
A R C H I V E O F M E C H A N I C A L E N G I N E E R I N G

DOI: 10.24425/ame.2022.140417 2022, Vol. 69, No. 2, pp. 269–300

Kuldeep KUMAR 1, Rajesh Kumar VERMA 1

Measurement and evaluation of delamination factors
and thrust force generation during drilling of multiwall
carbon nanotube (MWCNT) modified polymer laminates

Received 7 August 2021, Revised 19 January 2022, Accepted 8 February 2022, Published online 26 April 2022

Keywords: drilling, glass fiber, MWCNT, delamination, thrust

In recent years, manufacturing industries have demanded high-performance ma-
terials for structural components development due to their reduced weight, improved
strength, corrosion, and moisture resistance. The outstanding performance of polymer
nano-composites substitutes the use of conventional composites materials. This study
is concerned with the machining of MWCNT and glass fiber-modified epoxy com-
posites prepared by a cost-effective hand layup procedure. The investigations were
carried out to estimate the generation of the thrust force (Th) and delamination factors
at entry (DFentry) and exit (DFexit) side during the drilling of fiber composites. The
effect of varying constraints on the machining indices was explored for obtaining an
adequate quality of hole created in the epoxy nano-composites. The outcome shows
that the feed rate (F) is the most critical factor influencing delamination at both entry
and exit side, and the second one is the thrust force followed by wt.% ofMWCNT. The
statistical study shows that optimal combination of S (1650 Level-2), F (165 Level-2),
and 2 wt.% of MWCNT (Level-2) can be used to minimize DFentry, DFexit, and Th.
The drilling-induced damages were studied by means of a high-resolution microscopy
test. The results reveal that the supplement of MWCNT substantially increases the
machining efficiency of the developed nano-composites.

1. Introduction

Fiber-reinforced polymer (FRP) composites extensively replace conventional
manufacturing materials such as metals and alloys in the manufacturing sector.
Due to unique structural properties, it is highly preferred to apply them in trans-
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portation, aerospace, sporting goods, components, etc [1–3]. In particular, the glass
fiber-reinforced polymers (GFRPs) are typically used in aircraft and sports prod-
ucts like golf shafts, bicycle helmets, etc [4–6]. But, the fragile nature of glass
fiber restricts some specific functions subjected to fatigue and creep conditions.
To overcome this limitation, the addition of some other secondary reinforcement
is used to strengthen the properties of GFRP composites. Nano-dispersed fillers
are preferable over micro-fillers in this case because of their higher aspect ra-
tio, higher surface area, reduced angularity, and lower volume required [7]. The
aerospace and automotive sectors are trying to minimize weight of their prod-
ucts by around 50 percent by replacing primary structural components with ones
fabricated from polymer composites [8, 9]. In this sector, fuel consumption and
passenger comforts are improving owing to lightweight glass/polymer compos-
ites. The nanofillers contribute to the effective transfer of load from the matrix to
the reinforced particles of the strong interface. Carbon-based nanofillers (CBNs)
improved the fracture toughness of polymermatrix without wortening their thermo-
mechanical properties [10, 11]. The use of graphene, carbon nanotubes (CNTs),
carbon nanosheets (CNS), and other CBNs improves composite properties. These
nanomaterials have been extensively explored since the discovery of carbon al-
lotropic forms [12]. The carbon nanofiller is a valuable additive for modifying
epoxy structure properties. CNTs are extremely desirable nanoparticle reinforce-
ments for epoxy matrix and metal composites [13, 14]. The multi-walled carbon
nanotubes (MWCNTs) are extensively used in high precision component man-
ufacturing due to excellent features, such as high aspect ratio, strong electric
conductivity, and high fracture strain [15, 16]. Tabatabaeian and Ghasemi [17]
examined the effect of nanomaterials on the structural performance of polymer
composite. The GFRP composites were modified by adding MWCNT (0% and
1%) as supplement materials. The addition of 1% of MWCNTs reduced resid-
ual stress and delamination effect by 30% and 2.33%, respectively. The find-
ings showed a considerable improvement of the mechanical strength and thermal
properties of the developed nano-composite. Gaurav and Singh [18] developed
laminate composites to assess the fatigue life and tensile test. The MWCNT
supplement expanded the absorptivity of the solution in the Ultraviolet-Visible
Region (UV–Vis), reflecting a larger number of disentangled and separate MWC-
NTs in the solution. Shivamurthy et al. [19] examined the structural property
of the MWCNT/Glass fiber modified epoxy nano-composite. It was shown that
the MWCNT increased the mechanical quality and reduced wear of the pro-
posed composite. The researchers concluded that the composite with 0.3 wt %
of MWCNT exhibited better properties than those with 0.07% and 0.15 wt %
of MWCNT.

The composite material undergoes various machining processes like milling,
drilling, turning, etc., to assemble different components for specific applica-
tions [20]. Drilling is an effective machining procedure in polymer manufactur-
ing for its high efficiency in constructing mechanical joints and product assem-



Measurement and evaluation of delamination factors and thrust force generation. . . 271

bly [21, 22]. However, the findings demonstrate that GFRP is prone to produc-
tion flaws such as burr formation, shearing, delamination, and thermal degrada-
tion. It is mainly due to its fragile, non-homogeneity, and anisotropic behavior.
Delamination is one of the most common flaws in drilled components, reduc-
ing mechanical strength and fatigue life [23]. In the processes of drilling of the
polymer composite, thrust, torque, tool wear, delamination, and surface quality
can be controlled by varying machining factors like feed rate, speed, and tool
characteristics [24, 25]. Manufacturing requires the best machining performance,
i.e., the finest quality hole with a minimal amount of damage and a perfectly
machined surface. It can be achieved by controlling machining parameters us-
ing optimization modules for efficient machining of the product with reduced
machining defects. Several well-known researchers have proposed efficient op-
timization modules and theories to control the process parameters during com-
posite machining. The primary drilling parameters like drill speed, feed rate
and tool geometry were investigated for improving machining performance. In
this domain, Poor et al. [26] investigated drilling operation on carbon/polymer
composite and discussed the burr formation mechanism and burr measurement
technique. Their findings reveal that the depth of cut, cutting edge radius an-
gle, and fiber cutting angle are the most important parameters in drilling poly-
mer composite. Higuchi et al. [27] studied push-out delamination at the exit
side in drilling of a polymer composite. For evaluating the push-out delami-
nation, they used X-ray computer tomography and optical microscopy. Kumar
et al. [28] examined the drilling performance of CFRP/epoxy nano-composites
modified by graphene oxide (GO). For the drilling test, three process constraints,
namely, cutting speed, feed, and wt.% of GO were varied at three levels. The
overall objective of this work was to obtain the desired values of surface rough-
ness, thrust force, torque, delamination on entry and exit side by controling the
process parameters. The optimal parametric setting was estimated by a hybrid
module of combined quality loss (CQL) and WPCA. The correlation factor be-
tween the machining responses was evaluated by the principal component anal-
ysis (PCA) tool. Finally, the authors stated that the cutting velocity is the most
dominant factor, followed by the feed rate and wt.%. Hoffmann et al. [29] in-
vestigated the hole quality and delamination factor of air-cooled drilled poly-
mer composite. They used an uncoated carbide drill toll, and applied varying
feed rate and cutting speed for drilling of CFRP composite. They stated that
minimum damage and low delamination factor were observed at a high cutting
speed. The researchers concluded that the compressed cooling reduced the de-
lamination at the entry side of the hole. The delamination at the exit side in-
creased when the push-down effect increased compared to the dry cutting. Erturk
et al. [30] studied the effect of cutting temperature and conducted a paramet-
ric optimization in drilling a continuous GFRP composite. The drilling opera-
tion was performed under dry conditions, and there were chosen three three-
level factors, such as drill bit (HSS-R; HSS-TiN; carbide), spindle speed (535;
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1720; 3030), and feed rate (01; 02; 03). The outcomes showed that material
temperature slightly increased as the spindle speed increased. The highest tem-
perature was produced during the drilling operation with the HSS-R drill bite
compared to the HSS-TiN and carbide drill bit. They also concluded that the thrust
force and the torque increase as the feed rate increases. Pramod et al. [31] per-
formed the drilling operation on nano-polymer composite and investigated the
delamination induced in the drilled holes. The experimentation was performed
by means of the Taguchi L16 orthogonal array. The authors reported that mini-
mum delamination was observed in drilling the nano-composite (nano clay and
graphene) compared to the base composite. The minimum delamination and cir-
cularity error were observed at a higher spindle speed, lower feed rate, and a
smaller drill bit. Kharwar et al. [32] performed the milling test on the MWC-
NT/epoxy nano-composite samples. The authors investigated the milling behav-
ior and determined an optimal parametric set using an algorithm based on the
Particle Swarm Optimization (PSO) approach. The milling efficiency was ex-
plored by variation of four factors at three different levels during the machining
test. For this, MWCNT wt.%, the spindle speed, the feed rate, and the depth
of cut were considered to acquire the desired surface roughness and material
removal rate (MRR) values. It was observed that the MRR reduces at higher
loading of MWCNT wt.%, and a smooth surface can be obtained at a higher
spindle speed. The surface roughness rises with an increase in the feed rate due
to the strain hardening effect. Gokulkumar et al. [33] varied the drilling factors
such as speed and feed rate to achieve the optimum thrust force value during
drilling of GFRP composites. It was observed that higher thrust forces could be
obtained at lower cutting speeds. Liu et al. [34] used aramid fibers to fabricate
polymer composites applicable for various functions in the aircraft and auto-
motive components. The aramid modified composites were drilled to examine
the delamination failure. The number of uncut fibers determined the delamina-
tion by the chisel edge during drilling. Bhushi et al. [35] elaborated algorithms
and metaheuristics tools, like Particle Swarm Optimization (PSO), Simulating
annealing (SA) and Genetic Algorithm (GA) to examine the delamination gener-
ation in the drilling of carbon fiber reinforced laminate composites. The response
surface-based regression equation was derived for modeling and simulation of
varying parameters. ANOVA results showed that feed rate and tool helix angle
were the most significant factors for drilling efficiency. PSO algorithm findings
for delamination values were remarked as more feasible than GA and SA for
optimization purposes. Janakiraman et al. [36] examined the cryogenic condi-
tion for the drilling test. The response was examined by regression modeling
of delamination factors, surface roughness, and the thrust force. Mudhukrishnan
et al. [37] used a 6 mm diameter HSS, tipped, and solid carbide tool for the
drilling processes. The thrust force directly increased with the feed rate. The au-
thors observed that the HSS tool produced a greater thrust variation compared
to tipped carbide and solid carbide tools. Kwon et al. [38] studied delamination
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and uncut fibers during machining of the CFRP composite. They concluded that
a smaller thrust force produces less delamination, but the thrust force creates
more delamination damage when increased. Panneerselvam et al. [39] experi-
mented with the machining effect of delamination on the Sisal-GFRP composite.
The experiments were designed by the Taguchi method to assess the delamina-
tion factors. The researcher applied the signal-to-noise ratio (S/N) to establish
operating conditions for obtaining minimal amount of delamination. During the
drilling performance, minimum delamination damage occurred at a higher spin-
dle speed. Minimum thrust force and torque were observed at a lower drill feed
value.

Several authors investigate the machining aspects of polymer composites rein-
forced with macro-fibers like glass, carbon, aramid, etc. The studies related to poly-
mer nano-composites are passing through the transition phase. Most of the studies
are limited to the synthesis and characterization phase only. Exploring exceptional
features of modified nano-composites is not feasible without understanding the
machinability efficiency and optimization of the process parameters. During mod-
ified composite machining, delamination is observed causing significant damages
that may lead to rejection of the entire product assembly. Delamination reduces
durability and effectiveness of the machined components. The intermittent cut-
ting force control is another critical challenge for polymer manufacturers. It could
be dealt with through the balancing of varying parameters using a simultaneous
optimization module. Numerous publications shows the feasibility of the modi-
fied nano-composites for high-performance applications in aircraft, aerospace and
defense products, etc. Proper cutting condition and damage-free machining are
complex tasks due to anisotropy and low ductility of glass fiber/polymer compos-
ites. This article explores the fabrication and estimates drilling machinability of
MWCNT incorporated GFRP/epoxy nano-composites. It has been remarked that
glass fiber is a promising and economical substitute to conventional composites
due to its outstanding properties and cost-effectiveness [40–44]. The supplement of
MWCNT/Glass fiber could produce the desired structural function properties [45–
48]. This work shows the machining aspect of the fabricated nano-composite
samples during the drilling test.

The machinability-related studies will provide an insight into selection of
optimal process parameters for an efficient machining environment. It is only
feasible by a comprehensive experimented analysis and applying statistical models
relating response and parameters. The RSM-based Box Behnken design (15 tests)
was applied to perform the experimentations. The delamination factors at the entry
(DFentry) and exit side (DFexit) of the sample, and the thrust force (Th) in the
machining (drilling) of MWCNT incorporated GFRP/epoxy nano-composite were
examined. Drilling experiments were carried out in varying cutting conditions, such
as speeds, feed rates, and wt.% ofMWCNT. Therefore, it was necessary to consider
the effect of each process constraint on machining indices through mathematical
modeling and optimization tools. The present work identifies the parametric effect
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and suggests an efficient way to control the defects and fracture during drilling of
the laminated composite. The role of MWCNT is well described in this study for
the development of a multi-function composite. An effort has been made to modify
the conventional fiber (macro size) composite by substituting it with a high-strength
polymer nano-composites.

2. Experimentation

2.1. Development of polymer nano-composites

The material used for the study was the Glass Fiber Reinforced Polymer
(200 gsm), acquired from M/s/CF composites Delhi Pvt. Ltd. India, and epoxy-
based on bisphenol purchased from by M/s. AE Services, Karnataka, Bangalore,
India. The nano-composite was fabricated using caste-effective hand layup process
with varying 01, 02, and 03 wt.% of MWCNT and employing an ultra sonicator
for nanofiller dispersion, with epoxy resin supplied by M/s. AD-Nano Technol-
ogy private Ltd. Karnataka India. To strengthen the composite, the Lapox L-12,
bisphenol-based epoxy resin and K-6 Hardener were mixed up to a ratio of 10:1
by weight for the preparation of composite laminates. MWCNTs are frequently ob-
tained as agglomerates. To deagglomerate them, high-quality ethanol was added,
followed by 1 hour of sonication at 40 kHz using an ultrasonicater machine. The
properties of the MWCNT nano-material are listed in Table 1. After sonicating
the MWCNT, the solution was thoroughly stirred with a mechanical stirrer at 450
RPM for 1 hour at 85◦C to facilitate the dispersion of CNTs into the epoxy matrix.
After mechanical stirring, the mixed epoxy and MWCNT solution was keep at
room temperature for cooling for about one hour. The hardener was blended in
a 10:1 ratio and physically laid up between silicon rubber sheets with overhead
projection sheets on both sides after the number of layers was adjusted. The sheets
were sprayed with a mold releasing agent to prevent the laminate from sticking to
them. During the quaring cycle, the composite was pressed under a load of 5 kN
for 24 houres. The developed composite (size of 100 × 100 × 5 mm) is shown in
Fig. 1.

Table 1. MWCNT specifications

S. N Factors Feature

1 Form Multiwall Carbon Nanotube

2 Purity Gretter than 99%

3 Average diameter 10–15 nm

4 Average length 5 µm

X-ray diffraction (XRD) imaging was performed on the prepared nano-compo-
site to confirm nanomaterials’ chemical composition and homogenous dispersion.
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Fig. 1. Prepared sample (1, 2, and 3 wt.% of MWCNT)

The XRD is commonly used to evaluate the degree of graphitization and nan-
otubes [49–53].

Fig. 2 shows the synchrotron XRD spectrum of pure MWCNT, neat GFRP/e-
poxy, 0.1 and 0.3 wt.% of MWCNT GFRP composites samples. Pure MWCNT
exhibits high peaks at 2θ = 27.10 degrees and lower peaks at 2θ = 38, 20, and
41.1 degrees, indicating the presence of graphitic plane in the sample. The lower
peaks at 2θ = 27.10 degrees and higher peaks at 2θ = 79.50 and 38.20 degrees are
found in the epoxy nano-composites. It confirms the presence of the graphitic plane
in the sample [54, 55]. Table 2 represents mechanical properties of the proposed
epoxy nano-composites.

 
Fig. 2. XRD pattern of pure MWCNT and 1 wt.% MWCNT/GFRP composites
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Table 2. Mechanical properties at 1, 2, and 3 wt.% of MWCNT/GFRP samples

Materials Tensile properties Flexural properties

Sample code MWCNT content (wt.%) Tensile strength
(MPa)

Flexural strength
(MPa)

1% MWCNT-GFRP 1 158.88 184.83

2% MWCNT-GFRP 2 133.96 151.27

3% MWCNT-GFRP 3 128,32 131.27

3. Design of experiment

3.1. Response surface methodology (RSM)

Box and Draper designed the response surface methodology (RSM) to fit
experimental parameters to models. RSM is a set of numerical approaches for
constructing mathematical models and estimating factor effects in order to find the
best variable resolution. In the model generation stage, RSM employs the statistical
design of experiments and the least-square fitting approach [56–59]. This approach
aims at obtaining a good relationship between various input drilling parameters
and the output response, and optimizing the response prediction.

If a linear function of independent variables properly models the response, the
approximation function is the first-order model. The 1st order mathematical model
can be explained by the following Eq. (1).

y = β0 + β1x1 + β2x2 + . . . + βk xk + ε . (1)

In general, the 2nd order polynomial response surface model is used to study the
influence of machining parameters on the responses. The 2nd order mathematical
model can be explained by the following Eq. (2).

y = β0 +

k∑
j=1

β j x j +

k∑
j=1

βi j x2
j +

k−1∑
i

k∑
j

βi j xix j + ε, (2)

where i = 1, 2 . . . , k−1 and j = 1, 2, . . . , k also i < j.
The RSM design was used to perform fifteen drilling tests for experimentation

(Table 3) [60]. The three varying parameters, namely, the spindle speed (S), the feed
rate (F), and wt.% of MWCNT were considered at three different levels (Table 3)
of CNC vertical milling machine setup (Model-BMV35-TC20). An electric Kistler
dynamometer was attached to record the data generated by the thrust force (Th)
during the drilling process. TiAIN Sic coated drill bits (5 mm diameter) were used,
as described in Fig. 3. The specification of the machining setup is presented in
Table 4.
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Table 3. Process parameters

Factors Nomenclature
Level

Unit
1 2 3

Spindle speed S 850 1650 2450 rpm
Feed rate F 85 165 245 mm/min
wt.% MWCNT 1 2 3 –

 

Fig. 3. Machining setup

Table 4. Specification of vertical CNC machine (BMV35 TC20)

Specifications Value
Higher spindle speed 8,000 (10,000) rpm
Feed rates 1–10,000 mm/min
Rapid traverse X /Y / Z axes 32 / 32 / 32 m/min
Max. tool dia. with adjacent pocket full / empty 80 / 125 mm
Maximum tool weight 8 kg
Maximum tool length 200 mm
Positioning accuracy ±0.005
Clamping area 350 × 600 mm × mm
Maximum safe load on table 350 kg

Distance between table and spindle face 150–500
(350–700)

3.2. Measurement of delamination factor

The delamination failure is a significant problem in the drilling of polymer lam-
inates. It is assessed using vision measuring equipment (model no. SDM TRZ3D)
with a resolution of (0.0001 mm) and an optical magnification range of 0.7×–4.5×,
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as shown in Fig. 4. As shown in Fig. 6, all the drilled hole images were captured and
converted into the JPEG format by MSU-3D Pro-software. The drilling damages
were measured by examining multiple spots across the drilled hole on the entry
and exit sides. The delamination factor was calculated (Fig. 5) using Eq. (3).

DF =
(
Dmax/D0

)
, (3)

where DF denotes delamination factor, Dmax is maximum damaged area around
the hole periphery, and D0 is nominal drill diameter.

 
Fig. 4. Vision measurement setup

 

Fig. 5. Delamination mechanism and its measurement
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(a) 1 wt. % MWCNT incorporated GFRP/Epoxy 

 

 
(b) 2 wt. % MWCNT incorporated GFRP/Epoxy 

 

 
(c) 3 wt. % MWCNT incorporated GFRP/Epoxy 

Fig. 6. Images of drilled holes for evaluation of delamination factor
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4. Results and discussion

In the current work, fifteen experiments were performed according to the RSM
theory. The TiAlN SiC coated drill bit was used for the drilling operations based on
varying constraints such as the spindle speed (rpm), the feed rate (mm/min), and
MWCNT wt.%. The RSM experimental design and the corresponding response
values of delamination factor at entry (DFentry) and exit (DFexit) side, and the thrust
force (Th) are given in Table 5. The ANOVA test was performed for effective
assessment of the impact of drilling factors on the response. Table 6 shows the
predicted and experimental response values evaluated for determining experimental
accuracy. An average error of 4.272% forDFentry, 3.735% forDFexit, and 8.545% for
Th was obtained, which signified that the developed model yielded an acceptable
agreement between experimental and predicted outcomes. As evidenced by the
low average error value, the proposed mathematical model of relation between
variables and results can be found satisfactory.

Table 5. BBD layout and corresponding response value

Experiment No
Input parameters Response

S
(rpm)

F
(mm/min) wt.%

Delamination factor
Th (N)

Entry Exit
1 850 85 2 1.0210 1.0367 32.97
2 2450 85 2 1.0400 1.0800 20.14
3 850 245 2 1.0706 1.0667 55.02
4 2450 245 2 1.2240 1.1450 52.78
5 850 165 1 1.0602 1.0820 55.05
6 2450 165 1 1.0432 1.0840 42.05
7 850 165 3 1.0588 1.0765 35.52
8 2450 165 3 1.2322 1.1978 30.52
9 1650 85 1 1.0008 1.1000 31.96
10 1650 245 1 1.1356 1.1398 60.75
11 1650 85 3 1.0450 1.0604 25.04
12 1650 245 3 1.2523 1.2180 50.45
13 1650 165 2 1.0045 1.0096 35.40
14 1650 165 2 1.0005 1.0056 30.79
15 1650 165 2 1.0004 1.0045 36.28

Figs. 7 to 9 display plots of the experimental outcome vs. the training outcome
predicted via MINITAB software. The graphs demonstrate adequate model ade-
quacy by showing good agreement between the experimental and predicted results.
The obtained results are acceptable for an efficient drilling environment.
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Table 6. Experimental outcome vs. predicted outcome and corresponding error

S. No Experimental value Predicted value Error (%)

DFentry DFexit Th DFentry DFexit Th DFentry DFexit Th

1 1.021 1.037 32.97 0.966 1.020 30.17 5.366 1.616 8.491

2 1.040 1.080 20.14 1.048 1.081 21.90 0.809 0.108 8.754

3 1.071 1.067 55.02 1.110 1.093 57.39 3.693 2.470 4.313

4 1.224 1.145 52.78 1.192 1.154 49.13 2.587 0.810 6.924

5 1.060 1.082 55.05 0.995 1.038 49.82 6.186 4.054 9.506

6 1.043 1.084 42.05 1.077 1.099 41.55 3.222 1.417 1.191

7 1.059 1.077 35.52 1.082 1.075 37.75 2.166 0.153 6.269

8 1.232 1.198 30.52 1.164 1.136 29.48 5.540 5.153 3.410

9 1.001 1.100 31.96 0.964 1.032 32.07 3.702 6.164 0.350

10 1.136 1.140 60.75 1.108 1.105 59.29 2.459 3.027 2.396

11 1.045 1.060 25.04 1.051 1.069 20.00 0.562 0.803 20.121

12 1.252 1.218 50.45 1.195 1.142 47.22 4.592 6.238 6.394

13 1.005 1.010 35.4 1.079 1.087 39.65 7.444 7.677 12.000

14 1.001 1.006 30.79 1.079 1.087 39.65 7.873 8.105 28.769

15 1.000 1.005 36.28 1.079 1.087 39.65 7.884 8.224 9.283

Average error % 4.272 3.735 8.545

Fig. 7. Experimental vs. predicted result for DFentry
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Fig. 8. Experimental vs. predicted result for DFentry

Fig. 9. Experimental vs. predicted result for thrust force (Th)

4.1. Influence of drilling parameters on DFentry

The contour plots were used to illustrate the correlation between variables.
In this paper, the contour plots are drawn in their respective coordinate axes, and
the contour lines characterize the response factor determined through imaging
processing on Minitab. Fig. 10a–10c represent the contour plot for DFentry vs. feed
rate and the spindle speed. Fig. 10a shows that, as the spindle speed increases,
DFentry decreases. It could be possible due to softening of the matrix at high cutting
speeds [61].
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Similarly, when the feed rate rises, DFentry increases. It is evident that minimum
delamination at entry appears when the speed ranges from 1000 to 2000 rpm
and the feed rate is 120 to 210 mm/min. We can notice that a lower value of
delamination is obtained at the combination of minimum feed rate and a relatively
higher spindle speed. The higher spindle speed results in increasing temperature,
which softens the matrix material, similarly, the low feed rate develops a lower
cutting force. Consequently, there is little chance for delamination propagation
within the matrix [62].

(a) Contour plot of interaction effect for spindle
speed and feed rate on DFentry

(b) Contour plot of the interaction effect of wt.%
and spindle speed on DFentry

(c) Contour plot of interaction effect of wt.% and
feed rate on DFentry

Fig. 10. Various contour plots

Fig. 10b illustrates the interaction effect of wt.% and spindle speed on DFentry.
It can be observed that minimum DFentry is obtained within the range of 1.4 wt.%
to 2.4 wt.% and the spindle speed of 1000 rpm to near 2150. The interaction effect
of wt.% and feed rate on DFentry is displayed in Fig. 10c. It is noticible that the
increased MWCNT wt.% raises the extent of DFentry. Similarly, as the feed rate
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grows from 1 to 200 mm/min, the value of DFentry increases. A similar trend has
been observed in previous investigations [63, 64].

In this study,ANOVAwas used to estimate the impact of the linear, squared, and
interaction effect of varying parameters on the delamination factor. The parameters
in Table 7 are significant if P < 0.05. The following parameters: the spindle speed
(S), the feed rate (F), wt.% of MWCNT and interactions between S and S, F and F,
wt.% and wt.% and S and F, S, and wt.% are significant for the DFentry, while the
interaction between F and wt.% isn’t. It shows that the quadratic model is the better
one. The variance outcome was used to determine the model’s adequacy, which is
98.54% in this case.

Table 7. ANOVA for DFentry

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value

S 1 0.013514 12.30% 0.011765 0.011765 36.68 0.002S

F 1 0.041429 37.70% 0.008021 0.008021 25.01 0.004S

wt.% 1 0.015182 13.82% 0.016005 0.016005 49.90 0.001S

S*S 1 0.003593 3.27% 0.005512 0.005512 17.19 0.009S

F*F 1 0.007187 6.54% 0.008672 0.008672 27.04 0.003S

wt.%*wt.% 1 0.012491 11.37% 0.012491 0.012491 38.95 0.002S

S*F 1 0.004516 4.11% 0.004516 0.004516 14.08 0.013S

S*wt.% 1 0.009063 8.25% 0.009063 0.009063 28.26 0.003S

F*wt.% 1 0.001314 1.20% 0.001314 0.001314 4.10 0.099

Error 5 0.001604 1.46% 0.001604 0.000321

Lack-of-Fit 3 0.001593 1.45% 0.001593 0.000531 97.05 0.010

Pure Error 2 0.000011 0.01% 0.000011 0.000005

Total 14 0.109891 100.00%

R2 = 98.54%, R2(adj) = 95.91%

S = Significant (If P ≤ 0.05)

The normal probability plot for DFentry is shown in Fig. 11, which illustrates the
relationship between residuals and their expected values. It shows that the residuals
are normally distributed. The graphs in Fig. 12 indicate that the optimal levels of
parameters are: S-850, F-85, and 1 wt.% of MWCNT, which relate to the lowest
delamination at entry side (DFentry). Fig. 12 presents the plots of main effects of
speed (S), feed rate (F), and wt.% of MWCNT on DF entry. It can be seen that
the spindle speed at S-850 and the feed rate at F-85 exert the maximum effects
on DFentry. From Fig. 12 one can see that the maximum delamination occurrs at
the highest spindle speed (S-2450), the highest feed rate (F-245), and at 3 wt.%
of MWCNT. It is remarkable that the delamination factor at the entry (DFentry)
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decreases with the decrease in the percentage of reinforcement in the material. It is
primarily due to the higher feed rate creating more friction, which in turn increases
the delamination factor.
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Fig. 11. Normal probability plot for DFentry
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Fig. 12. Main effect plot for DFentry

4.2. Influence of drilling parameters on DFexit

As shown in Fig. 13, the contour plots demonstrate the interaction effect of
the spindle speed S and the feed rate F on DFexit. Fig. 13a depicts the contour plot
for delamination factor DFexit vs. F and S. As shown in the graph, when the feed
rate is between 100 and 200 mm/min and the spindle speed is between 1000 and
1900 rpm, the minimum delamination factor is obtained in compared to DFexit at
2400 rpm [65]. The contour plot of the interaction effect of wt.% and the spindle
speed on DFexit is demonstrated in Fig. 13b. The graph shows that minimum DFexit
is obtained in the range of 1.3 wt.% to 2.4 wt.% and the spindle speed from 1000
to near 2397 rpm. Likewise, in Fig. 13c one can observe that minimum DFexit is
obtained in the ranges of 1.3 to 2.5 wt.% and 120 to 180 mm/min of the feed rate.
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(a) Contour plot of the interaction effect of
spindle speed and feed rate on DFexit

(b) Contour plot of the interaction effect of wt.%
and spindle speed on DFexit

(c) Contour plot of the interaction effect of wt.%
and feed rate on DFexit

Fig. 13. Various contour plots

The results of variance analysis for DFexit are demonstrated in Table 8 to
estimate the model adequacy. The percentage contribution of the regression model
(96.73%) shows that it has a significant impact on DFexit with an acceptable error
of (3.27%). The residuals in Fig. 14 are very close to a straight line, indicating that
the errors are normally distributed. This demonstrates that the model has a high
degree of fitness.

Graphs in Fig. 15 indicate that the levels of MWCNT parameters represented
by S-850, F-85, and 2 wt.% produce less delamination at the exit side (DFexit)
than other levels of parameters. Fig. 15 depicts the main effect plots for DFexit. The
spindle speed of 850 rpm and the feed rate of 85 mm/min exert themaximum effects
on DFentry. One can also observe that maximum delamination damage is produced
for S-2450, F-245, and 3 wt.% of MWCNT. The thrust force at the tool’s chisel
edge increases as the feed rate increases, causing delamination damage across the
drilled hole surface.
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Table 8. ANOVA for DFexit

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
S 1 0.007497 12.70% 0.003895 0.003895 10.08 0.025S

F 1 0.010687 18.11% 0.008219 0.008219 21.26 0.006S

wt.% 1 0.002697 4.57% 0.025007 0.025007 64.69 0.000S

S*S 1 0.001383 2.34% 0.002901 0.002901 7.50 0.041S

F*F 1 0.006458 10.94% 0.008332 0.008332 21.56 0.006S

wt.%*wt.% 1 0.021035 35.64% 0.021035 0.021035 54.42 0.001S

S*F 1 0.000306 0.52% 0.000306 0.000306 0.79 0.414
S*wt.% 1 0.003558 6.03% 0.003558 0.003558 9.20 0.029S

F*wt.% 1 0.003469 5.88% 0.003469 0.003469 8.97 0.030S

Error 5 0.001933 3.27% 0.001933 0.000387
Lack-of-Fit 3 0.001918 3.25% 0.001918 0.000639 88.77 0.011
Pure Error 2 0.000014 0.02% 0.000014 0.000007

Total 14 0.059024 100.00%
R2 = 96.73%, R2(adj) = 90.83%, rmS = Significant (if P ≤ 0.05)
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Fig. 14. Normal probability plot for DFexit
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4.3. Influence of drilling parameters on thrust

The contour plot is demonstrated in Fig. 16 to analyze the impact of drilling
factors on the thrust force (Th). Fig. 16a shows that minimum thrust force occurs at
the highest spindle speed and the lowest feed rate. It can be concluded that the thrust
force increases as the feed rate increases. It happens because the increasing feed
rate causes a sharp rise in the feed force, resulting in a higher friction and a greater
thrust force [66]. Fig. 16b shows the interaction effect of wt.% and the spindle
speed on Th. It demonstrates that the minimum thrust force (Th) is obtained at the
higher speeds and the lower wt.% because the contact area between reinforcement
and matrix phase is growing with the increasing MWCNT wt%. Fig. 16c displays
the contour plot for Th vs. F and wt.%. It is shown that the minimum thrust is
obtained when wt.% ranges from 2 to 2.8 wt.% and the feed rate from 100 to
160 mm/min. It can be concluded that maximum thrust is producd as the feed rate
increases, because the material puts up a greater resistance in the cutting direction
in drilling of the nano-composite [63].

(a) Contour plot of the interaction effect of
spindle speed and feed rate on Th

(b) Contour plot of the interaction effect of wt.%
and spindle speed on Th

(c) Contour plot of the interaction effect of wt.%
and feed rate on Th

Fig. 16. Various contour plots
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The outcomes of variance analysis for thrust force (Th) are listed in Table 9. It
is evident from these findings that the feed rate (F) is the most significant parameter
with a 69.93% contribution. It shows that the quadratic model is the best one. The
model percentage contribution shows that the regression model with R2 = 98.00%
is highly significant with an allowable error of 2.00%. The plot of the thrust force
(Th) is shown in Fig. 17, demonstrating that the residuals lie near a straight line,
which indicates that the errors are normally distributed.

Table 9. ANOVA for thrust (Th)

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
S 1 136.70 6.45% 81.29 81.294 9.58 0.027S

F 1 1482.13 69.93% 4.12 4.116 0.49 0.517S

wt.% 1 291.37 13.75% 97.34 97.345 11.47 0.020S

S*S 1 12.63 0.60% 21.32 21.319 2.51 0.174
F*F 1 41.51 1.96% 49.67 49.675 5.85 0.060

wt.%*wt.% 1 65.92 3.11% 65.92 65.923 7.77 0.039S
S*F 1 28.04 1.32% 28.04 28.037 3.30 0.129

S*wt.% 1 16.00 0.75% 16.00 16.000 1.89 0.228
F*wt.% 1 2.86 0.13% 2.86 2.856 0.34 0.587
Error 5 42.44 2.00% 42.44 8.487

Lack-of-Fit 3 25.05 1.18% 25.05 8.349 0.96 0.547
Pure Error 2 17.39 0.82% 17.39 8.694

Total 14 2119.59 100.00%
R2 = 98.00%, R2(adj) = 94.39%, S = Significant (If P ≤ 0.05)
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Fig. 17. Normal probability plot for Th

Fig. 18 depicts the main effects of the input factors such as speed (S), feed rate
(F), and wt.% of MWCNT on the thrust force (Th) during the drilling of the nano-
composite. Fig. 18 shows that the spindle speed of 2450 rpm and the feed rate of
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85 mm/min exert the maximum effects on the thrust force (Th). The graphs indicate
that the levels of parameters denoted as: S-2450, F-85, and 3 wt.% of MWCNT
relate to the minimum thrust force, lower than that for other levels of parameters.
It is also observed that maximum Th is produced for the parameter levels S-850,
F-245, and 1 wt.% ofMWCNT. It can be observed that the thrust force decreased as
the spindle speed increases up to 2450 rpm. The increased spindle speed allows for
more heat to be produced, softening the polymer matrix and decreasing the thrust
force [67]. As the feed rate gradually increases, the pressure on the drill bit grows,
which in turn increases the thrust force during nano-composite drilling [68, 69].
Table 10 represents a regression model of DFentry, DFexit, and Th, demonstrating
the relationship between independent and dependent variables.
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Fig. 18. Main effect plot for Th

Table 10. Regression equation for DFentry, DFexit, and Th

S. no. Response Regression equation

1 DFentry 1.6987−0.000353 S−0.002919 F−0.3246 wt.%+0.000000 S∗S+0.000008 F∗
F+0.05816 wt.%∗wt.%+0.000001 S∗F+0.000060 S∗wt.%+0.000227 F∗wt.%

2 DFexit 1.736−0.000203 S−0.002954 F−0.4058 wt.%+0.000000 S∗S+0.000007 F∗
F+0.0755 wt.%∗wt.%+0.000000 S∗F+0.000037 S∗wt.%+0.000368 F∗wt.%

3 Th 85.4− 0.02938 S− 0.0661 F− 25.32 wt.%+ 0.000004 S ∗ S+ 0.000573 F ∗ F+
4.23 wt.% ∗ wt.% + 0.000041 S ∗ F + 0.00250 S ∗ wt.% − 0.0106 F ∗ wt.%

5. Control of delamination and thrust force: Grey theory

It is challenging to obtain theminimumdelamination at the entry and exit sides,
and aminimum thrust force while drilling the proposed nano-composites. The Grey
theory is used to evaluate the optimal values of the drilling responses [70, 71].
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Grey theory is a decision-making method based on the grey system theory
discovered by Dr. J. Deng in 1982. Gray relational analysis (GRA) has been uti-
lized in various scenarios to handle multiple response problems. Most previous
researchers employed the Grey theory to determine the optimal condition of the
output response [70, 72, 73]. In this approach, there are two zones: white and
grey. The grey zone represents a system with insufficient information, whereas the
white zone depicts all information. This method is used to determine the degree of
association between two sequences.

The following stages are used in the Grey theory:
Step-1: Firstly, the data are normalized to avoid the variability of the exper-

imental output, to the value range from 0 to 1. To minimize the smaller targeted
value response, smaller-the-better approach is used for normalization, as in Eq. (4).

x∗i =
Xi (k) −min Xi (k)

max xi (k) −min xi (k)
. (4)

For higher is better value one applies normalization using the following Eq. (5).

x∗i =
max xi (k) − xi (k)

max xi (k) −min xi (k)
, (5)

where i = 1, . . . ,m; k = 1, . . . , n; n represents the number of experiments, m
is the number of responses. The initial series is represented by xi (k). max xi (k)
represents the biggest value, min xi (k) indicates the lowest value, and x represents
the desired value.

Step-2: The grey relational coefficient (GRC) is calculated using the following
Eq. (6).

γi (k) =
∆min + γ∆max
∆oi (k) + γ∆max

, (6)

where ∆oi, represent the deviation sequence:

∆oi = |xo (k) − xi (k) | , (7)

where xo (k) represent the reference sequence and xi (k) represent a comparability
sequence. ∆min represent the minimum and ∆max is the maximum values of the
absolute differences between all comparison sequences.

Step-3: The grey relational grade (GRG) is calculated by averaging the GRC
values. The GRG value is calculated using the following Eq. (8).

Gi =
1
n

n∑
k=1

γi (k) , (8)

where, Gi represent the required grade value and n is the number of responses.
The experiment data (Table 11) are aggregated into a single grey relational

grade (GRG). The optimal combinations, according to theGrey theory, are observed
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for S (1650 Level-2), F (165 Level-2), and 2 wt.% of MWCNT (Level-2), as shown
in Table 11. The lower value of the decreased DFentry, DFexit, and Th is determined
by the Grey technique. The GRG graph and the mean table estimate the effect of the
drilling parameter. The ANOVA is employed to examine the impact of the drilling
factors on GRG. It is shown that the feed rate is the most significant factor affecting
the value of the objective function (Table 12).

Table 11. Response table for GRA

Level
Factor

GRG
S F wt. %

L1 0.519 0.670 0.480

L2 0.541 0.529 0.590

L3 0.471 0.335 0.448 0.881

Max. value 0.541 0.670 0.590

Optimal setting 1650 165 2

Table 12. ANOVA for GRG

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value

S 1 0.004544 0.86% 0.094208 0.094208 184.21 0.000S

F 1 0.225504 42.61% 0.039232 0.039232 76.71 0.000S

wt.% 1 0.002020 0.38% 0.140131 0.140131 274.00 0.000S

S*S 1 0.057553 10.88% 0.081695 0.081695 159.74 0.000S

F*F 1 0.051405 9.71% 0.066127 0.066127 129.30 0.000S

wt.%*wt.% 1 0.163432 30.88% 0.163432 0.163432 319.56 0.000S

S*F 1 0.010547 1.99% 0.010547 0.010547 20.62 0.006S

S*wt.% 1 0.010929 2.07% 0.010929 0.010929 21.37 0.006S

F*wt.% 1 0.000694 0.13% 0.000694 0.000694 1.36 0.297

Error 5 0.002557 0.48% 0.002557 0.000511

Lack-of-Fit 3 0.000600 0.11% 0.000600 0.000200 0.20 0.886

Pure error 2 0.001958 0.37% 0.001958 0.000979

Total 14 0.529185 100.00%

R2 = 99.52%, R2(adj) = 98.65%
S = Significant (if P ≤ 0.05)

GRG regression equations obtained here also follow the mathematical model,
as discussed earlier in section 5. The regression model exhibits a high fitness
with R2 and R2(adj) values of 99.52% and 98.65%, respectively (Table 13). The
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optimal condition obtained from the Grey theory is S2F2 wt.%.2. The graph of the
GRG highest value in Fig. 19 shows the feasible experiment for optimal response
value.

Table 13. The regression equation for GRG

Response Regression equation
GRG −1.288 + 0.001000 S + 0.006455 F + 0.9606 wt.% − 0.000000 S ∗ S − 0.000021 F ∗

F− 0.2104 wt.% ∗wt.%− 0.000001 S ∗ F− 0.000065 S ∗wt.%− 0.000165 F ∗wt.%
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Fig. 19. GRG graph

6. Microstructural investigation of machined surface

Scanning electron microscope (SEM) micrographs were utilized to evaluate
the drilled hole surface quality (Fig. 20). SEM analysis was performed on the cut
section of the drilled hole in the optimal conditions (Exp. no. 11) to assess the
machined surface quality [74]. The SEM image shows the push-out delamination
mechanism associated with the thrust force, the laminate interface accuracy, and
the process conditions. When the drill tool inter in the composite the uncute layer
become more sensitive to deform hole which causes delamination. Fig. 20 also
shows a good surface finishing of the workpiece’s cut surface. It also demonstrates
that the higher feed rate and the increased fiber orientation angle cause a greater
delamination on the exit side than on the entry side [75, 76]. The higher spindle
speed improves the machined surface quality by reducing material deformation at
the tool-chip contact during the cutting process, which results in a better surface.
Further, the improved surface obtained thanks to the decreased feed rate could
be attributed to the composite material’s lower strain rate, resulting in a reduced
nano-composite breaking [77, 78].
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Fig. 20. SEM of the drilled hole

7. Conclusion

This paper presents the measurement and control of the delamination at the
entry and exit side, and the thrust force generation during drilling of polymer nano-
composites modified by MWCNT and glass fiber. The variance analysis shows the
effect of parameters (S, F, and wt.% of MWCNT) on the drilling responses. The
regression model is created, and validation tests are performed to ensure that the
model is correct. The conclusions drawn from this study are the following:

• The created RSM-based model makes it possible to assess delamination and
thrust in drilling MWCNT incorporate GFRP/epoxy nano-composites. The
ANOVA results revealed that spindle speed and feed rate were the two vital
factors influencing the quality of the machined holes in nano-composites.

• ANOVA results demonstrate that the derived quadratic regression model
of DFentry, DFexit, and Th provides a good relationship for performing the
experimentation and response prediction. The model adequacy coefficients
(R2 values) of DFentry, DFexit, and Th are 98.54%, 96.73%, and 98.80%,
respectively.

• The GRA optimization technique reveals that the feed rate substantially
affects delamination since the thrust force varies with the feed rate. The
regressionmodel ofGRGexhibits a high degree of fitnesswithR2 = 99.52%,
and R2(adj) = 98.65%.

• Confirmation experiments show that there is a very minimal error associ-
ated with the thrust force. The results of Grey optimization demonstrate a
promising improvement in the response value. This confirms the drilling
machinability of the proposed nano-composites.
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• SEM images are used to investigate the morphology of the drilled surface.
TiAIN Sic coated drills tool produces high-quality machined surfaces during
the drilling of epoxy nano-composites.

The MWCNT reinforced glass fiber reinforced polymer nano-composite is a
promising and economical substitute for a conventional material due to its outstand-
ing properties. The machinability-related studies of such a composite provide an
insight into selecting optimal process parameters for an efficientmachining environ-
ment. The developed optimization tool shows a good applicability for optimizing
machining parameters for a composite material. Therefore, it can be customized
for further studies in an extended range of process parameters such as tool design,
analysis of temperature between machining interfaces, tool wear, chips formation,
etc. The extensive research on the proposed MWCNT/GFRP nano-composites
could provide polymer manufacturers with a cost-effective and efficient machining
solution.
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