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Abstract: Carbon-fiber-reinforced epoxy composite (CEC) has gained widespread acceptance as a
structural material in various applications. Drilled holes are essential for assembling composite mate-
rial components. Reducing drilling-induced damage and temperature effects is crucial for improved
surface quality and integrity of the drilled composite. In the present work, drilling experiments
were conducted on CEC, hexagonal-boron nitride (h-BN) dispersed CEC, and molybdenum disulfide
(MoS2) dispersed CEC at three different levels of spindle speed, feed, and drill diameter using solid
carbide twist drills. The filler concentrations used in this study were 4, 6, and 8 wt%. Analysis of
variance (ANOVA) was used to determine the significance of input factors (feed, spindle speed,
drill diameter, and filler concentration) on the drilling responses such as thrust force, temperature,
arithmetic mean surface roughness (Ra), and push-out delamination factor (DFexit). The average
drilling temperature, Ra, and DFexit of MoS2 dispersed CEC were reduced by 24.7, 46.5, and 11.3%,
respectively, when compared to neat CEC. In h-BN dispersed CEC, the average drilling temperature,
Ra, and DFexit were reduced by 25.2, 40.9, and 13.2%, respectively, compared to neat CEC. The
lubricating properties and high thermal conductivity of filler added to epoxy are responsible for
the lower temperature and improved hole surface finish. The improved delamination resistance
in filler-loaded CEC is due to the strengthening of the matrix and fiber–matrix interface. Scanning
electron microscopy (SEM) was used to examine the morphology of the drilled composite surface.
The spindle speed of 5500 rpm, feed of 0.03 mm.rev−1, and filler loading of 4 wt% produced the
minimum Ra and DFexit. The response surface method (RSM) was applied to determine the input
parameters based on multi-response optimum criteria.

Keywords: carbon-fabric-reinforced epoxy; delamination; surface roughness; thrust force; analysis of
variance; response surface optimization; C-scan

1. Introduction

Carbon-fiber-reinforced epoxy composite (CEC) is replacing metals and metal alloys in
many structural applications because it has impressive properties such as specific strength,
stiffness, impact resistance, fatigue strength, and low thermal expansion [1,2]. In most
applications, the composite parts are connected with another through fasteners. For
instance, the wing surface, skin panels, vertical fin assembly, engine nacelles, fuselage
inner walls, and empennage ribs include fastener-connected joints [3–5]. Hence, a large
number of holes are required for mechanically fastened joints [6]. As many as 55,000 drilled
holes are necessary to complete the construction of an Airbus A350 aircraft [7]. Drilling
composite is a challenging process due to its heterogeneity (multi-phase), anisotropy, and
multi-layer architecture apart from the heat-sensitive matrix [8]. The drilling of CEC induces
numerous damage types including delamination, matrix cracking, matrix crazing, fiber
debonding, fiber splintering, fiber fuzzing, fiber pullout, and burrs [9,10]. Furthermore, the
poor heat conduction of epoxy matrix in composite causes severe heat accumulation and
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rapid temperature rise [11–13]. As the drilling temperature exceeds the glass-transition
temperature (Tg), the interfacial shear strength, interlaminar fracture toughness, and
anti-deformation capacity of the CEC deteriorates, resulting in surface roughness and
delamination damage [14]. As a consequence of poor drilled hole quality, nearly 60% of
drilled CEC components are rejected in the production line [15–17]. Hence, it is important
to minimize drilling-induced damage.

The separation of adjacent layers while drilling multi-layered CEC is known as delam-
ination. It forms due to the presence of a weak polymer matrix at the laminate interfaces,
resulting in inadequate flexural rigidity and interlaminar toughness of the composite
[18–20]. Peel-up delamination is the separation of the top layers of composite noticed dur-
ing the drill entry into the composite. It is caused by the wedge-pushing action produced
by drill’s chisel edge portion and excess developed force acting normal to the stacking
plane [21]. Push-out delamination is noticed when the drill bit is on the verge of completing
the drilling operation during which uncut laminas beneath the drill tip exhibit relatively
lower resistance to feed force due to decreased stiffness [22]. Due to the smaller uncut
thickness (less supporting force) at the end of the drilling cycle, the magnitude of push-
out delamination is higher than that of peel-up [12]. When subjected to repetitive loads,
delamination in composite propagates quickly across the entire laminate [23], reducing
load-bearing strength, fatigue life, and long-term performance [24]. Hence, delamination
damage reduction in drilling composite is an active research topic.

The drilled hole quality of the composite relies on machining and tool parameters
(geometry, diameter, point angle, coating material) [17,21,25]. The drilled surface qual-
ity is also affected by the composite’s mechanical properties, its thermal properties, and
the cooling method used [21]. To date, several researchers have made efforts to mini-
mize drill-induced damage by design material, tool, and process parameter optimization.
Harris et al. [26] investigated the hole quality of woven CEC drilled using aluminum
chromium nitride (AlCrN)-coated cobalt steel and uncoated high-speed steel (HSS) twist
drills at a constant feed of 0.05 mm.rev−1 but varying spindle speed. The minimum push-
out delamination factor (DFexit) of 1.046 was reported for CEC drilled using an AlCrN-
coated drill at a speed 2700 rpm. The minimum roughness of 8.17 µm was reported using
an AlCrN-coated drill at a speed of 1300 rpm. Ameur et al. [27] conducted drilling on quasi-
isotropic stacked CEC and reported the least thrust force of 28 N using a tungsten carbide
(WC) drill at a speed of 9000 rpm and feed of 60 mm.min−1, whereas the minimum DFexit of
1.08 occurred using a WC-coated titanium nitride (TiN) drill at a speed of 6000 rpm and
feed of 60 mm.min−1. Wang et al. [22] reported a minimum DFexit of 1.31 for quasi-static
stacked CEC drilled at a feed of 0.03 mm.rev−1 and speed of 3500 rpm, whereas the mini-
mum arithmetic mean surface roughness (Ra) of 1.7 µm occurred at a feed of 0.03 mm.rev−1

and speed of 1500 rpm.
High-speed drilling increases productivity but induces a higher drilling tempera-

ture [28]. The high temperature generated during drilling softens the matrix and dete-
riorates its structural integrity [11,12]. Thermal damage during drilling can be reduced
in certain circumstances using lubricant or coolant. However, the cutting fluid could be
absorbed by the moisture-sensitive composite [29] and long-term exposure to the coolant
is detrimental to the physical, mechanical, and chemical properties of the composite [30].
Moreover, most cutting fluids contain toxic additives that are harmful to humans and the
environment [31]. Also, when coolants are used, there will be additional time and cost
involved in cleaning the machine parts [32]. As an alternative to conventional flood cooling,
eco-friendly methods such as compressed-air (vortex-tube) cooling and minimal quantity
of lubricant (MQL) are used in machining processes [5,33]. Abish et al. [34] compared the
drilling response of CEC in dry and chilled air conditions. The chilled-air-assisted drilling
increased thrust force by 15% and decreased DFexit by 14% compared to dry drilling. In
chilled air conditions, a minimum DFexit of 1.8 was reported at a speed of 125 mm.min−1

and feed of 0.03 mm.rev−1. When compared to dry drilling, chilled air reduced Ra by
10% at a drilling speed of 150 m.min−1 and feed of 0.09 mm.rev−1. Rajkumar et al. [35] com-
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pared the drilling response of CEC in dry and chilled air conditions. The chilled-air-assisted
drilling of CEC decreased DFexit (1.58) by 9% and Ra (1.36 µm) by 25% at a drilling speed
of 100 mm.min−1 and feed of 0.03 mm.rev−1. John et al. [36] carried out drilling of CEC at
varying temperatures of 10, 30 (room temperature), 60, 90, and 120 ◦C in chilled air, dry air,
and hot air conditions. The average thrust force recorded in a chilled air environment was
50 and 66% higher compared to drilling at room temperature and 60 ◦C, respectively. This
was primarily due to an increase in hardness when using low temperature. A minimum
DFexit of 1.045 was found for composite drilled under hot air drilling conditions (90 ◦C)
at a speed of 2000 rpm and feed rate of 100 mm.min−1. It was 2.8% lower compared to
drilling at room temperature. Drilling composite in a chilled air environment produced the
fewest burr defects and lowest Ra.

Vortex-tube cooling and MQL-assisted drilling incur additional installation costs.
Solid-lubricant-assisted drilling is another option for lowering the drilling temperature
by alleviating the frictional heating effect [37]. Unlike flooded fluid lubrication, solid-
lubricant-assisted drilling does not involve polluting chemicals [38]. The solid lubricant
is effective in lubrication at wider elevated temperatures [39]. In addition, the inclusion
of a thermally conductive solid lubricant filler in a composite improves thermal con-
ductivity and facilitates heat dissipation. Hence, various researchers have attempted to
improve composite drilled hole quality with the inclusion of solid lubricant fillers such
as graphite (G), graphene, graphene oxide (GO), carbon nanotubes (CNT), and carbon
nanofiber (CNF) reinforcements in the epoxy matrix. Kumar et al. [40] performed drilling
experiments on graphite (G)-reinforced epoxy composite and reported a minimum Ra of
0.95 µm in case of 10 wt% G-added epoxy at a drilling speed of 2500 rpm and feed rate of
150 mm.min−1. This reduced the roughness caused by graphite’s solid lubricant character-
istics. Çelik et al. [41] explored the drilling behavior of 0.2 wt% graphene and 0.2 wt% GO
fillers added separately to CECs. The inclusion of graphene in CEC increased the thrust
force from 83 to 105 N and DFexit from 1.05 to 1.11 while drilling at a speed of 15 m.min−1,
feed of 0.1 mm.rev−1, and drill point angle of 90◦. The thrust force and DFexit of GO-
loaded CEC increased to 107 N and 1.12, respectively. The highest drilling temperature of
205 ◦C was reported while drilling neat CEC at a maximum speed of 45 m.min−1, which
was attributed to increased friction. The better thermal properties of graphene and GO
fillers are responsible for heat absorption and a reduction in the drilling temperature.
Kumar et al. [42] conducted a drilling study on GO-loaded unidirectional CEC using a
titanium aluminum nitride (TiAlN)-coated silicon carbide drill. A minimum thrust force of
54 N was reported while drilling 2 wt% GO-loaded CEC at a speed of 2400 rpm and feed
rate of 80 mm.min−1. The minimum DFexit of 1.019 was reported for 1 wt% GO-loaded
CEC drilled at a spindle speed of 1600 rpm and feed rate of 80 mm.min−1. In another study,
Kumar et al. [43] confirmed the lowest Ra of 1.65 µm for 1 wt% GO-loaded CEC drilled
using a spindle speed of 1600 rpm and feed rate of 80 mm.min−1. Kaybal et al. [44] carried
out drilling on nano-sized h-BN-filled CEC and revealed a slightly higher thrust force for
h-BN loaded composite than neat CEC. However, the lowest one-dimensional DFexit of
1.276 and Ra of 0.25 µm were noted with h-BN-added CEC. A feed of 0.005 mm.rev−1 and a
speed of 90 m.min−1 were the optimum conditions. At the optimum conditions, the DFexit
decreased by 2% and Ra by 16% for h-BN-loaded CEC compared to neat CEC. Rajakumar
et al. [45] computed the delamination factor of drilled CNF-loaded CEC. The inclusion of
1.5 wt% CNF in the epoxy improved the stiffness and interlaminar shear strength (ILSS)
of the composite, according to the authors. As a result, CNF addition to the composite
decreased the thrust force and delamination factor. The lowest DFexit of 1.06 and thrust
force of 57 N were reported for 1.5 wt% CNF-loaded CEC drilled at a feed of 0.02 mm.rev−1

and speed of 28.27 m.min−1. It is evident from the discussed literature that h-BN and CNF
are solid lubricant fillers but they exhibit dissimilar effects on the thrust force. Thus, there
exists scope for further investigation.

Kharwar et al. [46] evaluated the thrust force and roughness of drilled multi-walled
carbon nanotube (MWCNT)-filled epoxy composite. The minimum thrust force of 13.72
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N was reported while drilling 1 wt% MWCNT-loaded epoxy with a carbide drill at a
spindle speed of 1500 rpm and feed rate of 50 mm.min−1. The minimum Ra of 0.52 µm
was noted for 1 wt% MWCNT-loaded epoxy drilled with a TiAlN drill at a speed of 1000
rpm and feed rate of 100 mm.min−1. The addition of MWCNT to epoxy creates a lubrica-
tion effect between the drill–chip and drill–workpiece interfaces, improving surface finish.
Kaybal et al. [47] reported a decrease in thrust force from 166 to 157 N and DFexit from 1.261
to 1.214 for 0.3 wt% CNT-incorporated CEC at a drilling speed of 67 m.min−1 and feed of
0.005 mm.rev−1. Vijayan et al. [48] reported a lowest thrust force of 12.2 N during
the drilling of 5% CNT-dispersed CEC at a spindle speed of 500 rpm and feed rate of
6 mm.min−1. The minimum DFexit of 1.015 was reported for 4% CNT-dispersed CEC
drilled at a speed of 800 rpm and feed of 6 mm.min−1. Using Raman spectroscopy,
Miyake et al. [49] evaluated the residual stress of carbon fibers on the hole periphery
while drilling CEC. A solid lubricant water microcapsule sheet 0.1 mm thick was attached
on the surface of drill entry. For drilling, a polycrystalline diamond drill of 8 mm diam-
eter was considered. The authors demonstrated that the water microcapsules lowered
the drilling temperature and residual stress of fiber. The study confirmed that drilling
at a higher spindle speed of 3800 rpm lowered fiber residual stress. Table 1 lists the pro-
cess parameters considered in the literature while drilling CEC, filler-loaded epoxy, and
filler-loaded CEC.

Table 1. Process parameters considered for drilling CEC and filler-loaded CEC in the literature.

Material Information Filler Details Process Parameters (Input Variables) Refs.

Woven CEC.
T: 4 mm. -

AlCrN-coated steel and uncoated HSS twist drills.
D: 12 mm.

S: 1300, 2000, 2700 rpm. F: 0.05 mm.rev−1.
[26]

CEC.
T: 8 mm. -

HSS, WC, and WC-coated TiN twist drill.
D: 6 mm. Ø: 118◦.

S: 3000, 6000, 9000 rpm. F: 60, 120, 180 mm.min−1.
[27]

CEC.
T: 5 mm. -

Cemented carbide twist drill.
D: 6 mm. Ø: 118◦.

S: 1500, 2000, 2500, 3000, 3500 rpm.
F: 0.03, 0.06, 0.09, 0.12, 0.15 mm.rev−1.

[22]

Woven CEC.
T: 10 mm. -

Tungsten carbide twist drill.
D: 8 mm.

Vc: 100, 125, 150 mm.min−1. F: 0.03, 0.06, 0.09 mm.rev−1.
[34]

CEC.
T: 10 mm. -

Tungsten carbide twist drill.
D: 8 mm.

Vc: 25, 50, 75, 100 m.min−1. F: 0.03, 0.09, 0.15 mm.rev−1.
[35]

UD-CEC.
T: 5 mm. -

Solid carbide drill.
D: 6.352 mm. Ø: 135◦.

S: 2000, 3000, 4000 rpm. F: 100, 200, 300 mm.min−1.
Temperature: 10, 25–30, 60, 90, 120 ◦C.

[36]

Graphite (G)-reinforced
epoxy.

T: 10 mm.

G: 10, 20, 30, 40 wt%.
Size: 45 µm.

TiAlN-coated SiC drill.
D: 10 mm.

S: 1000, 1500, 2000, 2500 rpm.
F: 150, 200, 250, 300 mm.min−1.

[40]

Graphene-loaded CEC
and GO-loaded CEC.

T: 5 mm.

Graphene and GO: 0, 0.2 wt%.
G diameter: 5 µm.

G thickness: 5–8 nm.

HSS drill.
D: 5 mm. Ø: 90, 118, 130◦.

Vc: 15, 30, 45 m.min−1. F: 0.1, 0.2, 0.3 mm.rev−1.
[41]

GO-loaded
CEC prepreg.

T: 10 mm.

GO: 1, 2, 3 wt%.
Mesh size: 200.

TiAlN-coated SiC drill.
D: 5 mm. Ø: 140◦.

S: 800, 1600, 2400 rpm. F: 80, 160, 240 mm.min−1.
[42]

GO-loaded CEC.
T: 10 mm

GO: 1, 2, 3 wt%.
Size: 2–3 nm.

Thickness: 5 nm.

TiAlN-coated SiC drill.
D: 5 mm.

S: 800, 1600, 2400 rpm. F: 80, 160, 240 mm.min−1.
[43]
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Table 1. Cont.

Material Information Filler Details Process Parameters (Input Variables) Refs.

BN-loaded CEC.
T: 2.5 mm.

BN nanoparticles.
Filler wt% and size not

mentioned.

Carbide twist drill.
D: 6 mm. Ø: 118◦.

Vc: 50, 67, 90 m.min−1. F: 0.005, 0.05, 0.1, 0.2, 0.4 mm.rev−1.
[44]

CNF-loaded satin
woven CEC.

T: 3 mm.

CNF: 0.5, 1, 1.5 wt%.
Diameter: 100–200 nm.

Length 20 µm.

Solid carbide twist drill.
D: 6 mm.

Vc: 9.42, 18.85, 28.27 m.min−1. F: 0.02, 0.05, 0.08 mm.rev−1.
[45]

MWCNT-loaded epoxy.
T: 7 mm.

MWCNT: 0.5, 1, 1.5 wt%.
Diameter: 10–15 nm.

HSS, Carbide, TiAlN drill.
D: not mentioned.

S: 500, 1000, 1500 rpm. F: 50, 100, 150 mm.min−1.
[46]

CNT-loaded CEC.
T: 2.5 mm.

CNT: 0, 0.3 wt%.
Filler size not mentioned.

Cemented carbide drill.
D: 6 mm. Ø: 118◦.

Vc: 37, 50, 67 m.min−1. F: 0.005, 0.05, 0.1, 0.2, 0.4 mm.rev−1.
[47]

CNT-loaded CEC.
T: 5 mm.

CNT: 3, 4, 5 wt%.
Size: 50–80 nm.

TiAlN-coated solid carbide drill.
D: 4 mm. Ø: 110, 120, 130◦.

S: 500, 800, 1100 rpm. F: 4, 6, 8 mm.min−1.
[48]

T—Thickness; D—Drill diameter; S—Spindle speed; F—Feed; Vc—Cutting speed; Ø—Point angle;
UD—Unidirectional.

The influence of h-BN and MoS2 fillers on the drill hole quality of CEC is less ex-
plored by the research community. In the present research, drilling was performed on
the composite developed from solid lubricant fillers such as h-BN and MoS2. The h-BN
exhibits excellent thermal conductivity along with high strength and modulus [50–53].
MoS2 has excellent thermal, electronic, and mechanical properties [54]. The MoS2 and
h-BN have lamellar structures wherein the adjacent layers of molybdenum–sulfur and
boron–nitrogen atoms are held together by van der Waals forces [55]. These adjacent
layers shear easily by friction-induced stress, imparting lubrication properties [56]. The
coefficient of friction (µ) is used to measure lubricity. The µ of MoS2 ranges from 0.002 to
0.25, while that of h-BN ranges from 0.150 to 0.7 [57]. The thermal conductivity of h-BN
varies from 300 to 500 W.m−1.K−1 [58]. The thermal conductivity of MoS2 varies from 38 to
131 W.m−1.K−1 [59]. The drilling experiments were conducted on CEC, h-BN-dispersed
CEC, and MoS2-dispersed CEC at various levels of filler concentration and responses such
as thrust force, temperature, hole wall surface roughness (Ra), and push-out delamination
factor (DFexit) were measured. The composite drilled hole wall morphology and drilling-
induced damage were examined using scanning electron microscopy (SEM) and ultrasonic
C-scan, respectively.

2. Materials and Methods
2.1. Material Description and Preparation Details

Twill woven carbon fabric (TORAYCA® T300B grade, Toray Composite Materials
America, Inc., Tacoma, WA, USA) with two sets of interlaced yarns (warp and weft) was
used as a reinforcement. The chosen fabric has an area density of 200 g.m−2. The matrix is
diglycidyl-ether-bisphenol-A epoxy (Lapox-L12, Atul Ltd., Valsad, India), and hardener
is a room-temperature-curing tri-ethylene tetraamine (Lapox-K6). Magnetic stirring (ro-
tational speed = 500 rpm; temperature = 70 ◦C; duration = 20 min) and ultrasonication
(frequency = 20 kHz; amplitude = 35%; duration = 30 min) were utilized to disperse MoS2
and h-BN fillers of 0, 4, 6, and 8 wt% in the epoxy. Composites were prepared using hand
layup, in which each successive layer of carbon fabric was coated with filler-dispersed
hardener-added epoxy. The hand roller movement spread the resin in all directions. Ten lay-
ers of lamina were stacked. The stacked material was sealed with vacuum bagging film and
coupled with a vacuum pump. Due to the pressure difference between the sealed chamber
and the outside atmosphere, force acts on the bag and compacts the lamina. Lastly, 90 min
of post-curing at 75 ◦C was completed, followed by 24 h of room-temperature curing. A
detailed description of the fabrication procedure has been published [60]. Neat CEC refers
to a carbon-fabric–epoxy composite composed of 50 wt% of carbon fabric and 50 wt% resin.
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The abbreviations 4BN-CEC, 6BN-CEC, and 8BN-CEC denote carbon fabric/h-BN/epoxy
composites containing 4, 6, and 8 wt% of h-BN filler, respectively. The abbreviations
4MoS2-CEC, 6MoS2-CEC, and 8MoS2-CEC denote carbon fabric/MoS2/epoxy composite
containing 4, 6, and 8 wt% of MoS2 filler, respectively. The drilling coupons of dimension
100 mm × 75 mm × 4 mm were prepared from each fabricated composite panel using
water-jet machining at Stonemax water-jet, (StoneMax Waterjet & Laser Cutting, Kochi,
India, machine used: SAME water-jet cutting machine 1525, Qingdao, China).

2.2. Design of Drilling Experiments

Drilling experiments were performed in a computer numerical control (CNC) vertical
machining center (ACE Designers, Micromatic Machine Tools Pvt. Ltd., Bengaluru, India)
as shown in Figure 1a. Two-facet twist drills made of solid carbide were used for drilling.
In solid carbide material, the hard tungsten carbide particles aggregate in a soft cobalt
matrix. As a result, the solid carbide drill has higher hardness, excellent abrasion, rupture,
and wear resistance accompanied by higher temperature endurance than the HSS drill [17].
The solid carbide cermet drill has Vicker’s hardness, modulus, and thermal conductivity of
1550 kgf.mm−2, 600 GPa, and 70 W.m−1·K−1, respectively. In this work, drills of diameter 4,
6, and 8 mm were considered as they are the most frequently used in the applications. Each
drill has a point angle of 120◦ and a helix angle of 30◦ (right-hand helix) and was purchased
from ‘M/S. Varalakshmi sharp tools, Bengaluru, India’. Figure 1b shows a picture of the
drill bits along with their geometric specifications.
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Figure 1. (a) CNC vertical machining setup with temperature and thrust force measurement and
(b) photograph with details of solid carbide twist drills.

Response surface analysis was adopted for designing experiments, assessing the ef-
fects of input factors, and determining the best combination of input factors for optimum
response. Response surface method (RSM) is relatively simple to use, more practical, and
computationally fast with optimum use of resources [61]. In this study, a Box–Wilson face-
centered central composite design (CCD) matrix was selected to determine the optimum
number of drilling experiments without sacrificing accuracy. This design has three levels
per factor, with repetitions occurring in the middle level of each factor. Table 2 shows the
levels of input variables such as spindle rotational speed, feed, drill diameter, and filler
concentration. The significance of input variables on the thrust force, temperature, and
hole quality parameters (surface roughness, push-out delamination factor) were inves-
tigated using analysis of variance (ANOVA). RSM and ANOVA were carried out using
Minitab19 software.
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Table 2. Input factors with levels.

Variables Designation Levels Used

Spindle speed (rpm) A 1000 3250 5500

Feed (mm.rev−1) B 0.03 0.05 0.07

Drill diameter (mm) C 4 6 8

Filler concentration (wt%) D 4 6 8

2.3. Details of Thrust Force Assessment

Thrust force is the resistance force exhibited by the composite for the cutting ac-
tion [62,63]. The drilling thrust force was measured using a piezoelectric dynamometer
(Make/Model: Kistler 9272, Winterthur, Switzerland) that was attached to the machin-
ing center via rigid fixtures. The dynamometer’s sensitivity and measuring ranges are
−3.63 pC.N−1 and 0–2000 N, respectively. The data flow sequence is indicated in Figure 1a.
The force signal is transmitted from the dynamometer to a multi-channel charge amplifier
for pre-processing (filtered and amplified), then it is forwarded in the sequence analog to
digital converter (ADC) card and data storage software. DynoWare software® (version
2825D-02) was used to record the thrust force.

2.4. Details of Temperature Measurement

The drilling temperature was measured using a non-contact-type infrared (IR) thermal
imager (Make/Model: Fluke thermography, Ti32). IR temperature measurement is a reliable
method for capturing real-time temperature distribution [34,64]. The eminence of energy
radiated is dependent on the surface temperature and emissivity of the workpiece [65]. An
emissivity of 0.85 was entered in the IR thermal imager, as recommended by ASTM E1933
for CEC [66]. The accuracy, measuring temperature range, and image capture frequency
of the IR thermal imager are ±2 ◦C, −20 to +600 ◦C, and 9 to 60 Hz, respectively. The IR
thermal imager was held near the workpiece to detect variation in infrared energy at the
machining area and measure the temperature. SmartView® 4.3 software was used to view
the IR image (.IS2 file format). To avoid the effect of pre-heating due to thermal stress,
drilling was performed with interruptions between each successive hole to cool down
the workpiece.

2.5. Details of Roughness Measurement

The Ra is the arithmetic average of profile heights within the sampling length [67]. It
is also referred to as a mean deviation of roughness profile from the imaginary line that
divides the irregular area trough and crest portions equally. The Ra of the drilled hole wall
was measured using a contact-type profilometer (Make/Model: Taylor Hobson Taly Surf
50) of resolution ±0.1 µm. For the measurement, a tungsten carbide stylus of tip radius
1.5 to 2.5 µm was used. Figure 2a shows a photo of the surface roughness measuring setup.
The sampling length and travel speed were set to 0.8 mm and 0.5 mm.s−1, respectively. The
profilometer was calibrated with a steel ball and the obtained profile is shown in Figure 2b,
for which Ra is close to the standard value. The Ra readings were taken in four different
directions on the inner surface of the hole, and the average value was reported.

2.6. Estimation of Delamination Factor

Davim’s adjusted delamination factor (Fda) was quantified in this study using
Equation (1) [15]. The image of the drilled hole’s exit side surface was captured with
a high-resolution camera and processed with Image-J software to determine Fda (also
known as DFexit). The image brightness and contrast were adjusted in Image-J so that the
delamination zone was brighter than the surrounding region. To observe delamination, the
image was converted to binary image format. The delamination/damage area ‘Ad’ was
measured using a wand (tracing tool). The maximum diameter of the circle enclosing the
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delamination ‘Dmax’ and corresponding area ‘Amax’ were measured. The nominal drilled
hole diameter ‘Do’ and corresponding area ‘Ao’ were also determined. Figure 2c shows the
delamination zone with area and diameter to estimate the delamination factor.

Fda = Fd +

(
Ad

Amax − Ao

)
×
(

Fd2 − Fd
)

(1)

where Fda is the Davim’s adjusted delamination factor, Fd is the conventional delamination
factor = Dmax/Do, Dmax is the maximum diameter of delaminated zone, Do is the nominal
drilled hole diameter, Ad is the delaminated area, Amax is the area corresponding to Dmax,
and Ao is the area corresponding to Do.
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2.7. Ultrasonic C-Scan Test Details

Non-destructive inspection techniques such as ultrasonic C-scan testing (3 axis immer-
sion ultrasonic testing system, Dhvani-Research and Development Solution, Chennai, India)
was used to investigate the drilled composite surface. The ultrasonic test was conducted
with a scan resolution of 0.5 mm and a focal distance of 50 mm. The inspection was carried
out using a through-transmission method, with the transducer frequency of 2.25 MHz,
pulsar voltage of 207 V, low pass filter of 7.5 MHz, and high pass filter of 1 MHz. A gain of
28–33 dB was selected so that the signal was not saturated. The composite specimen and
transducer were immersed in the coupling medium (distilled water bath). The sound waves
produced by exciting the piezo-transducer were introduced into the composite surface via
a coupling medium to prevent attenuation of ultrasonic waves. The through-transmission
method employs two transducers, one for sending and another for receiving the energy.
The transducer records propagation and reflection of acoustic waves in the sample. The
presence of discontinuities (such as porosity, impurities, or delamination) in the sample is
responsible for attenuation in the energy levels of transmitted sound waves. The transducer
converts reflected echo waves into electric pulses, revealing the inner damage/defect in an
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ultrasound map [68]. Hence, barely visible damage present in carbon/epoxy composite
can be examined.

2.8. Inspection of Drilled Hole Morphology

The morphology of the sectioned drilled hole was inspected using SEM (Make/Model:
ZEISS EVO 18, Oberkochen, Germany). Each specimen was sputter coated with electrically
conducting material (gold/palladium alloy) in a low vacuum for SEM inspection. Sputter-
ing reduces electric charge accumulation on the specimen during electron irradiation and
improves image clarity.

3. Results and Discussion

The design matrix and drilling responses of neat CEC, MoS2-loaded CEC, and h-BN-
loaded CEC are shown in Tables 3–5, respectively.

Table 3. Drilling experiment design matrix and responses of carbon fabric–neat epoxy.

Run
Order A B C

Thrust
Force Temperature Surface

Roughness
Delamination

Factor

TF (N) T (◦C) SR (µm) DFexit

1 3250 0.05 6 17.78 96.60 2.8133 1.3206

2 1000 0.07 8 20.97 79.30 5.7700 1.4687

3 3250 0.05 4 14.77 95.60 3.7733 1.2137

4 3250 0.05 6 18.01 97.00 2.8733 1.3318

5 3250 0.07 6 20.17 96.00 3.5200 1.4048

6 3250 0.05 6 18.56 97.20 2.8750 1.3496

7 5500 0.05 6 17.58 121.90 2.0067 1.3136

8 5500 0.07 4 17.19 116.00 3.3400 1.1829

9 1000 0.03 8 16.50 92.70 3.7667 1.3591

10 3250 0.03 6 13.92 95.20 2.0200 1.2793

11 3250 0.05 6 18.90 99.65 2.9400 1.3407

12 3250 0.05 8 19.80 106.20 2.1933 1.3803

13 5500 0.03 8 16.40 128.90 1.6033 1.2005

14 1000 0.03 4 11.20 82.40 4.6426 1.1757

15 1000 0.05 6 19.43 89.10 4.9800 1.4043

16 5500 0.07 8 20.91 117.60 2.1200 1.4197

17 5500 0.03 4 8.43 118.60 1.8920 1.1002

18 3250 0.05 6 18.93 97.10 3.0200 1.3401

19 1000 0.07 4 17.22 78.70 7.7733 1.2155

20 3250 0.05 6 19.12 96.70 3.2267 1.3598

3.1. Thrust Force

Figure S1 indicates the thrust force variation with time scale for three variants of
composites: neat-CEC, MoS2-CEC, and BN-CEC for selected holes. The magnitude of the
thrust force increases sharply when the drill makes contact with the workpiece because of
chisel edge penetration, rubbing, and plowing effects [11]. This stage is crucial in deciding
the peel-up delamination. Further, when the chisel edge and cutting edges make complete
contact with the workpiece, the thrust force increases and the material removal process
starts. The thrust force increases abruptly as the drill interacts with the carbon fiber and
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decreases when it comes in contact with the epoxy resin [41]. As the drill approaches
the last few plies, the uncut material resisting the thrust becomes less. Therefore, the
piercing action of the chisel edge is more effective than the cutting action, which causes
bending of the lamina beneath the drill. The thrust force decreases gradually as the chisel
edge comes out the bottom surface of the composite. This behavior agrees well with the
published literature [45].

Table 4. Drilling experiment design matrix and responses of MoS2-reinforced CEC.

Run
Order

A B C D

Thrust
Force Temperature Surface

Roughness
Delamination

Factor

TF (N) T (◦C) SR (µm) DFexit

1 3250 0.05 8 6 28.13 80.42 1.2000 1.1225

2 3250 0.07 6 6 28.25 65.80 1.6200 1.1993

3 5500 0.05 6 6 24.85 91.60 0.8748 1.1484

4 1000 0.05 6 6 26.43 60.20 2.1600 1.2741

5 3250 0.05 4 6 22.41 65.40 1.6470 1.0843

6 3250 0.05 6 6 24.91 69.50 1.2750 1.1618

7 3250 0.05 6 8 20.87 68.00 1.8530 1.2417

8 3250 0.05 6 4 24.06 90.10 1.6180 1.1768

9 3250 0.03 6 6 22.00 91.40 0.9867 1.1222

10 3250 0.05 6 6 25.58 72.90 1.2933 1.1571

11 5500 0.03 8 4 22.22 104.50 0.7800 1.0712

12 1000 0.03 8 8 20.29 61.10 2.1288 1.2359

13 1000 0.07 4 8 20.69 49.20 4.1933 1.1891

14 3250 0.05 6 6 25.67 74.10 1.2972 1.1597

15 1000 0.03 4 4 21.16 62.30 2.2997 1.0978

16 1000 0.03 8 4 22.31 79.50 1.8000 1.1690

17 5500 0.07 8 4 28.41 96.00 1.2333 1.1317

18 5500 0.07 4 4 22.91 85.70 1.6630 1.0965

19 3250 0.05 6 6 25.68 75.20 1.3150 1.1596

20 5500 0.07 4 8 20.60 63.30 1.8733 1.1011

21 5500 0.03 4 8 16.12 89.50 1.3333 1.0926

22 1000 0.07 8 8 21.79 55.50 3.6450 1.3831

23 1000 0.07 8 4 28.47 60.60 2.3067 1.2677

24 3250 0.05 6 6 25.83 75.20 1.3200 1.1606

25 1000 0.07 4 4 23.04 58.80 3.8533 1.1457

26 1000 0.03 4 8 16.25 59.50 3.4400 1.1314

27 5500 0.07 8 8 21.67 80.00 1.5333 1.1911

28 5500 0.03 8 8 20.23 97.30 0.8400 1.1172

29 5500 0.03 4 4 21.10 98.50 1.1933 1.0654

30 3250 0.05 6 6 26.11 79.40 1.3333 1.1610

As the feed varied from 0.03 to 0.07 mm.rev−1, the average thrust force increased
by 45.2% in neat CEC, 18.8% in MoS2-loaded CEC, and 16.4% in h-BN-loaded CEC. This
is because high-feed involves a larger chip cross-sectional area, which increases cutting
resistance [36,69]. The average thrust force increased by 37.5% in neat CEC, 15.9% in
MoS2-loaded CEC, and 13.3% in h-BN-loaded CEC when drilling with an 8 mm diameter
drill instead of 4 mm. This is because a smaller drill has a sharper pointed tip with a smaller
web thickness and chisel edge length, which reduces the thrust force. As the spindle speed
increased from 1000 to 5500 rpm, the thrust force reduced by 6.5% in neat CEC, 1.2% in
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MoS2-loaded CEC, and 5.1% in h-BN-loaded CEC. This is due to increased friction between
the drill and the composite at high speeds, which results in increased drilling temperature
and composite softening [70]. As a result, less cutting energy is required for drill bit
advancement during high-speed drilling. The filler-loaded CEC exhibited higher thrust
force than neat CEC due to the stiffness of the filler, which demands more cutting energy.
The highest thrust force of 28.55 N was recorded for 6 wt% h-BN-loaded CEC while drilling
with a 6 mm drill diameter at a spindle speed of 3250 rpm and feed of 0.07 mm.rev−1.
Although filler-added CEC produces more thrust force, the critical level of thrust force in
filler-added composite is also higher due to improved flexural rigidity, ILSS, and toughness.
As a result, the optimum filler wt%-added CEC can sustain higher thrust force. Similar
findings of higher thrust force for h-BN-particle-filled CEC [44] and CNT-filled CEC have
been reported in the literature [48].

Table 5. Drilling experiment design matrix and responses of h-BN-reinforced CEC.

Run
Order

A B C D

Thrust
Force Temperature Surface

Roughness
Delamination

Factor

TF (N) T (◦C) SR (µm) DFexit

1 3250 0.05 8 6 28.49 80.80 1.2600 1.0737

2 3250 0.07 6 6 28.55 72.80 1.6540 1.1511

3 5500 0.05 6 6 26.81 85.70 1.0933 1.0753

4 1000 0.05 6 6 27.71 60.80 2.2933 1.2159

5 3250 0.05 4 6 24.83 73.30 1.7933 1.0711

6 3250 0.05 6 6 26.81 75.40 1.3570 1.0801

7 3250 0.05 6 8 21.35 73.60 1.8600 1.2627

8 3250 0.05 6 4 22.52 83.60 1.6510 1.1923

9 3250 0.03 6 6 23.69 84.20 1.1000 1.0656

10 3250 0.05 6 6 26.90 75.50 1.3733 1.0861

11 5500 0.03 8 4 21.42 94.70 0.7930 1.0733

12 1000 0.03 8 8 21.03 66.40 2.1733 1.2458

13 1000 0.07 4 8 21.32 51.70 5.4420 1.1841

14 3250 0.05 6 6 27.03 75.70 1.4200 1.0868

15 1000 0.03 4 4 20.52 66.70 2.5200 1.1028

16 1000 0.03 8 4 21.43 78.10 1.8533 1.1703

17 5500 0.07 8 4 26.46 90.50 1.2600 1.1338

18 5500 0.07 4 4 22.17 80.10 1.7933 1.0966

19 3250 0.05 6 6 27.23 75.90 1.4800 1.0980

20 5500 0.07 4 8 21.27 69.50 2.0950 1.1116

21 5500 0.03 4 8 17.27 81.20 1.5600 1.0713

22 1000 0.07 8 8 22.84 52.80 3.8300 1.3083

23 1000 0.07 8 4 26.80 63.70 3.2700 1.2932

24 3250 0.05 6 6 27.59 77.00 1.4867 1.1041

25 1000 0.07 4 4 22.18 56.60 3.8900 1.1650

26 1000 0.03 4 8 17.33 58.68 3.7333 1.1266

27 5500 0.07 8 8 22.69 79.90 1.6320 1.1708

28 5500 0.03 8 8 20.99 91.50 1.0500 1.0781

29 5500 0.03 4 4 20.35 92.60 1.2350 1.0665

30 3250 0.05 6 6 27.69 77.90 1.5067 1.1213
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3.2. Drilling Temperature

According to energy balance, the work due to torque and thrust force involved in a
turn angle of the drill is equal to the energy necessary for material removal, kinetic energy
transferred to the chip, and heat generated due to friction [71]. The major portion of the
energy consumed in drilling is converted into heat [13]. The tool–workpiece and tool–chip
contact friction are the major sources of elevated drilling temperature [72]. The heat-
affected region in composite can cause thermal softening of composite and disintegration
of fiber–matrix interface bonding [13].

Figures S2–S4 represent IR thermal images of various composites under different
drilling conditions. The drilling temperature varies with the process parameters. Based
on the data provided in Tables 3–5, the percentage increase in temperature was calculated.
As the spindle speed level was varied from 1000 to 5500 rpm, the average temperature
increased by 42.8% in neat CEC, 47.5% in MoS2-loaded CEC, and 37.8% in h-BN-loaded
CEC. This increased temperature is caused by rubbing friction at the drill–composite
interface as well as heat accumulation [41,47]. The increase in drilling temperature of
graphite-reinforced epoxy composite with increased spindle speed has been reported in
the literature [40]. The average temperature decreased by 5.8% in neat CEC, 17.3% in
MoS2-loaded CEC, and 13.5% in h-BN-loaded CEC as the feed was varied from 0.03 to
0.07 mm.rev−1. When using a larger drill diameter of 8 mm rather than 4 mm, the average
drilling temperature increased by 6.8% in neat CEC, 13.1% in MoS2-loaded CEC, and
11.1% in h-BN-loaded CEC. Drilling with a larger drill diameter involves more material
removal and tool–workpiece contact friction, which raises the temperature. The highest
drilling temperature of 128.9 ◦C was recorded while drilling neat CEC with a larger drill
size (8 mm) under high spindle speed (5500 rpm) and low feed (0.03 mm.rev−1) conditions.
Because of the poor thermal properties of the epoxy matrix in neat composite, heat accu-
mulates, resulting in a higher drilling temperature [49]. This highest drilling temperature
surpasses Tg (88 ◦C) but is less than the composite decomposition temperature (260 ◦C) [60].
As a result, no severe thermal damage was observed.

When a higher quantity of thermal-conductive 2D filler is added to epoxy resin, they
contact each other in a matrix and form a thermal conductive path [73]. This improves heat
dissipation. Moreover, h-BN and MoS2 addition to the polymer matrix reduces friction
and frictional heat due to their lubricating properties [56,74]. As a result, the drilling
temperature was reduced by 15.3 and 11.5% in 8 wt% MoS2-CEC and 8 wt% BN-CEC,
respectively as compared to 4 wt% filler-added CEC. The lowest temperature was 49.2 ◦C
with 8 wt% MoS2-CEC and 51.7 ◦C with 8 wt% BN-CEC achieved when drilling using a
4 mm drill at a spindle speed of 1000 rpm and feed of 0.07 mm.rev−1. The majority of
filler-loaded CECs exhibit drilling temperatures lower than the Tg of the composite. The
average drilling temperature of MoS2-dispersed CEC and h-BN-dispersed CEC reduced
by 24.7 and 25.2%, respectively, compared to neat CEC. The reduced temperature at the
drilling area lessens material stiffness degradation. A similar finding of reduced drilling
temperature was reported for GO solid-lubricant-filled CEC in the literature [42]. The MoS2
and h-BN fillers can retain lubricity up to 420 and 1200 ◦C, respectively [74]. Because the
highest drilling temperature noted in the present study is less than 400 ◦C, both h-BN and
MoS2 exhibit lubrication characteristics and lessen drilling temperature.

3.3. Drilled Hole Surface Roughness

The surface roughness profiles for low and high Ra of neat CEC, MoS2-CEC, and
BN-CEC are shown in Figures 3 and 4a–d, respectively. It was noted that the roughness
profiles lack periodicity, which may be caused by the composite’s inhomogeneity and
anisotropy. For drilled-hole aerospace parts, Ra of less than 4.8 µm is recommended [75].
As the spindle speed varied from 1000 to 5500 rpm, the average Ra decreased by 59.3% in
neat CEC, 56.2% in MoS2-loaded CEC, and 56.9% in h-BN-loaded CEC. The morphology
confirms improved hole wall surface finish under moderate- to high-speed drilling. When
using a larger drill diameter of 8 mm compared to 4 mm, the average Ra decreased by
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27.9% in neat CEC, 28% in MoS2-loaded CEC, and 28.9% in h-BN-loaded CEC. As the feed
was increased from 0.03 to 0.07 mm.rev−1, the average Ra value increased by 61.7% in
neat CEC, 48.1% in MoS2-loaded CEC, and 55.2% in h-BN-loaded CEC. High feed reduces
surface finish because it increases the load on the cutting tool [46]. The maximum Ra
of 7.77 µm was observed in drilled neat CEC at a spindle speed of 1000 rpm, feed of
0.07 mm.rev−1, and drill diameter of 4 mm. At a higher spindle speed (5500 rpm), lower
feed (0.03 mm.rev−1), larger drill size (8 mm), and lower filler concentration (4 wt%), the
lowest Ra of 0.78 and 0.79 µm were obtained in MoS2-loaded CEC and h-BN-loaded CEC,
respectively. Improved hole surface finish was attributed to reduced interface friction and
thermal-associated damage in drilling filler-loaded CEC [46]. As the filler concentration
varied from 4 to 8 wt%, the average Ra increased by 24.4% in MoS2-loaded CEC and
27.9% in h-BN-loaded CEC. The MoS2-added CEC contributed to lower surface roughness
than h-BN-added CEC, owing to the lower µ of MoS2 compared to h-BN [76].
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3.4. Push-Out Delamination Factor

The permissible delamination factor in aeronautical standards for a drill diameter of
6.35 mm is less than 1.4 [62]. Figures 5–7 show the drilled hole image and DFexit of
neat CEC, MoS2-loaded CEC, and h-BN-loaded CEC under various drilling conditions.
As the spindle speed was varied from 1000 to 5500 rpm, the average DFexit decreased
by 6.2, 8.1, and 8.7% in neat CEC, MoS2-loaded CEC, and h-BN-loaded CEC, respec-
tively. This is possibly due to the increased temperature at a higher level of drilling speed.
As the feed was varied from 0.03 to 0.07 mm.rev−1, the average DFexit increased by
9.4% in neat CEC, 5.9% in MoS2-loaded CEC, and 6.1% in h-BN-loaded CEC. High feed
force causes inter-layer crack growth in composite and increases the delamination effect [19].
A higher DFexit was reported in the literature for CNF-loaded CEC at a higher feed and
lower spindle rotational speed [45]. The average DFexit increased by 15.9% in neat CEC,
6.8% in MoS2-loaded CEC, and 5.5% in h-BN-loaded CEC when a drill of diameter 8 mm
was used instead of 4 mm. It is known that a drill of shorter chisel edge length reduces
delamination and thrust force [77]. The 4, 6, and 8 mm diameter drills used in this study
have chisel edge lengths of 1.2, 1.5, and 1.8 mm, respectively. Therefore, delamination
decreased when using a 4 mm drill.

The highest DFexit of 1.4687 was observed for neat CEC drilled at 1000 rpm, feed
of 0.07 mm.rev−1, and drill size of 8 mm. For 4 wt% MoS2-loaded CEC drilled with
high spindle speed (5500 rpm), low feed (0.03 mm.rev−1), and small drill size (4 mm), a
minimum DFexit of 1.0654 was obtained. Compared to neat CEC, the average DFexit of
MoS2-loaded CEC and h-BN-loaded CEC reduced by 11.3 and 13.2%, respectively. It is
known that a judicious quantity of h-BN as well as MoS2 filler added to CEC improves
ILSS [78,79], fracture toughness [80], and flexural rigidity (bending resistance) [78,79]. As a
result, the filler-strengthened matrix reduces stiffness variation between laminas, resulting
in less surface deformation/delamination. The 4 wt% filler was found to be more effective
in reducing DFexit. As the filler concentration was increased from 4 to 8 wt%, the average
DFexit increased by 4.5% in MoS2-loaded CEC and 2.6% in h-BN-loaded CEC. This is
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because higher filler wt%-loaded composites are brittle and have a weaker fiber–filler–
matrix interaction mainly due to filler agglomeration. Similar findings have been reported
for CNT-filled CEC in the literature [48].
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Figure 4. Roughness profiles: MoS2-CEC (a) A = 5500 rpm, B = 0.03 mm.rev−1, C = 8 mm, D = 4 wt%;
(b) A = 1000 rpm, B = 0.07 mm.rev−1, C = 4 mm, D = 8 wt%; BN-CEC (c) A = 5500 rpm, B = 0.03 mm.rev−1,
C = 8 mm, D = 4 wt% and (d) A = 1000 rpm, B = 0.07 mm.rev−1, C = 4 mm, D = 8 wt%.

3.5. Drilled Surface Morphology

The fiber–matrix interfacial interaction is a major determinant of drilled hole structural
integrity of composite [20]. Figure 8a–c shows the SEM images of neat CEC (hole no. 19) that
was drilled using a speed of 1000 rpm, feed of 0.07 mm.rev−1 and a 4 mm sized drill. The
push-out delamination observed in Figure 8a was caused due to high-feed and low-spindle-
speed drilling. Fiber debonding and resin loss observed in the morphology (Figure 8b)
cause poor hole surface finish. Matrix debonding indicates a poor carbon-fiber–epoxy
matrix interface. The matrix fragments and fracture of carbon fibers (Figure 8c) reveal the
brittleness of the matrix as well as carbon fibers. Figure 8d–f displays the SEM fractography
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of a neat CEC (hole no. 4) drilled with a 6 mm drill diameter at a speed of 3250 rpm and
feed of 0.05 mm.rev−1. It reveals carbon fiber pullout, matrix damage, and a charcoal-like
mark owing to a high drilling-induced temperature. Surface cavities (Figure 8e) were
caused due to loss of matrix. The tensile strength of carbon fibers is higher than that of
the epoxy matrix; hence it is difficult to machine fibers compared to resin. Thus, some
fibers are pulled along the flute and noticed as uncut fibers (Figure 8f) resulting in a poor
surface finish. Figure 8g–i depicts the SEM micrograph of neat CEC (hole no. 12) drilled
using an 8 mm drill at a speed of 3250 rpm and feed of 0.05 mm.rev−1. The confirmation of
resin loss, carbon fiber pullout, and charcoal mark are witnessed in Figure 8g. The material
removal of composite in drilling is caused by a series of brittle fractures [81]. As a result,
the morphology of drilled neat CEC (Figure 8h) shows matrix cracking and fiber breakage.
The wrenching of carbon fibers is also observed in the aforesaid composite. The matrix
degradation (damage) (Figure 8i) is caused by the high temperature generated during the
drilling process of neat CEC. The high temperature causes matrix softening [10,48].
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Figure 9a,b illustrates the SEM morphology of 4 wt% MoS2-loaded CEC (hole no. 25)
drilled using a 4 mm diameter drill at a speed of 1000 rpm and feed of 0.07 mm.rev−1. The
surface damage on the hole wall is caused by matrix cracking and poorly cut carbon fiber
(Figure 9a). Carbon fiber splintering is visible in Figure 9b. The micrograph in Figure 9d
shows intact carbon fiber filler-reinforced epoxy. Figure 9e,f indicates SEM images of 6 wt%
MoS2-loaded CEC (hole no. 30) drilled using a 6 mm drill at a speed of 3250 rpm and feed
of 0.05 mm.rev−1. Most of the drilled region in this composite has a smooth surface because
MoS2-loaded epoxy can absorb rupture energy and reduce matrix cracking. Slight fiber
debonding from the matrix is still evident. The SEM micrographs of 8 wt% MoS2-loaded
CEC (hole no. 7) drilled at a speed of 3250 rpm and feed of 0.05 mm.rev−1 with a 6 mm
diameter drill are shown in Figure 9g,h. The hole has a good drilled surface with less severe
matrix debonding. Figure 9i,j shows the SEM images of a drilled 8 wt% MoS2-loaded CEC
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(hole no. 27) with an 8 mm drill at 5500 rpm spindle speed and 0.07 mm.rev−1 feed. A zone
of surface damage is visible in the morphology (Figure 9i). The magnified view reveals
matrix cracking and debonding (Figure 9j). This is due to the matrix’s inability to bind filler
particles because of agglomeration. Moreover, at high feed, drilling-induced defects and
cracks are severe [43].
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Figure 10a,b shows SEM micrographs of a 4 wt% h-BN-loaded CEC (hole no. 23)
drilled with an 8 mm diameter drill at 1000 rpm spindle speed and 0.07 mm.rev−1 feed. The
surface roughness arises due to matrix debonding (Figure 10a). Due to drilling-induced
force, the epoxy matrix fractured into pieces as revealed in Figure 10b. Figure 10c,d shows
SEM micrographs of a 6 wt% h-BN-loaded CEC (hole no. 19) drilled with a 6 mm drill
at a speed of 3250 rpm and feed of 0.05 mm.rev−1. The river line pattern (Figure 10c)
denotes matrix deformation. The undamaged (intact) carbon-fiber-reinforced epoxy is
evident in Figure 10d. Figure 10e,f indicates SEM images of an 8 wt% h-BN-loaded CEC
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(hole no. 20) drilled with a 4 mm sized drill at a spindle speed of 5500 rpm and feed of
0.07 mm.rev−1. Intact fiber–filler–matrix (Figure 10e) are noticed. This could be due to
the use of a high spindle speed and small drill size for drilling. Figure 10g,h displays the
SEM images of 4 wt% h-BN-loaded CEC (hole no. 17) drilled with an 8 mm drill size at a
spindle speed of 5500 rpm and feed of 0.07 mm.rev−1. The white-colored region noticed in
the morphology indicates epoxy matrix smearing (Figure 10g,h). This is due to the high
temperature generated, particularly when a high drilling speed is used [82].
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C = 8 mm.
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Figure 9. Morphology of MoS2-loaded CEC drilled at (a,b) A = 1000 rpm, B = 0.07 mm.rev−1,
C = 4 mm, D = 4 wt%; (c,d) A = 3250 rpm, B = 0.05 mm.rev−1, C = 4 mm, D = 6 wt%;
(e,f) A = 3250 rpm, B = 0.05 mm.rev−1, C = 6 mm, D = 6 wt%; (g,h) A = 3250 rpm,
B = 0.05 mm.rev−1, C = 6 mm, D = 8 wt% and (i,j) A = 5500 rpm, B = 0.07 mm.rev−1,
C = 8 mm, D = 8 wt%.

3.6. Damage Identification Using Ultrasonic C-Scan

The A-scan and C-scan images of neat CEC, 4 wt% MoS2-CEC, and 4 wt% h-BN-
CEC drilled at a speed of 5500 rpm, feed of 0.03 mm.rev−1, and drill diameter of 4 mm are
shown in Figures 11 and 12a,b, respectively. Ultrasonic instruments record two fundamental
parameters of an echo: amplitude and pulse transit time. A-scan is a representation of the
amplitude of reflected signals versus the discontinuity depth or time of flight. A-scan shows
a good region with the highest amplitude and a damaged region with low amplitude. The
color scale of signal attenuation is indicated in the C-scan images, where 0% represents high
attenuation of the transmitted echo due to the presence of damage in the samples and is
represented in blue. The red-colored region (except at the hole) represents low attenuation
(region of high density or no damage). The green-colored region signifies a lack of resin
(dry spots) with an echo signal attenuation of around 55%, which may be attributed to
variation in the applied pressure during the fabrication stage. It cannot be considered as
a flaw or delamination [83]. The presence of resin-rich regions at the fabric stitch regions
causes signal attenuation [84]. The greenish-blue area indicates a delamination region
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where the receiver is not receiving a complete signal because of an air gap. This is mainly
seen close to larger-sized drilled holes. Compared to neat CEC, the greenish-blue region
is reduced in 4 wt% MoS2-added CEC and 4 wt% h-BN-added CECs. The blue region
in the C-scan image indicates that the echo completely attenuates due to critical damage
developed in the composite, resulting in a significant loss of sound energy. The C-scan
images of 4 wt% MoS2-CEC and 4 wt% h-BN-CEC drilled holes showed the least damage
compared to neat CEC.
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Figure 10. Morphology of h-BN-loaded CEC drilled at (a,b) A = 1000 rpm, B = 0.07 mm.rev−1,
C = 8 mm, D = 4 wt%; (c,d) A = 3250 rpm, B = 0.05 mm.rev−1, C = 6 mm, D = 6 wt%;
(e,f) A = 5500 rpm, B = 0.07 mm.rev−1, C = 4 mm, D = 8 wt% and (g,h) A = 5500 rpm,
B = 0.07 mm.rev−1, C = 8 mm, D = 4 wt%.
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3.7. Statistical Significance of Factors

ANOVA was performed to determine the significance of input factors over responses.
Tables 6–17 show the ANOVA findings and levels of contribution of each input factor
on individual responses in neat CEC, MoS2-loaded CEC, and h-BN-loaded CEC, respec-
tively. The variance (Fisher’s) F-ratio is the ratio of the mean square of the regression
model (factor) to the mean square of the residual error. A factor is said to be signifi-
cant on a specific response if its associated significance value (p) is less than 0.05 and
its calculated F-ratio is greater than the critical F-ratio (tabulated) as determined by the
F-distribution chart.

Table 6. ANOVA for thrust force of carbon fabric-neat epoxy.

Source DF Seq SS Adj SS Adj MS F-Ratio
(Calculated)

F-Ratio
(Tabulated) p-Value Contribution

Regression 9 188.646 188.646 20.9606 70.16 2.42 0.000 98.44%

Linear 3 158.783 4.264 1.4215 4.76 3.13 0.026 82.86%

A 1 2.314 0.539 0.5392 1.80 4.38 0.209 1.21%

B 1 90.060 3.290 3.2899 11.01 4.38 0.008 47.00%

C 1 66.409 0.486 0.4861 1.63 4.38 0.231 34.65%

Square 3 23.820 23.820 7.9402 26.58 3.13 0.000 12.43%

A2 1 9.983 0.022 0.0216 0.07 4.38 0.793 5.21%

B2 1 10.318 5.172 5.1718 17.31 4.38 0.002 5.38%

C2 1 3.520 3.520 3.5200 11.78 4.38 0.006 1.84%

2-way
interaction 3 6.042 6.042 2.0141 6.74 3.13 0.009 3.15%

A × B 1 0.966 0.966 0.9661 3.23 4.38 0.102 0.50%

A × C 1 0.871 0.871 0.8712 2.92 4.38 0.118 0.45%

B × C 1 4.205 4.205 4.2050 14.08 4.38 0.004 2.19%

Residual
Error 10 2.987 2.987 0.2987 1.56%

Total 19 191.633 100.00%

Model
summary S R2 R2 (adj)

0.5466 98.44% 97.04%

DF—degrees of freedom; SS—sum of squares; MS—mean squares.

The feed had a significant impact on thrust force, contributing 47, 21, and 16% in neat
CEC, MoS2-loaded CEC, and h-BN-loaded CEC, respectively. The quadratic term of feed is
also significant on the thrust force of neat CEC, implying that a small change in feed causes
a significant variation in thrust force. Apart from feed, the filler concentration and drill
diameter have a significant impact on the thrust force of filler-loaded CECs. According
to the literature, the feed significantly affects the drilling-induced thrust force of woven
CEC [85]. The contribution of the spindle speed to the drilling temperature was 87, 60, and
65% for neat CEC, MoS2-added CEC, and h-BN-added CEC, respectively. Additionally, in
all three composite variants, the feed influenced temperature. Filler concentration and drill
diameter also had a significant influence on the drilling temperature of MoS2-loaded CEC
and h-BN-loaded CEC. The spindle speed had the greatest contribution to temperature,
followed by feed, filler concentration, and drill diameter in decreasing order.
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Table 7. ANOVA for drilling temperature of carbon fabric-neat epoxy.

Source DF Seq SS Adj SS Adj MS F-Ratio
(Calculated)

F-Ratio
(Tabulated) p-Value Contribution

Regression 9 3669.36 3669.36 407.706 62.16 2.42 0.000 98.24%

Linear 3 3471.62 184.28 61.427 9.37 3.13 0.003 92.95%

A 1 3268.86 120.13 120.133 18.32 4.38 0.002 87.52%

B 1 91.20 44.70 44.702 6.82 4.38 0.026 2.44%

C 1 111.56 22.26 22.257 3.39 4.38 0.095 2.99%

Square 3 154.01 154.01 51.336 7.83 3.13 0.006 4.12%

A2 1 114.96 103.47 103.474 15.78 4.38 0.003 3.08%

B2 1 32.58 39.00 39.001 5.95 4.38 0.035 0.87%

C2 1 6.47 6.47 6.472 0.99 4.38 0.344 0.17%

2-way
interaction 3 43.72 43.72 14.575 2.22 3.13 0.148 1.17%

A × B 1 1.28 1.28 1.280 0.20 4.38 0.668 0.03%

A × C 1 0.12 0.13 0.125 0.02 4.38 0.893 0.00%

B × C 1 42.32 42.32 42.320 6.45 4.38 0.029 1.13%

Residual
Error 10 65.59 65.59 6.559 1.76%

Total 19 3734.94 100.00%

Model
summary S R2 R2 (adj)

2.5609 98.24% 96.66%

Table 8. ANOVA for surface roughness of carbon fabric-neat epoxy.

Source DF Seq SS Adj SS Adj MS F-Ratio
(Calculated)

F-Ratio
(Tabulated) p-Value Contribution

Regression 9 42.3705 42.3705 4.70784 119.46 2.42 0.000 99.08%

Linear 3 36.4614 4.3821 1.46072 37.06 3.13 0.000 85.26%

A 1 25.5060 3.3497 3.34966 84.99 4.38 0.000 59.64%

B 1 7.3938 0.0175 0.01752 0.44 4.38 0.520 17.29%

C 1 3.5616 1.0232 1.02317 25.96 4.38 0.000 8.33%

Square 3 3.8889 3.8889 1.29628 32.89 3.13 0.000 9.09%

A2 1 3.7322 1.4618 1.46178 37.09 4.38 0.000 8.73%

B2 1 0.0247 0.0001 0.00009 0.00 4.38 0.963 0.06%

C2 1 0.1320 0.1320 0.13197 3.35 4.38 0.097 0.31%

2-way
interaction 3 2.0203 2.0203 0.67342 17.09 3.13 0.000 4.72%

A × B 1 1.2556 1.2556 1.25563 31.86 4.38 0.000 2.94%

A × C 1 0.2348 0.2348 0.23480 5.96 4.38 0.035 0.55%

B × C 1 0.5298 0.5298 0.52983 13.44 4.38 0.004 1.24%

Residual
Error 10 0.3941 0.3941 0.03941 0.92%

Total 19 42.7646 100.00%

Model
summary S R2 R2 (adj)

0.1985 99.08% 98.25%
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Table 9. ANOVA for delamination factor of carbon fabric-neat epoxy.

Source DF Seq SS Adj SS Adj MS F-Ratio
(Calculated)

F-Ratio
(Tabulated) p-Value Contribution

Regression 9 0.1752 0.1752 0.0195 63.51 2.42 0.000 98.28%

Linear 3 0.1383 0.0156 0.0052 16.94 3.13 0.000 77.55%

A 1 0.0165 0.0011 0.0011 3.45 4.38 0.093 9.27%

B 1 0.0333 0.0004 0.0004 1.25 4.38 0.290 18.67%

C 1 0.0885 0.0142 0.0142 46.2 4.38 0.000 49.61%

Square 3 0.0275 0.0275 0.0092 29.89 3.13 0.000 15.42%

A2 1 0.0115 0.0000 0.0000 0 4.38 0.975 6.48%

B2 1 0.0053 0.0008 0.0008 2.67 4.38 0.133 2.96%

C2 1 0.0107 0.0107 0.0107 34.79 4.38 0.000 5.98%

2-way
interaction 3 0.0095 0.0095 0.0032 10.3 3.13 0.002 5.31%

A × B 1 0.0029 0.0029 0.0029 9.5 4.38 0.012 1.63%

A × C 1 0.0012 0.0012 0.0012 4.04 4.38 0.072 0.69%

B × C 1 0.0053 0.0053 0.0053 17.36 4.38 0.002 2.98%

Residual
Error 10 0.0031 0.0031 0.0003 1.72%

Total 19 0.1783 100.00%

Model
summary S R2 R2 (adj)

0.0175 98.28% 96.73%

Table 10. ANOVA for thrust force of MoS2-loaded CEC.

Source DF Seq SS Adj SS Adj MS F-Ratio
(Calculated)

F-Ratio
(Tabulated) p-Value Contribution

Regression 14 283.444 283.444 20.2460 13.62 2.05 0.000 92.71%

Linear 4 181.306 181.306 45.3265 30.49 2.70 0.000 59.30%

A 1 0.299 0.299 0.2990 0.20 4.18 0.660 0.10%

B 1 64.790 64.790 64.7901 43.59 4.18 0.000 21.19%

C 1 47.499 47.499 47.4988 31.96 4.18 0.000 15.54%

D 1 68.718 68.718 68.7183 46.23 4.18 0.000 22.48%

Square 4 100.077 100.077 25.0193 16.83 2.70 0.000 32.73%

A2 1 57.145 0.003 0.0034 0.00 4.18 0.962 18.69%

B2 1 12.895 0.594 0.5937 0.40 4.18 0.537 4.22%

C2 1 4.514 0.288 0.2885 0.19 4.18 0.666 1.48%

D2 1 25.524 25.524 25.5239 17.17 4.18 0.001 8.35%

2-way
interaction 6 2.060 2.060 0.3434 0.23 2.43 0.960 0.67%

A × B 1 0.000 0.000 0.0002 0.00 4.18 0.990 0.00%

A × C 1 0.000 0.000 0.0004 0.00 4.18 0.987 0.00%

A × D 1 0.000 0.000 0.0002 0.00 4.18 0.990 0.00%

B × C 1 0.449 0.449 0.4489 0.30 4.18 0.591 0.15%

B × D 1 1.092 1.092 1.0920 0.73 4.18 0.405 0.36%

C × D 1 0.518 0.518 0.5184 0.35 4.18 0.564 0.17%

Residual
Error 15 22.296 22.296 1.4864 7.29%

Total 29 305.739 100.00%

Model
summary S R2 R2 (adj)

1.2192 92.71% 85.90%
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Table 11. ANOVA for drilling temperature of MoS2-loaded CEC.

Source DF Seq SS Adj SS Adj MS F-Ratio
(Calculated)

F-Ratio
(Tabulated) p-Value Contribution

Regression 14 5894.54 5894.54 421.04 16.55 2.05 0.000 93.92%

Linear 4 5751.62 5751.62 1437.90 56.53 2.70 0.000 91.64%

A 1 3746.89 3746.89 3746.89 147.31 4.18 0.000 59.70%

B 1 920.21 920.21 920.21 36.18 4.18 0.000 14.66%

C 1 380.14 380.14 380.14 14.95 4.18 0.002 6.06%

D 1 704.38 704.38 704.38 27.69 4.18 0.000 11.22%

Square 4 48.77 48.77 12.19 0.48 2.70 0.751 0.78%

A2 1 1.43 1.63 1.63 0.06 4.18 0.804 0.02%

B2 1 5.90 9.42 9.42 0.37 4.18 0.552 0.09%

C2 1 27.05 37.08 37.08 1.46 4.18 0.246 0.43%

D2 1 14.39 14.39 14.39 0.57 4.18 0.464 0.23%

2-way
interaction 6 94.14 94.14 15.69 0.62 2.43 0.714 1.50%

A × B 1 43.89 43.89 43.89 1.73 4.18 0.209 0.70%

A × C 1 12.08 12.08 12.08 0.47 4.18 0.501 0.19%

A × D 1 21.86 21.86 21.86 0.86 4.18 0.369 0.35%

B × C 1 0.39 0.39 0.39 0.02 4.18 0.903 0.01%

B × D 1 15.41 15.41 15.41 0.61 4.18 0.449 0.25%

C × D 1 0.53 0.53 0.53 0.02 4.18 0.888 0.01%

Residual
Error 15 381.54 381.54 25.44 6.08%

Total 29 6276.08 100.00%

Model
summary S R2 R2 (adj)

5.0434 93.92% 88.25%

Table 12. ANOVA for surface roughness of MoS2-loaded CEC.

Source DF Seq SS Adj SS Adj MS F-Ratio
(Calculated)

F-Ratio
(Tabulated) p-Value Contribution

Regression 14 22.6242 22.6242 1.6160 43.34 2.05 0.000 97.59%

Linear 4 17.4503 17.4503 4.3626 117.01 2.70 0.000 75.27%

A 1 11.6842 11.6842 11.6842 313.39 4.18 0.000 50.40%

B 1 2.8159 2.8159 2.8159 75.53 4.18 0.000 12.15%

C 1 2.0195 2.0195 2.0195 54.17 4.18 0.000 8.71%

D 1 0.9306 0.9306 0.9306 24.96 4.18 0.000 4.01%

Square 4 4.1761 4.1761 1.0440 28.00 2.70 0.000 18.01%

A2 1 3.2071 0.1386 0.1386 3.72 4.18 0.073 13.83%

B2 1 0.2387 0.0008 0.0008 0.02 4.18 0.888 1.03%

C2 1 0.2071 0.0489 0.0489 1.31 4.18 0.270 0.89%

D2 1 0.5232 0.5232 0.5232 14.03 4.18 0.002 2.26%

2-way
interaction 6 0.9978 0.9978 0.1663 4.46 2.43 0.009 4.30%

A × B 1 0.2953 0.2953 0.2953 7.92 4.18 0.013 1.27%

A × C 1 0.3107 0.3107 0.3107 8.33 4.18 0.011 1.34%

A × D 1 0.3712 0.3712 0.3712 9.96 4.18 0.007 1.60%

B × C 1 0.0014 0.0014 0.0014 0.04 4.18 0.852 0.01%

B × D 1 0.0169 0.0169 0.0169 0.45 4.18 0.511 0.07%

C × D 1 0.0024 0.0024 0.0024 0.06 4.18 0.803 0.01%

Residual
Error 15 0.5593 0.5593 0.0373 2.41%

Total 29 23.1834 100.00%

Model
summary S R2 R2 (adj)

0.1931 97.59% 95.34%
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Table 13. ANOVA for delamination factor of MoS2-loaded CEC.

Source DF Seq SS Adj SS Adj MS F-Ratio
(Calculated)

F-Ratio
(Tabulated) p-Value Contribution

Regression 14 0.1326 0.1326 0.0095 48.32 2.05 0.000 97.83%

Linear 4 0.1009 0.1009 0.0252 128.7 2.70 0.000 74.44%

A 1 0.0429 0.0429 0.0429 218.58 4.18 0.000 31.61%

B 1 0.0202 0.0202 0.0202 102.87 4.18 0.000 14.88%

C 1 0.0261 0.0261 0.0261 133.06 4.18 0.000 19.24%

D 1 0.0118 0.0118 0.0118 60.3 4.18 0.000 8.72%

Square 4 0.0162 0.0162 0.0040 20.59 2.70 0.000 11.91%

A2 1 0.0001 0.0036 0.0036 18.5 4.18 0.001 0.04%

B2 1 0.0026 0.0004 0.0004 2.25 4.18 0.154 1.95%

C2 1 0.0102 0.0128 0.0128 65.49 4.18 0.000 7.52%

D2 1 0.0033 0.0033 0.0033 16.58 4.18 0.001 2.40%

2-way
interaction 6 0.0156 0.0156 0.0026 13.23 2.43 0.000 11.48%

A × B 1 0.0020 0.0020 0.0020 10.02 4.18 0.006 1.45%

A × C 1 0.0071 0.0071 0.0071 35.98 4.18 0.000 5.20%

A × D 1 0.0009 0.0009 0.0009 4.75 4.18 0.046 0.69%

B × C 1 0.0035 0.0035 0.0035 17.65 4.18 0.001 2.55%

B × D 1 0.0002 0.0002 0.0002 0.77 4.18 0.394 0.11%

C × D 1 0.0020 0.0020 0.0020 10.2 4.18 0.006 1.47%

Residual
Error 15 0.0029 0.0029 0.0002 2.17%

Total 29 0.1356 100.00%

Model
summary S R2 R2 (adj)

0.0140 97.83% 95.81%

Table 14. ANOVA for thrust force of h-BN-loaded CEC.

Source DF Seq SS Adj SS Adj MS F-Ratio
(Calculated)

F-Ratio
(Tabulated) p-Value Contribution

Regression 14 306.393 306.393 21.8852 28.18 2.05 0.000 96.34%

Linear 4 102.999 102.999 25.7497 33.16 2.70 0.000 32.39%

A 1 0.166 0.166 0.1663 0.21 4.18 0.650 0.05%

B 1 50.837 50.837 50.8368 65.46 4.18 0.000 15.98%

C 1 34.473 34.473 34.4727 44.39 4.18 0.000 10.84%

D 1 17.523 17.523 17.5232 22.56 4.18 0.000 5.51%

Square 4 202.633 202.633 50.6582 65.23 2.70 0.000 63.71%

A2 1 104.059 0.437 0.4372 0.56 4.18 0.465 32.72%

B2 1 28.359 1.378 1.3777 1.77 4.18 0.203 8.92%

C2 1 7.646 0.093 0.0928 0.12 4.18 0.734 2.40%

D2 1 62.569 62.569 62.5691 80.57 4.18 0.000 19.67%

2-way
interaction 6 0.761 0.761 0.1269 0.16 2.43 0.983 0.24%

A × B 1 0.005 0.005 0.0046 0.01 4.18 0.940 0.00%

A × C 1 0.004 0.004 0.0039 0.01 4.18 0.944 0.00%

A × D 1 0.003 0.003 0.0033 0.00 4.18 0.949 0.00%

B × C 1 0.375 0.375 0.3752 0.48 4.18 0.498 0.12%

B × D 1 0.357 0.357 0.3570 0.46 4.18 0.508 0.11%

C × D 1 0.018 0.018 0.0176 0.02 4.18 0.882 0.01%

Residual
Error 15 11.649 11.649 0.7766 3.66%

Total 29 318.042 100.00%

Model
summary S R2 R2 (adj)

0.8812 96.34% 92.92%
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Table 15. ANOVA for drilling temperature of h-BN-loaded CEC.

Source DF Seq SS Adj SS Adj MS F-Ratio
(Calculated)

F-Ratio
(Tabulated) p-Value Contribution

Regression 14 3707.44 3707.44 264.82 53.50 2.05 0.000 98.04%

Linear 4 3596.69 3596.69 899.17 181.64 2.70 0.000 95.11%

A 1 2455.14 2455.14 2455.14 495.96 4.18 0.000 64.92%

B 1 517.13 517.13 517.13 104.47 4.18 0.000 13.67%

C 1 257.04 257.04 257.04 51.92 4.18 0.000 6.80%

D 1 367.39 367.39 367.39 74.22 4.18 0.000 9.71%

Square 4 105.99 105.99 26.50 5.35 2.70 0.007 2.80%

A2 1 100.86 51.68 51.68 10.44 4.18 0.006 2.67%

B2 1 2.64 1.59 1.59 0.32 4.18 0.579 0.07%

C2 1 0.47 1.15 1.15 0.23 4.18 0.637 0.01%

D2 1 2.02 2.02 2.02 0.41 4.18 0.532 0.05%

2-way
interaction 6 4.76 4.76 0.79 0.16 2.43 0.984 0.13%

A × B 1 1.61 1.61 1.61 0.33 4.18 0.577 0.04%

A × C 1 2.16 2.16 2.16 0.44 4.18 0.519 0.06%

A × D 1 0.00 0.00 0.00 0.00 4.18 0.975 0.00%

B × C 1 0.40 0.40 0.40 0.08 4.18 0.781 0.01%

B × D 1 0.45 0.45 0.45 0.09 4.18 0.767 0.01%

C × D 1 0.14 0.14 0.14 0.03 4.18 0.870 0.00%

Residual
Error 15 74.25 74.25 4.95 1.96%

Total 29 3781.70 100.00%

Model
summary S R2 R2 (adj)

2.2249 98.04% 96.20%

Table 16. ANOVA for surface roughness of h-BN-loaded CEC.

Source DF Seq SS Adj SS Adj MS F-Ratio
(Calculated)

F-Ratio
(Tabulated) p-Value Contribution

Regression 14 31.3331 31.3331 2.2381 46.18 2.05 0.000 97.73%

Linear 4 23.5897 23.5897 5.8974 121.68 2.70 0.000 73.58%

A 1 15.1134 15.1134 15.1134 311.84 4.18 0.000 47.14%

B 1 4.3496 4.3496 4.3496 89.75 4.18 0.000 13.57%

C 1 2.6760 2.6760 2.6760 55.21 4.18 0.000 8.35%

D 1 1.4507 1.4507 1.4507 29.93 4.18 0.000 4.52%

Square 4 5.7380 5.7380 1.4345 29.60 2.70 0.000 17.90%

A2 1 4.7394 0.3213 0.3213 6.63 4.18 0.021 14.78%

B2 1 0.2846 0.0033 0.0033 0.07 4.18 0.797 0.89%

C2 1 0.2692 0.0892 0.0892 1.84 4.18 0.195 0.84%

D2 1 0.4448 0.4448 0.4448 9.18 4.18 0.008 1.39%

2-way
interaction 6 2.0054 2.0054 0.3342 6.90 2.43 0.001 6.26%

A × B 1 1.0049 1.0049 1.0049 20.73 4.18 0.000 3.13%

A × C 1 0.3939 0.3939 0.3939 8.13 4.18 0.012 1.23%

A × D 1 0.3569 0.3569 0.3569 7.36 4.18 0.016 1.11%

B × C 1 0.0002 0.0002 0.0002 0.00 4.18 0.956 0.00%

B × D 1 0.0281 0.0281 0.0281 0.58 4.18 0.458 0.09%

C × D 1 0.2216 0.2216 0.2216 4.57 4.18 0.049 0.69%

Residual
Error 15 0.7270 0.7270 0.0485 2.27%

Total 29 32.0601 100.00%

Model
summary S R2 R2 (adj)

0.2202 97.73% 95.62%
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Table 17. ANOVA for delamination factor of h-BN-loaded CEC.

Source DF Seq SS Adj SS Adj MS F-Ratio
(Calculated)

F-Ratio
(Tabulated) p-Value Contribution

Regression 14 0.1350 0.1350 0.0096 14.55 2.05 0.000 93.14%

Linear 4 0.0903 0.0903 0.0226 34.09 2.70 0.000 62.32%

A 1 0.0485 0.0485 0.0485 73.27 4.18 0.000 33.49%

B 1 0.0210 0.0210 0.0210 31.63 4.18 0.000 14.46%

C 1 0.0169 0.0169 0.0169 25.53 4.18 0.000 11.67%

D 1 0.0039 0.0039 0.0039 5.91 4.18 0.028 2.70%

Square 4 0.0355 0.0355 0.0089 13.38 2.70 0.000 24.46%

A2 1 0.0080 0.0008 0.0008 1.14 4.18 0.303 5.52%

B2 1 0.0000 0.0011 0.0011 1.6 4.18 0.225 0.01%

C2 1 0.0021 0.0082 0.0082 12.35 4.18 0.003 1.42%

D2 1 0.0254 0.0254 0.0254 38.29 4.18 0.000 17.50%

2-way
interaction 6 0.0092 0.0092 0.0015 2.32 2.43 0.087 6.36%

A × B 1 0.0004 0.0004 0.0004 0.63 4.18 0.441 0.29%

A × C 1 0.0068 0.0068 0.0068 10.22 4.18 0.006 4.67%

A × D 1 0.0003 0.0003 0.0003 0.48 4.18 0.497 0.22%

B × C 1 0.0014 0.0014 0.0014 2.08 4.18 0.169 0.95%

B × D 1 0.0000 0.0000 0.0000 0.05 4.18 0.827 0.02%

C × D 1 0.0003 0.0003 0.0003 0.46 4.18 0.509 0.21%

Residual
Error 15 0.0099 0.0099 0.0007 6.86%

Total 29 0.1449 100.00%

Model
summary S R2 R2 (adj)

0.0257 93.14% 86.74%

The surface roughness was significantly affected by spindle speed, drill diameter,
and two-way interaction terms associated with spindle speed in all three composites.
The contribution of spindle speed to the surface roughness was 59, 50, and 47% for neat
CEC, MoS2-added CEC, and h-BN-added CEC, respectively. Furthermore, feed and filler
concentration had a significant effect on the roughness of filler-loaded CEC. Drill diameter
had a 49.6% contribution to the delamination factor in neat CEC. Spindle speed, drill
diameter, feed, and filler concentration had significant effects on the delamination factor of
MoS2-loaded CEC, with percentage contributions of 31.6, 19.2, 14.9, and 8.7%, respectively.
Spindle speed, feed, drill diameter, and filler concentration had a significant influence on
the delamination factor of h-BN-loaded CEC, with percentage contributions of 33.5, 14.5,
11.7, and 2.7%, respectively. The interaction between spindle speed and drill diameter also
had a notable influence on the delamination of filler-loaded CEC.

3.8. Response Surface Regression and Residuals Analysis

Based on the experimental results, a mathematical model was developed from the
regression analysis that relates each response to the input factors. This regression equa-
tion can be used to predict the response corresponding to new input conditions. The
second-order regression equations (uncoded format) of neat CEC, MoS2-loaded CEC, and
h-BN-loaded CEC are shown in Equations (2)–(5), (6)–(9), and (10)–(13), respectively. There



J. Compos. Sci. 2023, 7, 46 29 of 41

are linear, square, interaction, and constant terms in the regression equations. The negative
coefficients in the regression equation decrease the response while the positive coefficients
increase the response. The coefficient of determination (R2) is a measure of the proportion
of the variation in the dependent variable that can be predicted from the independent
variables (both significant and insignificant). Adjusted R2 (R2 adj.) reveals the percentage
of variation explained by the significant independent variables on the dependent vari-
able. Based on the results, it was found that the R2 adj. value for all the responses was
greater than 0.85 (85%), indicating that the regression model was adequate in explaining
the variation.

TF = −17.36 − 0.0012 × A + 576.54 × B + 5.35 × C + 1.75 × 10−8 × A2 − 3428.4 × B2

−0.2828 × C2 + 0.0077(A × B) + 0.000073(A × C)− 18.13(B × C)
(2)

T = 57.39 − 0.00045 × A + 1106.6 × B − 0.15 × C + 1.21 × 10−6 × A2 − 9414.8 × B2

+0.3835 × C2 + 0.0089(A × B) + 0.000028(A × C)− 57.5(B × C)
(3)

SR = 5.74 − 0.0014 × A + 108.76 × B − 0.7576 × C + 1.4402 × 10−7 × A2 + 14.36 × B2

+0.0548 × C2 − 0.00880(A × B) + 0.000038(A × C)− 6.43(B × C)
(4)

DFexit = 0.5197 − 0.000022 × A + 1.9517 × B + 0.2106 × C − 6.6261 × 10−11 × A2

−43.1328 × B2 − 0.0156 × C2 + 0.000424(A × B)− 0.000003(A × C) + 0.6447(B × C)
(5)

TF = −14.45 − 0.00010 × A + 228.86 × B + 1.87 × C + 9.04 × D + 7.17 × 10−9 × A2

−1196.7 × B2 − 0.0834 × C2 − 0.7847 × D2 − 0.00008(A × B) + 0.000001(A × C))

−0.0000083(A × D) + 4.19(B × C)− 6.53(B × D)− 0.045(C × D)

(6)

T = 59.88 + 0.0097 × A − 590.84 × B + 13.10 × C − 7.86 × D − 1.5667 × 10−7 × A2

+4767.1 × B2 − 0.9458 × C2 + 0.5892 × D2 − 0.0368(A × B) + 0.000193(A × C)

−0.000260(A × D) + 3.9063(B × C)− 24.53(B × D)− 0.0453(C × D)

(7)

SR = 7.40 − 0.000487 × A − 21.79 × B − 0.6871 × C − 1.1834 × D + 4.568 × 10−8 × A2

+43 × B2 + 0.0343 × C2 + 0.1123 × D2 − 0.0030(A × B) + 0.000031(A × C)

−0.000034(A × D)− 0.2298(B × C) + 0.8117(B × D) + 0.0031(C × D)

(8)

DFexit = 0.7141 − 0.000019 × A + 3.0723 × B + 0.2103 × C − 0.1085 × D + 7.391 × 10−9 × A2

−32.65 × B2 − 32.65 × B2 − 0.0176 × C2 + 0.0088 × D2 − 0.000246(A × B)− 0.000005(A × C)

−0.0000017(A × D) + 0.3677(B × C) + 0.0768(B × D) + 0.0028(C × D)

(9)

TF = −28.19 − 0.000550 × A + 267 × B + 1.1291 × C + 14.48 × D + 8.1144 × 10−8 × A2

−1823 × B2 − 0.0473 × C2 − 1.2286 × D2 − 0.00038(A × B)− 0.000003(A × C)

+0.000003(A × D) + 3.83(B × C)− 3.73(B × D)− 0.0083(C × D)

(10)

T = 72.65 + 0.01011 × A − 438.15 × B + 3.96 × C − 4.55 × D − 8.822 × 10−7 × A2

+1959.6 × B2 − 0.1665 × C2 + 0.221 × D2 + 0.0071(A × B) + 0.000082(A × C)

−0.000004(A × D)− 3.93(B × C)− 4.18(B × D)− 0.023(C × D)

(11)

SR = 6.51 − 0.000591 × A + 27.89 × B − 0.6822 × C − 0.8691 × D + 6.9564 × 10−8 × A2

+90 × B2 + 0.0464 × C2 + 0.1036 × D2 − 0.0056(A × B) + 0.000035(A × C)

−0.000033(A × D)− 0.08(B × C) + 1.05(B × D)− 0.0294(C × D)

(12)

DFexit = 1.2311 − 0.000006 × A + 5.949 × B + 0.1806 × C − 0.2910 × D + 3.3688 × 10−9 × A2

−50.538 × B2 − 0.0141 × C2 + 0.0247 × D2 − 0.000113(A × B)− 0.000005(A × C)

−9.9528 × 10−7(A × D) + 0.2322(B × C)− 0.0358(B × D) + 0.0011(C × D)

(13)

The standardized residual is the raw residual (difference between observed and
predicted response) divided by an estimate of the standard deviation of residuals. The
validity of the regression model is confirmed by the standardized residual plot. Figures
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S5 and S6 show the standardized residual value plotted against the fitted value. The
standardized residual graphs of all the composites indicate residuals randomly spread
around the centerline with no discernable patterns, indicating that there are no outliers
that could have an undesirable effect on the quality of prediction. Figures S7 and S8 show
the normal probability plot (NPP) of residuals for various responses. The NPP of all three
types of composites demonstrate that the experimental errors follow a straight line and
have a small deviation from the standard, supporting the least-square fit. Also, the error is
randomly distributed; therefore, the regression model is deemed adequate [61]. Hence, the
fitted response surface regression model is statistically solid.

3.9. Contour Plot Analysis

The contour plot depicts the variation in response in a 2D projection view of the surface.
The contour plot is obtained by considering two input factors at a time while the other
input factors are held at the middle level. All input data points with the same response
are connected to produce contour lines. The thrust force contour plot of neat CEC in
Figure 13a shows that choosing a feed of 0.03 mm.rev−1, drill diameter of 4 mm, and spindle
speed greater than 3250 rpm can lower the thrust force. According to the temperature
contour plot of neat CEC shown in Figure 13b, a feed higher than 0.05 mm.rev−1, speed of
1000 rpm, and drill of 4 mm are favorable for reducing the drilling temperature. The
surface roughness contour plot of neat CEC in Figure 14a shows that using a spindle speed
of 5500 rpm, feed of 0.03 mm.rev−1, and drill diameter higher than 6 mm improves the
hole surface finish of neat CEC. Figure 14b displays the contour plot of DFexit related to
neat CEC. It indicates that a feed of 0.03 mm.rev−1, drill diameter of 4 mm, and spindle
speed higher than 3250 rpm lowers DFexit. The thrust force contour plot of MoS2-loaded
CEC displayed in Figure 16a demonstrates that a feed less than 0.05 mm.rev−1, drill of
4 mm, and filler concentration greater than 6 wt% can reduce the thrust force. The thrust
force contour plot of h-BN-loaded CEC displayed in Figure 16b illustrates that a feed of
0.03 mm.rev−1, drill diameter of 4 mm, and filler concentration greater than 6 wt% can
reduce the thrust force. The contour plot of temperature of filler-loaded CECs (Figure 15)
shows that a feed higher than 0.05 mm.rev−1, spindle speed of 1000 rpm, drill diameter of
6 mm, and filler concentration greater than 6 wt% are favorable for lowering the drilling
temperature. The surface roughness contour plot related to filler-loaded CEC (Figure 17)
illustrates that a speed of 5500 rpm, feed of 0.03 mm.rev−1, drill diameter greater than
6 mm, and filler concentration between 4 and 6 wt% are the best conditions for achieving
low Ra. Based on the contour plot of DFexit of filler-loaded CECs (Figure 18), a feed of
0.03 mm.rev−1, spindle speed higher than 3250 rpm, drill diameter of 4 mm, and filler
concentration between 4 and 8 wt% will result in a lower DFexit.
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Figure 14. Contour plot of neat CEC (a) surface roughness and (b) delamination.

The optimal parametric combination for multiple responses obtained from RSM are
shown in Table 18. The multi-response of neat CEC is optimum when the spindle speed
is 3273 rpm, feed is 0.03 mm.rev−1, and drill diameter is 4 mm. A spindle speed of
3409 rpm, feed of 0.03 mm.rev−1, drill diameter of 4 mm, and MoS2 concentration of
7.8 wt% are the optimum conditions for MoS2-loaded CEC. A spindle speed of 2500 rpm,
feed of 0.03 mm.rev−1, drill diameter of 4 mm, and h-BN concentration of 7.6 wt% are
the optimum conditions for h-BN-loaded CEC. A confirmatory drilling experiment was
carried out at multi-response optimum conditions to check the accuracy and validate the
optimization results. Table 18 also indicates the predicted response based on the regression
model and percentage of error between the predicted and experimental results at the
optimum conditions for each response. The maximum deviation was 5.02%. Thus, it is
clear that the experimentally measured response is close to that predicted by the RSM.

Table 18. Optimal combination based on multiple responses and confirmation test results.

Composite Types
Optimal Process

Parametric
Setting

Responses Experimental
Value

Predicted
Value

% Error∣∣∣Vp−Ve
Ve

∣∣∣×100

CEC
A: 3273
B: 0.03

C: 4

TF 10.03 9.68 3.47

T 90.81 93.50 2.96

SR 2.7070 2.5711 5.02

DF 1.0951 1.1420 4.28

MoS2-CEC

A: 3409
B: 0.03

C: 4
D: 7.8

TF 16.59 17.25 3.98

T 78.03 74.66 4.31

SR 1.7940 1.8826 4.94

DF 1.0974 1.0670 2.77

BN-CEC

A: 2500
B: 0.03

C: 4
D: 7.6

TF 20.10 19.31 3.91

T 68.83 71.47 3.84

SR 2.5405 2.4272 4.46

DF 1.1049 1.0682 3.32

Vp—predicted value; Ve—experimental value.
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Figure 16. Temperature contour plot of (a) MoS2-loaded CEC and (b) h-BN-loaded CEC. Figure 15. Temperature contour plot of (a) MoS2-loaded CEC and (b) h-BN-loaded CEC.

3.10. Confirmatory and Validation Results

The correctness of the developed RSM regression model was verified using a vali-
dation test. The drilling experiment was conducted with twelve different sets of process
parameters for the validation test, which were not used previously but were within the
defined experimental range, and the response was analyzed. Table 19 shows the input
conditions chosen for the validation test. The experimental result, RSM predicted value,
and percentage error between experimental and predicted results are displayed in Table 20.
The average percentage error was less than 4%. The RSM-predicted responses and experi-
mentally determined value agree fairly well. The results of the confirmatory and validation
tests closely match the regression model’s predicted values.
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Table 19. The input conditions of validation tests.

Expt. No. Spindle
Speed (rpm)

Feed
(mm.rev−1)

Drill
Diameter (mm)

Filler
Concentration (wt%)

1 1000 0.03 6 0

2 1000 0.05 8 0

3 3250 0.07 4 0

4 5500 0.03 6 0

5 1000 0.03 4 6 (MoS2)

6 1000 0.07 6 4 (MoS2)

7 3250 0.07 4 6 (MoS2)

8 5500 0.07 6 8 (MoS2)

9 1000 0.03 6 8 (h-BN)

10 3250 0.03 4 8 (h-BN)

11 3250 0.07 8 4 (h-BN)

12 5500 0.07 6 6 (h-BN)
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Figure 17. Surface roughness contour plot of (a) MoS2-loaded CEC and (b) h-BN-loaded CEC. Figure 17. Surface roughness contour plot of (a) MoS2-loaded CEC and (b) h-BN-loaded CEC.

Table 20. Experimental and RSM-predicted results of validation tests.

Expt.
No.

Thrust Force, TF (N) Temperature, T (◦C) Surface Roughness,
Ra (µm)

Push-Out Delamination
Factor, DFexit

E P Er E P Er E P Er E P Er

1 15.52 15.04 3.06 85.70 85.88 0.21 3.9887 3.9564 0.81 1.3921 1.3324 4.28

2 19.31 20.18 4.51 92.37 90.97 1.51 4.7751 4.6576 2.46 1.4022 1.4325 2.16

3 17.73 17.14 3.29 89.70 91.88 2.43 4.6496 4.8194 3.65 1.1870 1.2063 1.63

4 12.85 13.38 4.14 121.90 121.24 0.54 1.5083 1.5546 3.07 1.2610 1.2130 3.81

5 22.24 21.62 2.79 60.20 60.36 0.27 2.3451 2.4211 3.24 1.1115 1.0807 2.77

6 24.99 26.28 5.12 64.90 65.16 0.39 3.0251 2.9186 3.52 1.3495 1.2837 4.87
7 25.95 24.91 4.01 61.90 61.76 0.23 2.1522 2.1901 1.76 1.0112 1.0641 5.24

8 20.89 21.58 3.27 77.10 76.22 1.14 1.5121 1.5552 2.85 1.1872 1.2213 2.88

9 20.25 19.34 4.49 61.63 63.84 3.59 2.6475 2.7571 4.14 1.1921 1.2415 4.15

10 16.71 17.48 4.61 75.20 75.14 0.08 2.3258 2.2755 2.16 1.1287 1.0912 3.32

11 26.39 25.58 3.07 80.80 81.02 0.27 2.0197 1.9198 4.95 1.2313 1.1913 3.25

12 29.87 28.28 5.36 79.40 79.93 0.67 1.0628 1.1019 3.68 1.0389 1.0863 4.56

Average error 3.98% Average error 0.95% Average error 3.03% Average error 3.59%

E—experimental; P—predicted value; Er—error percentage.
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3.11. Desirability Response

The desirability approach identifies input conditions ‘x’ corresponding to the most
desirable response value. Derringer et al. [86] proposed a modified desirability function to
solve a multi-response optimization problem. In the present case, low values are desired for
all responses to achieve better hole quality. Therefore, the individual desirability function
is defined for the minimization problem, as shown in Equation (14), where Li, Ui and Ti are
the lower, upper, and target values, respectively, with Li ≤ Ti ≤ Ui. The value s = 1 was
chosen in this case.
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di

(
Ŷ i

)
=



1 if Ŷ i(x) < Ti(
Ŷ i(x)−Ui

Ti−Ui

)s
if Ti ≤ Ŷi(x) ≤ Ui

0 if Ŷi(x) > Ui

(14)

The desirability index is a dimensionless single-output variable used to assess the success
of response surface optimization. A desirability function di(Yi) assigns numbers between 0
and 1 to each response Yi(x). The desirability index is a number between 0 and 1, with a
value close to unity being considered acceptable. By combining the individual desirability
functions using the geometric mean, the overall desirability D of a multi-response system
can be estimated according to Equation (15), where k denotes the number of responses.

D = (d1(Y1). d2(Y2) · · ·dk(Yk))
1/k (15)

Figures 19 and 20a,b show the response optimization plots for neat CEC, MoS2-
loaded CEC and h-BN-loaded CEC, respectively. The intersection point of the red line
with the curve is the condition of the input parameter corresponding to multi-response
optimization. The overall desirability of neat CEC, MoS2-loaded CEC and h-BN-loaded
CEC are, respectively, 0.83, 0.76, and 0.73.
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4. Conclusions

The drilling experiments were conducted on seven variants of composites with varying
filler percentages. The influence of drilling process parameters and fillers on the thrust
force, temperature, surface roughness, and delamination factor were investigated. The
main findings are summarized as follows.

• The results demonstrate that drilling composite containing h-BN/MoS2 filler improves
heat dissipation and reduces drilling temperature. This is due to the filler’s good
lubricating properties and thermal conductivity. A minimum drilling temperature
of 49.2 ◦C was recorded for 8 wt% MoS2-dispersed CEC when using a 4 mm drill
diameter, spindle speed of 1000 rpm, and feed of 0.07 mm.rev−1.

• The lowest surface roughness of 0.78 µm was observed in the case of 4 wt% MoS2-
dispersed CEC drilled at a spindle speed of 5500 rpm, feed of 0.03 mm.rev−1, and drill
diameter of 8 mm. Improved hole surface finish may be caused by reduced interface
friction and thermal damage in filler-loaded CEC.

• The minimum DFexit of 1.0654 was achieved for 4 wt% MoS2-loaded CEC at a spindle
speed of 5500 rpm, feed of 0.03 mm.rev−1, and drill diameter of 4 mm. The improved
delamination resistance is a result of the improved fiber–filler–matrix interface prop-
erty as well as toughness of the filler-added epoxy. The Ra and DFexit values of
h-BN-filled CEC are comparable to those of MoS2-filled CEC.

• According to the C-scan inspection of the drilled composite, the drilling-induced
damage region is lesser in filler-loaded CEC compared to neat CEC. The SEM micro-
graphs of drilled neat CEC reveal matrix cracking, matrix debonding, and fiber pullout.
The majority of the drilled region was smooth with intact fibers in filler-dispersed
CEC. This is because the filler-strengthened epoxy decreases matrix cracking, matrix
smearing, and fiber pullout.

• The developed second-order response surface regression model can predict responses
close to experimental results with an acceptable percentage of error.

• The current research can be extended to vortex-tube (chilled air) assisted drilling
and MQL-assisted drilling. The damage developed in the drilled samples will be
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examined using the X-ray CT method. In future studies, a metaheuristic algorithm can
be used to perform multi-response optimization. Drilling studies on a filler-loaded 3D
layer-to-layer interlock woven composite, MoS2-loaded epoxy, h-BN-loaded epoxy,
and liquid-encapsulated filler-reinforced epoxy composites will be investigated.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcs7020046/s1, Figure S1: Variation of thrust force with drilling time; Figure S2: IR thermal
images of neat CEC under various drilling conditions; Figure S3: IR thermal images of MoS2-
loaded CEC under different drilling conditions; Figure S4: IR thermal images of h-BN-loaded CEC
under different drilling conditions; Figure S5: Standardized residuals versus fitted value of neat
CEC (a) thrust force; (b) temperature; (c) surface roughness and (d) delamination factor; Figure S6:
Standardized residuals versus fitted value of MoS2-loaded CEC (a) thrust force; (b) temperature;
(c) surface roughness; (d) delamination factor; standardized residuals versus fitted value of h-BN-
loaded CEC (e) thrust force; (f) temperature; (g) surface roughness and (h) delamination factor;
Figure S7: NPP of residual of neat CEC (a) thrust force; (b) temperature; (c) surface roughness
and (d) delamination factor; and Figure S8: NPP of residual of MoS2-loaded CEC (a) thrust force;
(b) temperature; (c) surface roughness; (d) delamination factor; NPP of residual of h-BN-loaded CEC
(e) thrust force; (f) temperature; (g) surface roughness and (h) delamination factor.
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