition (PVD) [176, 177] or chemical vapor deposition 
(CVD) [136]. A sample set up for PVD coating and SEM 
image of the cross-section of coated tool is shown in Fig. 17. 
The PVD laborious coating often improves machining effi-
ciency and tool life [176, 177].

3.5.1 � Impact of coating on thrust force

Thrust force can be affected by numerous factors, like tool 
geometry, cutting parameters, tool material, tool coating, 
lubrication and cooling technique, and workpiece material 

Table 4   Impact of cooling on CFRP/Al stack material drilling

Workpiece Tool Cooling Strategy Findings Author

CFRP/Al7175 diamond-coated cemented carbide spiral 
drills

C0: Uncooled;
C1: Compressed air (6 bar) cooling 

through the tool
C2: Cryogenic CO2 cooling from Al side 

(− 80 °C, 25 kg/hr)
C3: Combination of CS1 and CS2

1. Chip evacuation
2. Cooling of Al 

and CFRP stacks

[157]

CFRP/Al 7010-T651 WC/Co, TiAlCrN coating Coolant – Accu-Lube® LB-4000
Coolant flow – 1 l/h

1. Hole damage [172]

CFRP/Al 2-flute uncoated drill Dry Drilling
(MQL) with low pressure (< 1.5 bar) and 

high flow rate (400 ml/hr)
MQL with high pressure (4.25 bars) and 

low flow rate (10 ml/hr), Flood cooling

1. Cutting force
2. Temperature
3. Diameter error
4. Concentricity

[155]

CFRP/Al7075 ArCr-based coated cemented carbide drill; 
workpiece rotates, tool linear feed

C0 – Dry cutting
C1 – Cooling with compressed air (8 bar) 

through the tool
C2 – Liquid CO2 (60 bar) from the work 

piece side
C3 – Liquid CO2 (60 bar) from tool side 

through the cooling channels

1.Thrust force
2. Crack formation
3. Chip breakage
4. Chip evacuation

[163]

CFRP/GFRP/Al Uncoated WC twist drills Dry cutting
(MQL) cooling
Cryogenic cooling

1. Thrust force
2. Delamination
3. Surface finish

[158]

Ti-6Al4V/CFRP/AA7050 CVD diamond coated WC, C7 coated WC 
and uncoated WC

Wet & Spray mist pump pressure of 
70 bar and flow rate of 15 ml/min; 
Feed – 0.05, 0.1 & 0.15 mm/rev; Speed 
(rpm) – (1000/2000), (2000/4000), 
(3000/6000),

1. Thrust force [167]
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[132]. Zhong et al., when comparing the thrust force while 
drilling CFRP/Al/CFRP stack, showed that, whatever the 
feed rate is, as cutting speed increases, the maximum thrust 
force with the uncoated tool is higher than with the TiAlN-
coated tool as shown in Fig. 18 [179]. They further stated 
that the maximum thrust forces with the later are 40–50 N 
larger than with the former, because TiAlN coating provides 
wear resistance, high hardness, and chemical stability [179]. 
Additionally, the opposite results were also attained with 
low feed rate and low speed [179]. When drilling aluminum 
panel with an uncoated tool while increasing the feed, 
Zitoune et al. saw a minor reduction in thrust force (about 
5%), and suggested that this might be due to the increased 
drilling temperature along with the feed and therefore the 
softening of the workpiece [45]. This reduction was esti-
mated to be 10% while drilling CFRP. Because nano-coating 
reduce the friction between the tool and the machined sur-
face of the hole and between the tool and the chip, it may be 
anticipated that an uncoated tool produces more heat during 
machining than a tool that has been coated with nanoparti-
cles. Additionally, nano-coating enhances the tool’s thermal 

conductivity [45]. The average thrust force of the coated drill 
is 30 to 50% higher than the thrust forces of the uncoated 
drills during the first hole when the drills are new, according 
to Montoya et al. as can be seen from Fig. 19. This is mainly 
because of the sharpness of the cutting edge [88]. The coat-
ing thickness is the cause of this variation in cutting-edge 
sharpness. Their tool’s cutting-edge radius was 9 μm for 
uncoated tool and 11 μm for tools coated with TiAlCrN and 
AlTiSiN-G while 15 μm for diamond coated tool. Kuo et al. 
conducted research on Ti6Al4V/CFRP/AA7050 stack with 
WC twist drills coated with TiN and TiAlN and found a 
similar trend [91]. They discovered that, in majority of the 
situations, coated drills increased thrust force by 12–18%, 
likely as the outcome of higher cutting-edge radius (33 μm) 
and consequently reduced sharpness compared to uncoated 
tools (cutting edge radius of 23 μm). It is important to con-
sider cutting edge radius because Franke mentioned that the 
separation of fibers is greatly hampered if the fiber diameter 
is smaller than the cutting-edge radius [180].

Montoya et al. mentioned that drilling of Al panel at 
designed cutting parameters produces a larger maximum 

Fig. 17   a Drill bit set up for 
PVD coating process. b SEM 
observation of the formation 
of ta-C coating and seed layer 
[178]

Region 
to be 

coated

(a) (b)

Fig. 18   Thrust force magnitudes in upper CFRP stack [179]
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thrust force than drilling CFRP panel [88] and it is sup-
ported by some other researchers [45, 179]. Zitoune et al. 
and Meshreki et al. further mentioned that when drilling alu-
minum panel, it was discovered that the thrust force was two 
to three times greater than when drilling composite material 
as shown in Fig. 20 [45, 155]. But according to Brinksmeyer 
et al., the thrust forces were higher in CFRP than Al with the 
drill that has a larger diameter of 16 mm [139]. The differ-
ent cutting pressures created by the drill and the materials 
of the workpiece can account for this discrepancy in forces 
[119]. When drilling CFRP/Al stacks, the use of diamond 
coating can lower the force by 65% and 35% in CFRP and 
Al, respectively, by reducing wear [88].

Zhong et al. discovered that the higher influence on thrust 
force is from feed rate compared to speed while machining 

CFRP/Al/CFRP stack with uncoated and TiAlN coated 
drill bits as shown in Fig. 18 [179]. They found through 
ANOVA analysis that feed rate (93.8–98.79%) and cutting 
speed (1.21%–6.29) have an impact on the maximum thrust 
force. Zitoune et al. also found this fact experimentally that, 
for both CFRP and Al panels in a stack, the thrust force is 
directly proportional to the feed rate, and mostly unaffected 
by spindle speed [45]. They observed an increase of 72% 
and 92% from first hole to 70th hole in thrust force while 
drilling CFRP/Al stack with coated and uncoated drills 
respectively. The increased wear on the uncoated tool is the 
cause of this rise compared to the coated one [45]. Irrespec-
tive of the type of tool used, an increase of 11% in thrust 
force has been seen in aluminum panel from the first hole 
to the final (70th) hole. The main type of wear that is seen 
when drilling aluminum or isotropic materials is flank wear. 
It may be inferred that flank wear is minimal because there 
is very little difference in the thrust force on the aluminum 
between the first and last holes [45].

According to Kuo et  al., despite having high thrust 
force, coated drills have up to 10% lower torque values, 
which is consistent with the increased wear resistance 
provided by TiAlN/TiN coating at the corners [91]. They 
further mentioned that running at higher feed rate of 
0.08 mm/rev will reduce the wear rate of the drill by up to 
28%, which was most probably caused by a shorter contact 
time between the workpiece and tool demonstrating the 
importance of feed rate. Additionally, ANOVA calcula-
tions revealed that drill wear was significantly influenced 
by both tool coating and feed rate, with the former having 
a partial correlation regression (PCR) of 78.4% [91].

Fig. 19   Average thrust force on the first hole: A  uncoated, (B) dia-
mond coated, (C) TiAlCrN coated, (D) AlTiSiN-G coated [88]

Fig. 20   Influence of the number of holes drilled on the thrust force. a Thrust forces measured in the CFRP and (b) thrust forces measured in the 
aluminum [45]
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3.5.2 � Impact of coating on hole damage

Number of scholars have explored with various coatings like 
TiN, TiAlN, TiAlCrN, TiSiN, DLC, TiAlCr/TiSi, TiAlN/
AlN, AlTiSiN-G, nc-CrAlN/a-Si3N4, and TiB2 and reported 
the output with regard to hole quality as follows. Brinks-
meier and Janssen obtained close diameter tolerances when 
drilling with TiB2-coated tool when compared to diamond 
coated and uncoated tool while drilling AlCuMg2/CFRP/
TiAl6V4 [48]. Montoya et al. mentioned that the relation-
ship between hole diameter and number of holes is largely 
consistent within the range of 5.965–5.98 mm for uncoated 
and diamond coated tools compared to 5.96–5.995 mm in 
TiAlCrN and 5.955–5.98 mm in AlTiSiN-G coated tools 
while drilling CFRP/Al stacks [88]. The experiment with 
TiAlCrN and AlTiSiN-G was stopped before reaching 80 
holes due to coating breakage [88]. Though the diameter 
difference between 1st and 250th hole is less than 15 µm for 
uncoated and diamond coated tool as observed by Benezech 
et al., uncoated tool shows a slightly increasing pattern of 
diameter and diamond coated tool shows slightly decreasing 
pattern with increasing number of holes [111]. This could 
be because of coating degradation in diamond coated tool 
and increasing wear in uncoated tool [132]. D’Orazio et al. 
also mentioned that the diameter reduces with increase in 
the number of holes while drilling CFRP/AA7075/CFRP 
by DLC and TiAlN coated drills under dry cutting condi-
tion [132]. As can be seen from Fig. 21, first 60 holes out of 
170 total holes drilled by TiAlN coated drill were oversized 
than the drill bit (d = 6.8 mm) while all the holes drilled by 
DLC was smaller than the drill bit diameter. Additionally, 
Shyha et al. demonstrated that, when performing wet cut-
ting on multi-layer stacks, the majority of the holes created 
were smaller in size [46]. Kuo et al. while drilling Ti/CFRP/

Al stack mentioned that, in comparison to the uncoated 
tools, the holes made by the TiAlN/TiN-coated drills at test 
termination (90–148 holes) shown greater precision with 
regard to diameter with maximum deviations of 0.02 mm 
from the nominal value of 6.35 mm (180 holes) [91]. Also, 
holes drilled by coated tool shows consistent diameters with 
increased feed rate while that of the uncoated tool shows 
increased diameter with increased feed rate. Additionally, 
it was discovered that tool coating, with PCR of 64.5% and 
57.5%, was the main variable determining hole diameter in 
both CFRP and Ti layers. According to D’orazio et al., at 
170th hole, the diameter difference between the drills with 
DLC coating and TiAlN coating approaches a value of about 
32 μm and about 58 μm, respectively, due to tool wear devel-
opment [132]. It is because the TiAlN-coated tool exhibit 
increased tool wear compared to DLC-coated tool.

When considering hole cylindricity, Kuo et al. found 
that the uncoated drills gave hole cylindricity error of 
maximum 150 µm while TiAlN/TiN-coated tools gave 
maximum of 100 µm [91]. They added that despite hav-
ing lower flank wear levels, poor cylindricity was visible 
across the holes drilled with the uncoated tool. Tool coat-
ing has an impact on delamination as demonstrated by 
D’Orazio et  al. since the wear-free TiAlN-coated tool 
produced delamination factor (DF) value which is nearly 
double that of by the DLC-coated tool [132]. Additionally, 
it was noted that throughout the experiment, DLC-coated 
drill produced a lower delamination factor (DF) value than 
the TiAlN-coated tool, regardless of the number of holes. 
They also demonstrated that for both TiAlN- and DLC-
coated tools with identical pattern of holes, the delamina-
tion factor monotonically increases. Zhong et al. discov-
ered that the delamination factor at the hole entry achieved 
with an uncoated drill bit is larger than that obtained with 

Fig. 21   Evolution of hole diameter with number of holes using (a) DLC-coated drill and (b) TiAlN-coated drill [132]
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a TiAlN-coated drill with the same cutting speed and feed 
rate [179], but TiAlN-coated drills have a delamination 
factor at the hole exit that is around three times smaller 
than that of uncoated drills as shown in Fig. 22 [179]. This 
might be as a result of the TiAlN coating’s high hardness. 
Elevated hardness could disperse and reduce thrust force. 
Reducing the thrust force can effectively lead to a lower 
delamination factor, which will enhance the hole’s machin-
ing quality. Additionally, Kuo et al. and Karpat et al. noted 
that reducing flank wear reduced delamination, and the 
best tools for this are those with CVD diamond coating 
[91, 181]. Contrarily, Brinksmeier and Janssen state that 
using coated tools has no effect on CFRP for the damages 
occurred due to erosion phenomenon between the gener-
ated sharp metal chips and the CFRP [48]. Montoya et al. 
also mentioned the CFRP damage at the hole entrance 
starting with the first hole regardless of whether uncoated 
or diamond-coated drill is used [88]. Therefore, it can also 
be deduced that this phenomenon may be induced by the 
tool geometry [132, 182] in which the initial layers of the 
composite material are pulled off by the drill flute in addi-
tion to tool wear [88]. Few researchers tried with adding 
dopant/seed layer before adding coating layer to tool while 
performing single-shot drilling of CFRP/Al stack panel. 
Prajapati et al. mentioned that adding Cr to TiAlN leads 
to excellent performance [137]. Mathavan et al. also men-
tioned that tetrahedral amorphous carbon (ta-C) coating 
reduced the delamination factor by reducing the tool wear 
due to the high bonding strength and high hardness of 
this coating type. They noted also that the addition of Cr 
dopant to ta-C coating did not yield improved results, and 
this was attributed to two factors. Firstly, the chromium 
dopant added tetrahedral amorphous carbon (ta-C:Cr) 
coated tool experienced faster degradation because of the 
peel-off of the coating, as the bond strength of the coating 

was minimal compared to dopant-less ta-C coating. Sec-
ondly, the ta-C:Cr coating showed the lowest hardness 
compared to dopant-less ta-C coating, preventing effective 
spread and reduction of thrust force, ultimately leading to 
a higher delamination factor [178].

According to a study by Zitoune et al., using a tool with 
a nc-CrAlN/a-Si3N4 nanocoating improves the surface pol-
ish on Al and CFRP holes [45]. This variation is primarily 
attributable to the tool polishing, particularly before PVD 
coating for improved bonding of the nanocrystalline layer. 
According to literature, the essential specification for the 
hole surface roughness of individual CFRP and aluminum 
alloy must be less than 3.2 µm and 1.6 µm, respectively [65]. 
The hole surface roughness obtained by Montoya et al. for 
Al was below 1.6 µm throughout the experiment (250 holes) 
for holes machined by both uncoated and diamond-coated 
tools, but in CFRP, it exceeds 3.2 µm at around 80 holes by 
the uncoated tool, while the diamond-coated one stay within 
the limit [88]. This is a result of rapid development of wear 
experienced with uncoated tool. The drill cannot cut the 
carbon fibers when the drill bit’s cutting-edge sharpness is 
too low. Higher rubbing of the tool with workpiece material 
occurred as the periphery corner wore down, causing matrix 
cracking, delamination, voids, fiber protrusion, and adhered 
resin on the drilled surface [91]. Diamond-coated tools have 
a mild evolution of the cutting-edge profile, which results in 
low hole surface roughness and strong stability [88]. Zhong 
et al. also discovered that, while drilling CFRP/Al panel, 
using an uncoated drill produces more surface cavities on the 
hole wall surface than using a TiAlN-coated drill (Fig. 23) 
[179]. The TiAlN-coated drill’s increased hardness, which 
reduces its wear, thus, will create less thrust force, and in 
turn will reduce mechanical damage. However, experimental 
work of Kalidas et al. demonstrates that the surface rough-
ness of the hole created at the aluminum part did not seem 

Fig. 22   Delamination factor results for holes exit [179]
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to be affected by the application of coatings (TiAlN, TiAlN/
AlN, and MoS2) [183]. Kuo et al. also did not obtain any 
significant improvement in hole surface roughness while 
drilling Ti/CFRP/Al with TiAlN/TiN-coated drill when 
compared to uncoated tool [91].

Studies have shown that drill bits with a TiAlN coating 
exhibit improved performance with regard to burr height 
compared to uncoated drills. These coated drill bits are able 
to keep the burr height below 80 µm, therefore eliminating 
the need for the deburring procedure [184]. This observa-
tion was also supported by Kuo et al. when they drilled Ti/
CFRP/Al stacks using a tool coated with TiAlN/TiN [91]. 
They observed that the drill with a coating had a maximum 
burr height of 150 µm, but the uncoated drill had a maximum 
burr height of 200 µm. The discrepancy was ascribed to the 
diminished buildup of the aluminum layer at the cutting edge. 
The coating prevented the aluminum chip from permanently 
adhering to the tool surface, hence preventing the formation 
of a buildup layer or edge (BUL or BUE) [184]. The burr 
height will increase if there is greater fusion at the tool’s cut-
ting edges because the drill bit will tend to extrude rather 
than cut to finish the drilling operation [134]. Mathavan et al. 
mentioned that ta-C:Cr-coated tool formed minimum burr 
height of 96.4 µm compared to ta-C-coated tool 126.75 µm 
[178]. They added that as the ta-C:Cr-coated tool produced 
the minimum coefficient of friction (COF), that is the reason 
why there was less burr height creation. Reduced coefficient 
of friction causes the tool to rub against the workpiece surface 
less, which lowers the generation of temperature. This, in turn, 
causes low ductility at the hole edge, which ultimately leads 
to reduced burr formation. The largest burr height was created 
by the ta-C-coated tool, which also has the highest COF [178].

Table 5 summarizes various studies that have been con-
ducted on the application of different coatings to drill bits 

while drilling stack up materials. These coatings include 
TiN, TiAlN, DLC, TiAlCrN, AlTiSiN-G, TiSiN, TiAlCr/
TiSi, TiAlN/AlN, nc-CrAlN/a-Si3N4, and TiB2. The table 
shows that some coatings yield better results than an 
uncoated tool, while others did not. The quality of the hole 
improvement depends on the hardness of the coating and its 
bond strength with the tool. Furthermore, the authors took 
into consideration the enhancement of tool life when select-
ing a coating for this application.

The hole quality can be improved by either one or combi-
nation of the abovementioned methods in Sect. 3. Once the 
quality is improved, it is essential to measure and enumerate 
it to compare. The hole quality can be quantified in terms of 
certain parameters as mentioned in the next section. Several 
equations can be used to measure each quality parameter of 
drilled holes.

4 � Performance measurements of hole 
quality

A drilled hole’s diameter variation between materials, round-
ness or circularity, hole wall surface roughness, burr height 
development, and delamination can all be used to character-
ize a hole’s quality in aircraft assembly process [116]. These 
characters must be taken seriously and monitored in accord-
ance with consumer needs. Poor hole surface roughness dur-
ing installation could lead to stress buildup that weakens the 
rivet joint [65]. Additionally, the assembly process will be 
hampered by a significant diameter difference between the 
materials for stacking and the heights formed by the burrs, 
which will raise the amount of scrap panel [116]. This will 
result in the end-product and does not conform with cus-
tomer specified limit.

Fig. 23   SEM images showing machined surface quality of the 16th hole at × 500 with (a) TiAlN-coated drill and (b) uncoated drill [179]
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4.1 � Hole diameter error between stacked materials

The ability to create holes with tight tolerances will depend 
on a number of factors, such as the size and rigidity of the 
cutting tool and the mechanical characteristics of the mate-
rial, such as its conductivity, hardness, and coefficient of 
thermal expansion. Riveting and bolting in aircraft compo-
nents often call for close tolerances around 25 µm [185]. 
Specified hole tolerances for aerospace applications are 
diameter difference of 30 μm or less in material stacks con-
sisting of composites and aluminum or titanium alloys [37, 
48]. The ISO 286 standard’s H7 hole tolerance of ± 12 µm 

fit is typically required for drilling of composite metal stack 
materials. Greater tolerances, such as H8 (18 µm) or H9 
(30 µm), were allowed to be used while drilling stacks 
because H7 tolerances were difficult to achieve. The tol-
erance for the drilled hole in a stack of composite metal, 
according to Sandvik Coromant tool manufacturers, may 
range from ± 20 to ± 40 µm [186].

The issue of different diameters between the materials is 
brought about by various material characteristics, particularly 
the materials’ varying elastic moduli [187, 188]. The variation 
in elastic deformations arising from the distinct elastic moduli 
of AA7075 (EAA7075 = 70.6 GPa) and CFRP (ECFRP = 53 GPa) 

Table 5   Impact of coating on single shot drilling of CFRP/aluminum stacked up materials

Workpiece Tool Coating Parameters Finding Author

Ti6Al4V/CFRP/AA7050 WC twist drills PVD coated TiAlN/TiN, 
uncoated

0.05 & 0.08 mm/rev 1. Tool life
2. Hole diameter accu-

racy

[91]

Ti-6Al-4 V/CFRP/
AA-7050

WC twist drills DLC and CVD coated 
diamond

0.08 & 0.15 mm/rev 1. Diameter of holes
2. Surface roughness
3. Burr height
4. Tool wear

[97]

Ti-6Al–4 V/CFRP/
AA7050

WC drills CVD diamond coated, C7 
coated, uncoated

Feed—0.05, 0.1 & 
0.15 mm/rev

Speed – rev/min 
(1000/2000), 
(2000/4000), 
(3000/6000)

1.Tool life
2.Thrust force

[167]

CFRP/Al 7010 Standard twist drill Diamond, TiAlCrN, 
AlTiSiN-G coated and 
uncoated

Speed-55 m/min (3000 
rev/min), Feed- 
0.04 mm/rev, Feed 
rate—120 mm/min, 
MQL – 16 mm/min

1. Flank wear
2. Thrust forces
3. Tool failure
4. Diameter of the hole
5. Hole surface rough-

ness

[88]

CFRP/Al 2024 Micro grain carbide PVD coated nc-CrAlN/ 
a-Si3N4 (Tripple Alwin)

Spindle speed (rev/min) 
1050, 2020, 2750

Feed- mm/rev: 0.05, 0.1, 
0.15

1. Surface roughness
2. Thrust force

[45]

CFRP/Al 2024/CFRP Standard twist Drill Uncoated and TiAlN 
coated

Speed 15,30, 45, 60 m/
min;

Spindle speed 752, 1504, 
2256, 3009 rev/min; 
feed—0.025, 0.05, 
0.075, 0.01 mm/rev

1. Hardness of the coat-
ing

2. Adhesion of Al
3. Delamination factors
4. Thrust forces
5. Surface cavities

[179]

CFRP/Al7075/CFRP Standard twist Drill TiAlN, DLC coated Different cutting speed 
and feed for both coat-
ings

1. Tool wear
2. The delamination 

factor

[132]

T800/X850 CFRP and 
7075-T651 Al

Drill with double point 
angle

Diamond coated Spindle speed, (rev/min) 
1000, 2000 3000

Feed rate, (mm/rev) 0.02 
0.04 0.06 0.08

1. Thrust forces
2. Drilling temperature
3. Diameter of the hole
4. Hole surface rough-

ness

[90]

Ti-6Al–4 V/CFRP/Al-
7050-T651

WC drill Uncoated, C7 coated 
(Si3N4) and CVD dia-
mond coated

Spindle speed 20/40 
40/80 60/120 (m/min)

Feed rate, (mm/rev) 0.05 
0.10 0.15

1. Diameter of holes
2. Surface roughness
3. Burr height
4. Hole circularity
5. Hole cylindricity
6. Delamination

[46]
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may contribute to the disparity in hole diameter between the 
aluminum and CFRP layers. [132]. If the hole in one of the 
materials of the stack is too small (tool diameter > hole diam-
eter) or too large (tool diameter < hole diameter), a rectification 
method must be used, which often intensify the assembly pro-
cess’s expense and time. Utilizing an oversized hole for mate-
rial assembly may lead to loosen fitting and potential bearing 
failure. Conversely, connecting an undersized hole with a rivet 
or screw can generate pressures along the hole walls, resulting 
in the start and progression of cracks until component failure 
occurs [189].

Due to the tendency of composite fibers to contract dur-
ing the drilling process, [39, 190, 191] and lubrication con-
dition during the drilling process [88], the composite plate 
typically measures less size than metal parts (such as tita-
nium or aluminum). During dry drilling on metallic panel of 
CFRP/Al stack, the increased temperature during the opera-
tion caused an expansion in the hole diameter due to thermal 
expansion [192]. Therefore, if the machining is performed 
in a dry condition, the aforementioned situation can easily 
develop during drilling [46]. Additionally, it is also possible 
for the CFRP hole diameter to be greater than the diameter 
of the Al alloy [88, 90]. According to D’Orazio et al., for 
both DLC and TiAlN coated tools, the AA7075 plate’s hole 
diameter (D AA7075) lies between those obtained in CFRP 
layers, with the entry hole exhibiting the maximum diameter 
(DCFRPin) and the exit hole exhibiting the minimum diameter 
(DCFRPout) [132]. Such discrepancy is also identified with 
CVD diamond coated WC drills by Shyha et al. [46]. The 
principal cause of the highest DCFRPin value is the rubbing 
of the aluminum chips on the hole wall surface by the rota-
tion of the drill [48] and most of the time it is continuous 
chips that cause this effect. Constant chipping increases the 
chance of chip blockage, which results in hot, sharp pieces 
that cannot be easily removed from the hole and twist along 
the drill’s body, increase CFRP hole dimension, and degrade 
the CFRP panel’s surface finish [80, 139]. The enhance-
ment in drill bit direction with increased hole depth is mostly 
responsible for the least value of DCFRPout and increased hole 
accuracy [132]. Also, the top layer of the CFRP deforms 
more thermally than the bottom layer, resulting in a smaller 
exit hole than the entry hole diameter [132]. This is because 
the drilling temperature recorded in the top layer is higher 
than that in the bottom layer, and the reason for this phe-
nomenon according to Wang et al. is that the dynamometer’s 
supporting surface and the bottom CFRP layer transfer heat 
more effectively from the bottom of the stack panel [90].

The hole diameter inaccuracy for each panel as well as 
between the laminates can be calculated using the following 
formulas [193];

(1)�cfrp = dm1 − dnom1

where �cfrp is the error of CFRP panel, �Al is the error of Al 
panel, �cfrp∕Al is the difference in diameter between stack 
laminates, dm1 and dm2 are the measured diameters of CFRP 
and Al panels, and dnom1 and dnom2 are the nominal diameters 
of CFRP and Al panels, respectively [4].

4.2 � Hole surface roughness

When considering the roughness produced in CFRP and Al 
panels, the roughness observed in CFRP holes were much 
greater than that observed in aluminum holes [45, 88, 148] 
as shown in Fig. 24. This can be because of the heterogene-
ity of composite materials, high drilling temperatures [90], 
and the impact of carbon fiber orientation with respect to 
cutting speed [45]. Previous researches have demonstrated 
that the method of material removal varies depending on the 
cutting direction of carbon fiber, [75, 194, 195], especially 
when the fibers are angled at − 45° to the direction of the cut-
ting speed [41, 196, 197]. However, excessive drilling tem-
perature causes interfacial debonding of the carbon fiber and 
resin, which can lead to surface cracks, carbon fiber pull-out 
flaws, matrix resin degradation, and ultimately matrix resin 
cavities [90]. The protruding fibers and hooking of the fibers 
to the stylus tips may also result in inaccurate findings, or at 
least, greatly varying readings [75].

A clear value for accepting or rejecting decisions is pro-
vided by the average roughness parameters. The arithmetic 
average heights of peaks and valleys recorded within the 
sampling length, L, are known as the arithmetic average 
roughness, or Ra, as indicated in Eq. 4 [38].

4.3 � Burr formation

It is difficult to drill metal panels because some of the metal 
may plastically deform and not be fully evacuated, leav-
ing sharp and uneven contour around the hole that emerge 
above the surface of the work piece and induce stress con-
centrations that could lead to fatigue failures, corrosion, 
and a shorter lifespan for the aircraft [198]. Burr forma-
tions are the residual sharp edges, which typically appear 
on both sides of the drilled hole. The burr produced at the 
hole’s entrance is usually smaller than the burr produced 
at the hole’s exit. Additionally, by chamfering the hole, 
entry burrs can be removed easily [199], and if not handled 

(2)�Al = dm2 − dnom2

(3)�cfrp∕Al = dm1 − dm2

(4)Ra =
1

L∫
L

0

|y(x)|dx
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appropriately, the burrs generated at the exit of the hole are 
far more problematic to remove [199, 200]. Burr formation 
occurs in three stages: initiation, when plastic deformation 
starts; development, when deformation increases while cut-
ting pressure falls; and formation, when only plastic defor-
mation takes place and the burr takes on its final shape [201, 
202]. The height, thickness, and radius can all be used to 
characterize the burr’s shape [203]. Burr development near 
the hole’s exit can cause deburring to require up to 40% 
of the entire machining time and raise overall expenses by 
30% [204–207]. Burr thickness also has a larger influence on 
deburring costs, even if burr height is the most considered 
characteristic when it comes to burr measures [208]. The 
geometry of the tool and the drilling process’s parameters 
have a major impact on the burr development [209].

Typically, there are three types of drilling-induced metal-
lic part burrs: uniform type, transitory type, and crown type 
[201]. As shown in Fig. 25, while a crown burr usually has 
a severe roller-back or a crown shape that indicates the 
crack initially occurred at the cutting-edge drill point, a uni-
form burr type has a very modest uniform burr formation. 

Transient burr forms during the transitional stages between 
uniform burr and crown burr. Initial and secondary fractures 
occur virtually simultaneously at the center of the hole and 
on the periphery for transitory burr, which is caused by a 
degree of plastic deformation of metal near the end of the 
cutting edges that is almost similar to uniform burr [201].

The maximum burr formation value can be calculated 
using Eq. 5 [38].

where Hbmax denotes maximum burr formation, measured 
z denotes measured location of the highest point, and refz 
denotes the surface panel of aluminum alloy.

A new concept known as “burr value” was established 
in order to more accurately characterize the burr as shown 
in Eq. 6. As depicted in Fig. 26, it includes the burr height 
(bh), burr root thickness (br), burr thickness (bt), and burr 
root radius (rf). Burr height and thickness are the two-burr 
metrics that are used to calculate the burr [211]. Burr root 
thickness is the thickness of the burr root area as measured in 

(5)Hbmax
= measuredz − refz

Fig. 24   Assessment contour and SEM photos of the hole surface under the drilling parameters of 2000 rpm and 0.06 mm/rev. a Ra = 2.664 µm 
for CFRP, b Ra = 0.488 µm for Al [90]

a) b) c) d)

Fig. 25   Burr-type classification for drilling a stack material (a) uniform burr, (b) uniform burr with cap, (c) crown burr, and (d) transient burr 
[210]
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the cross-section (br). The distance between the workpiece’s 
ideal edge and the highest point in the cross-sectional area 
is known as the burr height (bh). The burr root radius (rf) is 
determined by positioning a circle to the burr root. As meas-
ured in the cross-section, the burr thickness (bt) indicates 
the thickness parallel to the burr root area at a distance of rf 
[212, 213].

It should be noted that the drilling sequence (CFRP to 
aluminum or aluminum to CFRP) also has some effect in 
the burr formation. If it is from aluminum to CFRP drill-
ing sequence, the exit burr height will be small compared 
to CFRP to aluminum drilling sequence. This difference is 
because of the supportive role of the bottom CFRP panel 
when drilling in the sequence of aluminum to CFRP, which 
increased the stiffness of the exit Al layer making it easier to 
shear the bottom surface layers and contributed to reduced 
exit Al burr defect. This support is absent when drilling from 
CFRP to aluminum side and therefore comparatively larger 
burr height may be obtained.

4.4 � Delamination

Delamination damage is the most serious defect among all 
defects, accounting for around 60% of CFRP part rejections 
[214]. According to Sandvick Coromant tool manufactur-
ers, the maximum allowable delamination is 1 mm [186]. 
When the thrust force of the drill exceeds the interlaminar 
fracture toughness of the layers, delamination occurs, which 
leads to decreased assembly tolerance and structural integrity 
[33]. Delamination means matrix melting or burning, for-
mation of surface micro-cracks, and some pulled out fibers 

(6)Burrvalueg =
4br + 2rf + bt + bh

8

[215]. Both type of drilling-induced delamination such as 
peel up and push down can take place at the workpiece’s 
entrance and exit planes, respectively [216]. Both these 
types of delamination mechanisms, as depicted in Fig. 27, 
are primarily driven by the thrust force created while drilling 
[23], and hence there is a critical thrust force value which 
delamination may be prevented below [170]. The upper lay-
ers of composite material in the peel-up delamination mecha-
nism probably would be forced through the drill’s cutting 
faces as it progresses rather than being sliced. According to 
Hocheng and Dharan’s research, the cutting force operating 
at the periphery that generates a peeling force in the axial 
direction through the drill flute’s slope is what causes peel-
up delamination [182]. According to a few researchers, peel 
up delamination at the hole’s entry becomes more serious 
than push out delamination at the hole’s exit, in addition to 
being caused by metallic chip removal through the hole [48, 
88, 132]. Conversely, push down delamination at the hole’s 
exit becomes more serious than peel up delamination at the 
hole’s entry because of the indentation effect working across 
the uncut layers of the laminate [23, 33]. The location of the 
damage is at the − 45° angle formed by the direction of drill 
rotation with entangled chips and the fiber orientation. It is 
not entirely concentrated around the hole’s entry. However, 
the most well-known method for reducing this particular 
delamination is to place a support plate underneath the work 
piece [125].

Different equations used by various researchers to quan-
tify delamination are shown in Table 6. Dnom denotes the 
nominal hole diameter, Dmax denotes the maximum delami-
nation diameter, Fd min denotes the minimum delamination 
factor, Dmin denotes the minimum diameter of the hole, R max 
denotes the radius of the maximum damage, and R denotes 
the drilled hole number in 1D delamination measurement. 
2D delamination coefficient can more properly provide the 

Fig. 26   Burr formation nomen-
clature [213]
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size of the actual delamination zone and the evaluation cri-
terion compared to the 1D delamination coefficient. In 2D 
delamination calculation, Anom denotes the nominal hole 
area, Adel denotes the maximum delamination area, Df is 
the delamination factor, and Fa is the 2D delamination fac-
tor. In comparison to the traditional 1D and 2D delamination 
factors, the 3D delamination factor presents a substantially 
higher precision for quantifying the delamination extents 
[170]. In the 3D delamination equations, Ak

d
 and Anom stands 

for the delaminated area of the kth CFRP layer and the nomi-
nal drilled hole area; p represents the total number of the 
delaminated layers and h denotes the thickness of one single 
CFRP layer.

5 � Conclusion

In this paper, a review of process improvement and per-
formance measurement of manufacturing defect in drilling 
CFRP/aluminum stack up panel has been presented accord-
ing to the substantial previous works that are related to the 
current study.

•	 Achieving close tolerance in stack up diameter deviation, 
hole wall surface roughness, exit burrs height, and hole 
delamination is necessary to meet the aerospace industry 
standards of drilling CFRP/Al stack panel. Numerous 
researchers have shown that the drilling performances 
are significantly influenced by the cutting environment, 
the cutting tool, and the cutting parameters.

•	 In general, smaller drill geometric features, such as helix 
angle, point angle, and chisel edge length, generate better 
holes than larger ones. Twist drills perform better than 
double cone drills for drilling CFRP/Al stacks.

•	 Low feed rate and high cutting speed are typically the 
best parameters for CFRP/Al stacks drilling. Changing 
the cutting speed had little to no impact while changing 
the feed rate enhanced the cutting forces and torque.

•	 The use of nano coated drills is effective in reducing the 
cutting force, hole surface roughness, and improving the 
surface morphology compared to the uncoated drills. 
Among these coatings, diamond, tungsten, and DLC 
coating outperformed the rest. Due to their high cost, 
diamond-coated cutting tools are not frequently utilized; 
therefore, tungsten-coated carbide drills provide the best 
balance of price and cutting tool quality.

•	 Flood cooling, minimum quantity liquid (MQL) cool-
ing, and cryogenic cooling can be executed to reduce 
hole damage. Liquid nitrogen and liquid carbon diox-
ide are highly used coolants. Rapid cooling, quick 
chip evacuation, prevention of chip accumulation, and 
enhanced chip breakage are some salient features which 
can be achieved through cooling.

•	 With MQL technique, friction is minimized and thereby 
cutting temperature decreases, tool life increases, and sur-

Fig. 27   a Peel up and b push down delamination [193]

Table 6   Equations used by researchers to calculate delamination

Type of delamination Equation Reference

1D delamination Fd=
Dmax

Dnom

[217]

Fdmin=
Dmin

Dnom

[218]

Delaminationsize = Rmax − R [33]
2D delamination DRAT =

Adel

Anom

[132, 219]

Df =
[
Adel−Anom

Anom

]

100% [132]

Fa=(
Adel

Anom

)% [14]

F
ad

= �
D

max

D
nom

+ �
A
del

A
nomwhere � = 1 − � and � =

A
del

A
max

−A
nom

[214]

Fe =
De

D
 where 

De =
√
4(Adel + Anom)∕�

[220]

3D delamination Fv = Vd∕Vnom ; where
Vd =

∑p

k=1
hAk

d
 ; and 

Vnom = p.h.A
nom

Fv = 1∕p
p∑

k=1

Ak
d

Anom

= 1∕p
p∑

k=1

Fk
a

[221]
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face quality improves significantly. With pressure, flow, 
and direction of MQL, the results may change accordingly.

•	 According to tool manufacturers, aircraft industries, 
and researchers, the maximum allowable diameter error 
is ± 30 µm, maximum accepted surface roughness for 
CFRP is 3.2 µm and for metal part is 1.6 µm, maximum 
allowable burr height is 100 µm, and maximum permis-
sible delamination is 1 mm.

•	 The tables show that the hole circularity and hole cylin-
dricity in stack up drilling are explored by very few 
researchers, which gives the impression that the prior-
ity of these parameters is less, but in reality, it is not 
the case. So substantial research on these parameters is 
necessary.

•	 Though there are many coatings developed and tried, the 
tribological characterization of these coatings have not 
been reported by any researchers so far under this appli-
cation. Further analysis on bond strength, hardness, and 
coefficient of friction of coated drill bits may be needed 
to find a better coating.

•	 Combination of coating application, cooling strategy, 
better tool geometry, and optimum drilling parameters 
may be helpful in providing an optimum drilling environ-
ment to improve the hole quality and expand the tool life.
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