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Investigation of the Effect of Drilling 
Induced Delamination and                     
Tool Wear on Residual Strength in 
Polymer Nanocomposites  
 
Drilling-induced delamination, fractures, debonding, tool wear, and 
matrix fuzzing all reduce the residual strength of polymer composites. The 
novelty of the present studies lies in incorporating nano-fillers Graphene 
and Montmorillonite Clay at a 2% weight percentage for the toughening 
matrix to minimize drilling-induced residual stresses and tool wear. 
Combining the matrix's thermal and mechanical properties with fibers 
reduces fibrous composite macro and micro residual stresses. Interlaminar 
shear strength rose by 16%–23% and fracture toughness by 22% using 
nanofillers, minimizing drilling-induced crack delamination and composite 
tensile strength deterioration. Nanofillers increased hole laminate tensile 
strength retention and time to failure. Tool wear and delamination factors 
rose at the hole exit with increased drilled holes but improved at the entry 
by 16%. This study shows the intricate link between composite material 
composition, process variables, and structural integrity in drilling-exposed 
composites. 
 
Keywords: Delamination, Delamination factor, residual stress, tool wear, 
Graphene, Montmorillonite Clay. 

 
 

1. INTRODUCTION  
 

Polymer matrix composites (P.M.C.s) have been widely 
used in many sectors, such as military, space, marine, 
sports, aviation, and vehicles, for a significant period. 
Their extensive use may be due to various elements, 
including a good ratio of strength to weight, toughness, 
cost-effectiveness, ease of processing, simplicity in 
production, and remarkable longevity. These materials 
have become essential for satisfying numerous 
industries' broad and demanding demands and have 
established themselves as crucial components in the 
manufacturing industry. Their appeal stems from their 
advantageous strength-to-weight ratio, toughness, cost-
effectiveness, simplicity of processing, ease of 
manufacture, and durability. Several studies have 
concentrated on improving the toughness of matrices by 
integrating various fillers and using matrix-blending 
procedures [1,2]. 

Studies have investigated how the choice of drill 
tool materials, drill geometry, and drilling mechanics 
affect the quality of holes in P.M.C.s. According to the 
literature, delamination often happens on both sides of 
the hole at the entrance and exit planes of the workpiece 
[3]. Hocheng and Tsao conducted a study to examine 
the impact of several types of drill bits, including step 
drills, saw drills, twist drills, core drills, and candlestick 
drills, on the occurrence of delamination [4-6]. Many 

researchers have explored the possibility of a predrilled 
hole, as a pilot hole diminishes the significant thrust 
force and examined the impact of the chisel edge on 
delamination. Several assessment techniques have been 
used to evaluate delamination, including computed to–
mography, the C-Scan methodology, digital photog–
raphy, optical microscopy, and image processing [7]. 
Multiple trials have emphasized the pivotal significance 
of tool geometry in minimizing delamination [8], with 
research indicating that augmenting the quantity of 
cutting edges in the drill tool diminishes delamination 
[9]. 

Multiple studies have demonstrated a connection 
between the wearing down of tools and the occurrence 
of delamination. This highlights the need to monitor 
tool wear in real-time. The primary form of tool wear 
discovered was flank wear on the drill surfaces, and a 
decrease in the chisel edge led to a reduction in wear. 
The presence of inefficient chip extraction methods was 
shown to be associated with increased tool deterioration 
[10,11]. The study used experimental design metho–
dologies to identify relationships between drilling para–
meters, delamination variables, specific cutting pres–
sure, and feed rate [12]. 

Using laminates in drilling helps minimize dela–
mination but also poses difficulties in attaining ideal 
machining conditions for two distinct materials simul–
taneously [13]. Aluminum (Al) stacks are often used, 
and various drill tool designs have been tested to 
evaluate the crucial thrust force and Torque during 
drilling [14,15]. Palanikumar et al. conducted an 
experimental study to examine the surface roughness of 
drilled holes in GFRP composites [16]. Basavarajappa 
et al. used simulated annealing methods to investigate 
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the impact of machining conditions on the delamination 
factor, specific cutting coefficient, and surface rough–
ness [17]. 

According to the literature, using appropriate filler 
materials in the polymer matrix may increase toughness, 
enhance machinability, and decrease specific cutting 
pressure [18-19]. Nevertheless, research indicates that 
the bearing strength of composites decreases as the 
reinforcement level increases. Nanofillers have superior 
performance in enhancing the toughness of the matrix 
compared to micro-fillers. However, hybrid nanofillers 
lead to the clumping together of particles and do not 
provide promising outcomes in strengthening the matrix 
[20]. An increasing interest exists in examining the 
machining mechanics of nano polymer composites and 
investigating their possible applications in aerospace 
and automotive applications. Insufficient work has been 
carried out in drilling nanocomposites, residual strength 
estimation under drilling of laminates, and tool wear 
behaviour under nanocomposites drilling. The present 
study examines how nanoparticle-reinforced matrices, 
 with nano clay and graphene nanoplatelets, affect 
drilled hole quality. The study evaluates tool wear, 
residual stresses, and critical thrust force reduction on 
the delamination factor [Df]. Image processing 
estimates the delamination factor. These data show how 
much nanoparticle toughening enhances drilling 
performance compared to virgin matrix composites. 
This research analyzes how adding 2% graphene and 
montmorillonite clay nano-fillers to polymer composites 
improves their capacity to endure drilling residual 
stresses and tool wear. This study optimizes the matrix's 
mechanical and thermal properties, reduces fibrous 
composite residual stresses, and improves interlaminar 
shear strength, fracture toughness, and residual tensile 
strength. In addition, this research will examine how 
nano-fillers reduce drilling tool wear and delamination. 
 
2. MATERIALS AND METHODOLOGY 

 
The manufacturing process of Polymer Matrix Com–
posite (P.M.C.) laminate included procuring 200 GSM 
unidirectional E-glass fibers from Marqtech in 
Bengaluru. The Araldite LY556 resin and Aradur 
HY951 hardener have been chosen as the matrix. 
Around 5% of hardener was used, leading to an 
exothermic reaction. The system's responsiveness may 
be modified to suit certain processing and curing 
conditions. The creation of nano-PMCs consists of two 
primary steps: a) managing the dispersion of nano-filler 
materials within the epoxy resin system, and b) 
manufacturing using the Handlay Process. The additives 
used in preparing P.M.C.s consisted of Montmorillonite 
clay, Nanomer® I.44P, and Nanomer® clay sourced 
from Sigma-Aldrich. The Nanomer® clay consisted of 
35-45 wt.% dimethyl dialkyl (C14-C18) amine. It had 
an average particle size of ≤20 μm, a bulk density 
ranging from 200-500 kg/m3, an aspect ratio of 200-
1000, and an average surface area of 780 m2/g. The 
amine-functionalized graphene powder was acquired 
from Sigma-Aldrich. It had a specific gravity of 2-2.25 
g/cc, a bulk density of 0.2-0.4 g/cc, and a surface area of 
750 m2/g. The nanofillers create a complex structure 

when dispersed in the epoxy matrix, which slows down 
the pace at which they can penetrate. The chemical 
Maleic Anhydride (C4H2O3) acquired from Sigma-
Aldrich is a surface modifying agent. This aims to 
reduce the tension between distinct interfaces and 
improve the ability of different phases to mix and get 
the desired characteristics [21]. The Nanoparticles were 
mixed with styrene monomer and then introduced into 
the epoxy resin. The mixture was swirled by hand and 
then agitated at a temperature of 60 °C using a REMI 
magnetic stirrer for 80-120 minutes at an 800-1250 rpm 
speed. Afterwards, the combination was subjected to 
sonication using an Oscar Ultrasonics Sonicator running 
at 2.5 kHz for 60 minutes. A pulse interval of two 
seconds was used to reduce particle clumping and 
guarantee uniform dispersion inside the matrix. 
Composite laminates, 6 mm thick, were produced using 
a manual layup method and underwent a three-hour 
curing process in a hot air convection oven at 80 C. The 
production of Nanoclay-reinforced epoxy composites 
and Graphene-reinforced epoxy composites included the 
addition of 2% reinforcement. Three types of laminates 
were manufactured: Base Composites (B.C.) without 
any reinforcement, Nano clay reinforced composites 
(N.C.) with a 2 wt.% reinforcement, and Graphene 
reinforced composites (G.R.) with a 2 wt.% 
reinforcement. Particle agglomeration occurred when 
the proportion of reinforcement approached 2 wt.%, as 
shown in several articles [22-23].  

The tensile strength [σT] was measured using the 
Instron Universal Testing equipment following the 
ASTM 3039/ISO 527-4 standard. The interlaminar 
shear stress [ILSS] test followed the ASTM D2344 
standard. The short-beam shear test method was used. 
The flexural strength [F.S.] was evaluated following the 
ASTM standard D790-10. We measured the density in 
accordance with the ASTM D792 standard. Table 1 
displays the mechanical properties of the composites 
produced. 
 Table 1. Fabricated P.M.C.'s mechanical properties. 

Composite 
Laminates 

ρ 
(g/cc) 

σT 
(MPa) 

 

F.S. 
(MPa) 

 

ILSS 
(MPa) 

 

Fracture 
Toughness   
MPa/m1/2  

[ISO 
6603-1] 

Base 
Composite 

[BC] 
1.87 328.6 198.46 21.58 0.964 

Nano clay 
reinforced 

[NC] 
1.864 408.6 278.89 25.36 1.248 

Graphene 
reinforced 

[GR] 
1.862 423.5 318.64 28.86 1.324 

 
2.1 FTIR and XRD analysis 

 
The nanocomposites were analyzed using Shimadzu 
Fourier transform infrared spectroscopy (FTIR) to con–
firm the presence of several functional peaks in the 
nanocomposites. Figure 1 displays the FTIR spectros–
copy results of the Epoxy and Epoxy toughened with 
Nanoclay-reinforced nanocomposite. The absorption 
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bands can be witnessed in the spectrums of FTIR at 
3430–2990 cm−1, N-H stretching and bending at 1632-
1566 cm-1, and CH2 and CH3 absorption at 3015 cm−1 
and 2944 cm−1.  

 
Figure 1. FTIR spectroscopy of the Epoxy and Epoxy 
toughened with Nanoclay. 

After introducing the hardener into the resin, the 
reaction yields bending of C-H and O-H deformation 
out of the plane in regions 1285-986 cm-1 and 533 cm-1, 
respectively, with vibrations coupled in regions 560-855 
cm-1. An aromatic type of structure is witnessed. 
Toughening of the matrix is achieved by the reaction of 
Epoxy with the Silicon present in Nanoclay with 
asymmetric stretching of Si-O-R and Si-O-C. It is 
evident at the spectrum range 1200-950 cm-1 with an 
additional Si-CH2-R around 1230-1190 cm-1. The 
reaction of Silicon with O and C in Epoxy can be seen 
around 806 cm-1 [24-25].  

Figure 2 shows the bonding between the Graphene 
and Epoxy resin with stretching of vinyl ether in an 
asymmetric and symmetric mode at 1225.5 cm-1 and 
815.6 cm-1, respectively. The carbonyl group is obser–
ved at 1645 cm-1 due to H-bonding between Epoxy and 
Graphene. Further, stretching is observed in the 3400-
3700 cm-1 N-H and O-H range. 

The X-ray diffraction (XRD) profiles of Epoxy, 
Epoxy toughened with Nanoclay, and Epoxy toughened 
with Graphene nanoplatelets were acquired using the 
Rigaku Ultima series X-ray Diffractometer. The measu–
rements were performed at a scan rate of 0.05 per se–
cond, using Cu-K α radiation with a wavelength (λ) of 
0.15406 nm. The observed patterns covered a range of 
angles from 1° to 30°, with a scanning rate of 0.15 
degrees per minute [26–27]. Bragg's Law calculates the 
distance (d) between the planes of an atomic lattice. The 
findings indicated that as the degree of cohesive layer 
stacking of the clay increased, there was a corres–
ponding increase in peak expansion and greater strength 
seen at larger X-ray angles [28–29].  

This analytical approach provided valuable insights 
into the structural characteristics and interactions within 
the examined epoxy composites, shedding light on the 

influence of nanoclay and graphene nanoplatelets on the 
XRD profiles and, by extension, the material properties. 

 
Figure 2. FTIR spectroscopy of the Epoxy and Epoxy 
toughened with Graphene. 
 
The XRD patterns of the Nanoclay are shown in Figure 
3. As a result of intercalation between the Nanoclay and 
Epoxy resin, a peak is observed at 2θ�=�4.3° 
correspon–ding to a basal spacing with 2.114 A°. These 
peaks are not observed in the Nanoclay-reinforced resin 
because of the exfoliation of the nanoparticle layers in 
the epoxy resin with an increase in the d-distance from 
21.198 observed in Nanoclay. This demonstrated that 
Epoxy complex molecular networks were placed 
between nanoparticle layers [30].  

 
Figure 3. XRD patterns of the Epoxy and Epoxy toughened 
with Nanoclay. 
 

The patterns obtained from XRD for epoxy resin and 
Graphene are represented in Figure 4. A shift of the 
peak of basal reflection from 2θ=7.8° to 2θ=19.8° is 
seen because of intercalation between the Graphene 
interlayer spacing and resin chains of Epoxy. A strong 
peak is observed at 2θ=21.9° which corresponds to 3.89 
A° basal spacing. The peak observed indicates oxide 
structures of Graphene, which are absent in graphene-
reinforced Epoxy due to the incidence of delamination 
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with epoxy resin. Another intercalation is observed at 
this peak of 2θ=21.9° between the layers of Graphene 
and chains of epoxy resin [31-32]. 

 
Figure 4. XRD patterns of the Epoxy and Epoxy toughened 
with Graphene. 
 

2.2 Machining of Nano-PMCs - Thrust Force and 
Torque 

 
The P.M.C. samples were subjected to drilling tests 
utilizing the Leadwell CNC machining center. The 
thrust force [Tf] and Torque [Tm] were measured using a 
SYSCON multi-component dynamometer. A charge 
amplifier amplified and processed the data to examine 
the force signals. The amplified signal was subjected to 
signal conditioning using specialist equipment and then 
connected to a computer system using a data acquisition 
card. The drill bits used were made of carbide materials 
and were of Brad and Spur types. The drill bits have 
sizes of 5, 6, 8, and 10 mm. 

 Figures 5 and 6 show the variations in thrust force 
during the drilling of Nanocomposites, comparing the 
cases with and without supports. The profile may be 
separated into three separate zones. Once the drill bit's 
chisel edge penetrates the top surface of the lamina, the 
thrust force in the first zone abruptly increases. In the 
second zone, the thrust force remains constant until the 
drill bit's chisel edge reaches the last layers of the 
lamina exit plane. In zone three, the drill bit experiences 
a fast drop in the forward force as it moves away from 
the bottom layer, eventually reaching zero. The thrust 
force remains constant throughout zone 2 until the drill 
bit's chisel edge breaks through the last layers of the 
lamina exit plane.  

When the drill bit exits the lowest ply in zone 3, it 
experiences a rapid decline in thrust force until it 
reaches zero [33]. As the size of the cutting edges 
diminishes, the severity of the impact reduces, resulting 
in a reaming effect on the hole. Placing a supportive 
stack sheet underneath the laminates helps mitigate 
delamination caused by drilling, reducing deformations 
that lead to push-out delamination. Figure 6 shows the 
alteration in the thrust force profile while drilling the 
laminate with stack supports. Once the drill passes 

through the final layer, the thrust force decreases 
briefly, followed by a sudden increase as the drill 
penetrates the uppermost layer of the Al stack support. 
The thrust force diminishes as it surpasses the 3 mm 
stack support [34]. 

 
Figure 5. Variation of Tf in the Drilling of Nanocomposites 
without supports. 

 
Figure 6. Variation of Tf in the Drilling of Nanocomposites 
with supports. 

The torque variations during the drilling of Nano–
composites display discrete phases, as seen in Figures 7 
and 8. Within the zone of initial thrust force, there is a 
notable increase in torque magnitude. During the second 
phase, the torque signal exhibits an upward slope as the 
drill bit begins to cut, resulting in the softening of the 
Epoxy. At this stage, the frictional force generated by 
the contact between the tool and the composites beco–
mes insignificant. 

During the last phase, the torque values significantly 
reduce when the drill bit gets closer to the last layers 
and the depth drops. The decrease becomes more 
pronounced when smaller cutting edges are involved, 
resulting in a reaming impact on the hole [35–36]. The 
torque profile changes are similar to those observed in 
the thrust profile, as depicted in Figure 8, mainly when 
stacks support drilling. This insight into the torque 
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dynamics provides a comprehensive understanding of 
the drilling process for nanocomposites and underscores 
the impact of support mechanisms on torque variations 
during laminate drilling [37].  

 
Figure 7. Variation of Torque in the Drilling of 
Nanocomposites with supports. 

 
Figure 8. Variation of Torque in the Drilling of 
Nanocomposites without supports. 
 

2.3 Experimental Design 
 
All feasible combinations for a given set of elements are 
identified through a complete factorial design of tests. 
Only a limited group of options are chosen from all the 
possibilities to keep the number of tests manageable. 
The Taguchi method, also known as robust design of 
experiments (D.O.E.), outlines the essential tests 
necessary to fully understand all elements that affect 
performance. The governable factors influence the 
quality of drilled holes in composite laminates and their 
residual tensile strength. 

Every traditional orthogonal array has a fixed 
number of design variables and levels. This investi–
gation utilizes the L16 orthogonal array. We analyze 
each of the three independent variables at four different 
levels. The study design used an experimental approach 
with three components and four levels. We built the 

design using the Taguchi L16 method, as shown in 
Table 2. Table 3 includes the comprehensive Design of 
Experiments (D.O.E.). For each experiment number in 
the table, we conducted five trials. 

Without employing ANOVA, Taguchi proposes 
examining the S/N ratio using a theoretical method that 
involves charting the influences and graphically selec–
ting the elements that seem to be relevant. This is a 
significant response to researching the drilling process's 
efficiency. To assess a design's efficacy, the influence of 
its parameters on the outcome must be measured. The 
word signal refers to a close-to-target predicted output. 
Noise is an unwanted element that measures output 
variation. 
Table 2. Drilling Factors and Levels. 

Factor Level 1 Level 2 Level 3 Level 4 
Speed (rpm) 1000 1500 2000 2500 

Feed rate  
(mm/rev) 

0.05 0.1 0.15 0.20 

Drill tool 
 diameter (mm) 

5 6 8 10 

Table 3. Taguchi L16 Design of Experiments 

Experiment 
 Number 

Spindle 
Speed 
R.P.M. 

Feed Rate 
mm/rev 

Drill Tool 
Diameter

mm 
1 1000 0.05 5 
2 1000 0.1 6 
3 1000 0.15 8 
4 1000 0.2 10 
5 1500 0.05 6 
6 1500 0.1 5 
7 1500 0.15 10 
8 1500 0.2 8 
9 2000 0.05 8 
10 2000 0.1 10 
11 2000 0.15 5 
12 2000 0.2 6 
13 2500 0.05 10 
14 2500 0.1 8 
15 2500 0.15 6 
16 2500 0.2 5 

 
2.4 Assessment of Residual Tensile Strength 
 
During drilling operations, a significant variation in 
thrust force and Torque was noted in various machining 
conditions, and this caused changes in damage around 
the hole, such as delamination, micro fractures, fiber 
pull out, and fuzzing of matrix, as well as variations in 
residual strength in the regions around the drilled holes 
[38]. The damage caused by drilling Fibre Reinforced 
Polymer laminates might damage the product's 
mechanical performance.  

A Universal Testing Machine made by Instron was 
used to measure the residual strength of the drilled 
specimens. ASTM D3039 standards were used to cut 
the samples, and a schematic model is shown in Figure 
9. The spindle speed and feed rate were maintained 
according to experimental number 9 under the support 
and without support conditions, as well as before and 
after tool wear conditions. 
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Figure 9. Schematic representation of the residual tensile 
strength specimen 
 

2.5 Assessment of Tool wear 
 
Many challenges arose during the machining process of 
P.M.C.s, including notable tool degradation, inferior 
surface quality on the finished components, and cracks 
and delamination in the underlying layers. We evaluated 
the hole's quality by considering its diameter, the Df at 
the entrance and exit planes, and other flaws associated 
with surface damage. Identifying tool wear is chal–
lenging due to the complexity of drilling anisotropic 
composite materials. According to research, using a 
worn-out tool during drilling increases delamination and 
decreases structural integrity due to the elevated cutting 
force and vibration experienced during machining. 
Consequently, it is necessary to replace the worn-out 
tool at regular intervals throughout the machining 
operation [39].  In the present investigation, the tool 
wear assessment was carried out on specimens with 
support and without support for the case study menti–
oned as experiment number 9 in the experimental design 
table. Eighty holes were drilled on all three composites, 
and tool wear assessment and thrust force were carried 
out after drilling ten holes.  

As a result, to prevent delamination of drilled com–
ponents, it's critical to keep an eye on the drill bit's 
condition while machining composites. Drilling tests 
were carried out continuously for up to eighty holes with 
a single drill bit according to the experimental plan. The 
difference in the drill's land width before and after 
machining was used to calculate flank wear. The measu–
rements were taken using a toolmaker's microscope, and 
the data were analyzed using the mean flank wear of the 
three replications. The tool wear, thrust force, and Torque 
were recorded for every tenth hole measured. The dela–
mination factor and residual strength were assessed to 
know the effect of wear on the drilled holes. 
 
3. RESULTS AND DISCUSSIONS  
 
3.1 Delamination Factor Assessment 
 
The research was conducted according to the Taguchi 
L16 experimental design, and the findings are reported 
in Table 4. The image-processing technology in 
MATLAB, Image J, and the Buckingham theorem 
methodology [40] have been used to determine the 
delamination factors. An average delamination factor 
was determined by considering five holes for each 
experiment number. The drilling of laminates with and 
without supports was performed under dry conditions. 

The morphological and dimensional limitations have 
proved challenging due to the polymeric composites' 
material anisotropy. Delamination at the exit and 

entrance planes, damage associated with generating and 
dissipation of heat, and geometrical defects were the 
leading causes of failures detected during the drilling. 
The interplay between the drill's cutting edge and the 
fiber's orientation might cause tool geometry damage, 
too. The geometry or drilled hole circularity is impacted 
by the principal axes conforming to the direction of the 
fibers since the fibers are considerably exposed to 
alternating phases of tensile and compressive loads 
before shearing. As discussed, two separate mechanisms 
create delamination at the workpiece's entrance or 
departure. The effect on the entry plane is minimal in 
the presence of the stack supports and considerably in-
fluences the delamination factor on the exit plane [41]. 
Table 4. Experimental Results of Delamination Factor.  

Exp. 
No. 

Entry Plane-Delamination Factor 
Base 

Composite  
(Fd BC) 

Nano Clay 
Reinforced 

(Fd NC) 

Graphene 
Reinforced 

(Fd GR) 
1 1.048 1.009 1.0084 
2 1.130 1.091 1.05261 
3 1.203 1.162 1.12048 
4 1.265 1.222 1.17833 
5 1.057 1.0211 1.0206 
6 1.120 1.0824 1.04344 
7 1.188 1.147 1.10652 
8 1.143 1.104 1.06445 
9 1.095 1.059 1.037 

10 1.100 1.063 1.045 
11 1.125 1.087 1.04807 
12 1.155 1.116 1.076 
13 1.015 1.012 1.0116 
14 1.078 1.041 1.00411 
15 1.117 1.079 1.04018 
16 1.147 1.108 1.06877 
σ 0.06509 0.05987 0.04771 

 
The drill flute's upward axial stress on the cut layers 

causes peel-up delamination at interfaces proximal to 
the hole entry. This force induces a peeling action, 
causing the upper layers to separate from the uncut 
layers and resulting in delamination along the hole's 
border. As the drill gets closer to the bottom surface of 
the workpiece, there is a separation between layers at 
the hole exit, known as push-out delamination. When 
the thrust force surpasses a critical threshold, corres–
ponding to the crack propagation at the layer interfaces, 
the drill's force bends the entire laminate region, 
initiating delamination [42]. It is noteworthy that push-
out delamination is more severe and poses a more sig–
nificant threat to structural integrity than peel-up dela–
mination. Hence, the assessment of the delamina–tion 
factor at the exit plane is significant. In the epo–
xy matrix, Nanoclay and Graphene particles act as stress 
transfer agents, causing plastic deformation in the base 
material and increasing the strength of the nanocom–
posite  [43-44]. The amino groups in Nanoclay and the 
ability to divert cracks increased Epoxy's fracture toug–
hness and interlaminar shear strength. Nanoclay regions 
will resist crack propagation, resulting in fracture 
winding. The epoxy matrix reinforced by Nanoclay 
becomes more durable due to a larger surface area [45]. 
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Many studies have found that combining Epoxy and 
Graphene increases modulus and toughness. Fracture 
toughness and flexural modulus increased as filler 
content increased, indicating that Graphene significantly 
impacted Epoxy. Delamination may be efficiently 
controlled or avoided by reducing the feed rate as it 
approaches the exit and employing backup support 
plates to support and resist bending the composite lami–
nate that causes delamination on the exit side [46]. 
Backup/support plates help decrease delamination, as 
shown in Table 5. 

The function of the hole diameter is straightforward: 
according to the delamination factor's formula, the 
wider the size of the hole, the more significant the dela–
mination area for a given delamination factor. As a 
result, laminates with bigger holes have a more serio–
usly damaged surface at the same delamination factor 
[47]. The interaction of contact force between the drill 
bit and the drilled hole surface causes heat transfer-
related damage.  
Table 5. Experimental Results of Delamination Factor with 
and without supports. 

Exp. 
No. 

Exit Plane-
Delamination Factor 

without support 

Exit Plane-Delamination 
Factor with support 

 (Fd 
BC) 

(Fd  
NC) 

(Fd  
GR) 

 (Fd  
BC) 

(Fd  
NC) 

(Fd 
GR) 

1 1.188 1.085 1.015 1.145 1.045 1.006 
2 1.284 1.1741 1.097 1.237 1.131 1.078 
3 1.367 1.249 1.168 1.317 1.203 1.125 
4 1.438 1.314 1.228 1.386 1.266 1.183 
5 1.201 1.097 1.026 1.157 1.057 1.021 
6 1.273 1.163 1.088 1.227 1.121 1.068 
7 1.35 1.234 1.153 1.303 1.191 1.113 
8 1.299 1.187 1.116 1.254 1.146 1.072 
9 1.187 1.085 1.055 1.146 1.048 1.019 

10 1.251 1.143 1.069 1.207 1.104 1.044 
11 1.279 1.169 1.093 1.235 1.129 1.055 
12 1.313 1.263 1.122 1.268 1.159 1.083 
13 1.154 1.054 1.033 1.113 1.017 1.001 
14 1.225 1.126 1.047 1.182 1.080 1.015 
15 1.269 1.168 1.084 1.224 1.119 1.051 
16 1.304 1.192 1.114 1.258 1.150 1.080 
σ 0.0717 0.0655 0.0544 0.0690 0.0631 0.0499 

 
The evaluation of the delamination factor on the exit 

layer is significant concerning the entering layer. Inter–
layer normal stress arises between the matrix and the 
fibers as the tool approaches the exit plane. Since all 
fibers have not been cut, delamination occurs in the 
interfacial area [48]. Intra-layer delamination with mic–
rofractures is caused by matrix fuzzing and matrix 
spalling when the feed rate increases. The interlaminar 
matrix shear strength rises with the addition of 
Nanoclay or Graphene, aiding the reduction of dela–
mination [49].  

 
3.2 Effect of Thrust Force [Tf] and Torque [Tm] 
 
Thrust force [Tf] and Torque [Tm] generated during 
composite laminate drilling are affected by input para–
meters such as spindle speed (rpm), feed rate (mm/rev), 

drill bit shape, tool wear caused by drilling number of 
holes, and drilling conditions. The rapid growth of 
drilling-induced delamination regions with increased 
feed rates and lower spindle speeds is evident. As the 
drill spindle rpm increases, so do the cutting pressures, 
and the severe heat accumulation in the machining area 
adds to fiber and matrix softening. Laminate Drilling for 
the cutting edges of tools becomes more challenging as 
the drilling length increases with a decrease in feed rate. 
More heat is generated and transferred to the laminate in 
the drilled hole region. Fiber breakage is often the 
primary reason, but at low rpm, fiber tearing out has 
been discovered to be the leading cause of higher 
delamination compared to mid-speed levels [50]. As 
demonstrated in Table 6, increasing spindle rpm causes 
a reduction in cutting forces. The reduction in thrust 
force [Tf] and Torque [Tm] at higher spindle rpm is the 
consequence of the epoxy matrix being less rigid owing 
to an increase in temperature, as well as the E-glass 
fibers having a low coefficient of heat conductivity [51]. 
The feed rate has a significant influence; as it increases, 
the thrust force also increases, and a combination of 
lower feed rates with higher spindle speeds enhances 
composite drilling by minimizing mechanical structural 
integrity loss. Simultaneously, reducing the feed rates 
might also result in the thermal deterioration of the 
epoxy matrix [52–53]. 
Table 6. Tf and Tm on the exiting surface of composite 
materials.   

Exp. 
No. 

Tf 
BC  
(N) 

Tf 
N.C.R. 

(N) 

Tf 
Gr 
(N) 

Tm 
BC 

(Nm) 

Tm 
N.C.R. 
(Nm) 

Tm 
Gr 

(Nm) 
1 151.61 131.10 121.92 0.262 0.233 0.220 
2 179.46 155.20 144.34 0.338 0.301 0.284 
3 196.4 169.85 157.96 0.503 0.448 0.423 
4 228.78 197.85 184.00 0.721 0.642 0.606 
5 136.22 117.80 109.55 0.250 0.222 0.210 
6 156.96 135.74 126.24 0.353 0.314 0.296 
7 180.45 156.05 145.13 0.467 0.416 0.393 
8 208.76 180.53 167.89 0.604 0.538 0.508 
9 129.49 111.98 104.14 0.213 0.190 0.179 
10 144.49 124.96 116.21 0.236 0.210 0.198 
11 161.32 139.51 129.74 0.448 0.399 0.377 
12 189.21 163.63 152.18 0.554 0.493 0.465 
13 114.77 99.25 92.30 0.251 0.224 0.211 
14 132.30 114.41 106.40 0.298 0.265 0.250 
15 152.6 131.97 122.73 0.439 0.391 0.369 
16 172.6 149.26 138.82 0.463 0.412 0.389 
σ 31.168 26.955 25.070 0.149 0.132 0.125 

 
With the negative rake angle at a greater feed rate, 

glass fibers in laminates are pushed rather than sheared. 
Delamination occurs less often at greater feed rates, but 
inter-laminar fractures are detected near high-density 
locations [54]. The data shows that increasing the drill 
diameter causes more delamination damage when 
drilling composite materials. This phenomenon occurs 
because an increase in drill bit diameter expands the 
surface area of the drilled hole. Consequently, the 
drilling process on composite laminates increases the 
thrust force. The extent of drilling-induced delamination 
likewise increases as the thrust magnitude advances. 
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High feed rates, low spindle speeds, and large drill tool 
sizes significantly affect the variability in thrust force 
[55]. Figures 10 and 11 depict the relationship between 
thrust force, feed rate, and spindle speed for the base 
composite, Nano Clay reinforced composite, and Grap–
hene reinforced composite. The support given during 
the drilling process for the laminate underneath the 
workpiece may help to resist the bending of the indi–
vidual layers caused by the force applied during drilling. 
Initially, the support material fully touches the bottom 
of the workpiece, exerting a consistent upward force on 
its backside. During the drilling process, the laminate 
undergoes deformation. The support body exhibits mu–
ch greater rigidity compared to the flexible, thin lami–
nae and does not completely conform to deflection [56]. 

 
Figure 10. Comparison of Tf with and without supports in 
the B.C. reinforced with N.C. 

 
Figure 11. Comparison of Tf with and without supports in 
the B.C. reinforced with G.R. 

The downward bending of the uncut laminate simul–
taneously generates an internal force that pulls the 
laminate from the edges of the circular fracture, causing 
the bottom side of the workpiece to make contact with 
the backup material at one location. More precisely, the 
central area at the bottom of the workpiece receives the 
distributed load. During the drilling process, the bent 
layers are responsive to both the force applied and the 

support force. The figures above clearly demonstrate 
decreased Torque and thrust force under the supports. 
Figures 12, 13, and 14 specifically show that a decrease 
in the delamination factor beneath the support plates 
[57] accompanies the drop in thrust force. Cutting 
forces are beneficial for evaluating drill wear since they 
tend to rise as the tool wears. Cutting forces give a 
reliable evaluation of tool conditions throughout the tool 
wear zone. If the tool cannot handle the higher cutting 
forces, catastrophic tool failure will occur. As a result, 
measuring thrust force, a direct consequence of tool 
wear is the best way to evaluate tool life. The drilling of 
polymer requires real-time thrust force and torque 
monitoring. 

 
Figure 12. Comparison of Torque with and without sup–
ports in the B.C. 

 
Figure 13. Comparison of Torque with and without 
supports in the B.C. reinforced with G.R. 

The link between machining parameters, thrust 
force, Torque, and shear stress while drilling P.M.C.s 
has been the topic of many studies since they directly 
impact the machined hole's quality [58-59]. 

Due to the entwining of the final fibers in the drill, 
the thrust force decreases (perhaps due to friction-
induced matrix softening), but the Torque rises. Due to 
the elevated temperatures caused by the greater heat 
generation linked to the low thermal conduction 
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coefficient and low transition temperature of plastics, 
increasing the spindle speed decreased thrust force and 
Torque [60].  

 
Figure 14. Comparison of Torque with and without 
supports in the B.C. reinforced with N.C. 

With a larger shear area, thrust force and Torque for 
larger diameter tools increase. At higher spindle speeds 
and smaller feeds, the nanoclay and graphene reinfor–
cements help to prevent delamination. The composite 
laminate strength falls when the drill bit cuts the last 
few layers of the laminate layers, causing push-out 
delamination and the creation of uncut fibers owing to 
fracture at the matrix-fiber interface [61]. Delamination 
is prevented since the interlaminar shear strength of 
nanoparticle-reinforced laminates is higher than the base 
composites. The activation energies for neat epoxy 
systems are lower than the unfilled nanoparticle epoxy 
systems, which can be attributed to the catalytic activity 
between Nanoclay/Graphene and Epoxy during the 
initial reaction stages leading to the exfoliation of the 
nanoparticles in the matrix system [62]. 
 
3.3 Tool Wear Effect on Thrust Force and 

Delamination Factor 
 
The increase in the cross-sectional area of the chip 
causes the drill diameter to be 8 mm and the feed rate to 
be 0.2 mm/rev, influencing the chip's ability to break. 
Nevertheless, the impact of a spindle speed of 2000 rpm 
seems to be diminished, and throughout the drilling 
operation, smaller pieces are favoured. The present 
study conducted a tool wear analysis for the given 
machining process, considering the impact of the metal 
stack support and its absence. Disposal of chips, 
fluctuations in machining forces, the influence of 
temperature on a tool, and wear are all obstacles 
encountered while drilling a stack of composite material 
and metal. E-Glass/Epoxy composite chips exhibit a 
continuous form while the feed rates are low but 
transform into fine particles resembling dust when the 
feed rates are increased. According to reference [63], 
the Aluminum chips will have a continuous form when 
the spindle speed is high and the feed rate is low. The 
presence of continuous and high-temperature chips in 
the E-Glass/Epoxy composite adversely affects the 
quality of the holes when Aluminium is layered at the 

bottom. When drilling ductile Aluminium and very 
abrasive E-Glass fiber, it is important to balance the 
cutting tool and process parameters. Our study indicates 
that the literature on composite material-metal stacks is 
scarce. Multiple sources confirm that the material often 
employed in aeroplane construction is generally E-
glass-fiber-reinforced plastic. Composite materials are 
often employed on a stack's upper and lower parts when 
constructed using Aluminum or titanium [64].  

 Figure 15 depicts a standard variation in drilling 
thrust force, whereas Figure 16 illustrates the impact of 
tool wear on thrust force. The graphs show the 
relationship between the force the drill exerts at various 
stages, including when it enters the material, fully 
engages with the tool and exits the workpiece's final 
layers. The thrust force initially rises with two distinct 
discontinuities (arrows a and b), regardless of the 
number of drilled holes (H.N.). Specific geometrical 
features of the tool point cause these discontinuities. 
Point 'b' indicates the entry of the primary cutting edges 
into the workpiece, coinciding with a sudden change in 
the profile shape, as discussed in earlier sections.  

 
Figure 15. Variation of Tf against the H.N. 

The second stage starts at point "c," where the 
leading cutting edges are fully engaged. This stage is 
different because the force signal changes, the material 
composition changes, and the fibers' orientation changes 
constantly, affecting the cutting direction. During the 
third step, when the chisel edge reaches point 'd' on the 
rear surface of the laminate, the thrust force decreases, 
and the cutting edges at the front no longer make 
contact with the workpiece. The force decreases to zero 
once the leading cutting edges move away from the 
hole. At this point, reaming begins, and only the leading 
cutting edges come into contact with the hole wall [65]. 
The study demonstrated a positive correlation between 
the number of drilled holes and tool wear. The entrance 
and exit areas of the drilled composite exhibit two 
contrasting tendencies. During the first drilling process, 
the delamination factor is enhanced when the drill bit's 
cutting edges come into contact with the composite 
material. The peeling force generated by the inclined 
surface of the drill then causes the layers of the material 
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to separate from each other. As the edge deteriorates, 
the force diminishes due to the reduction in sharpness. 

Consequently, the thrust force rises, and the peel 
force reduces, leading to a reduction in peel-up 
delamination and an increase in push-out delamination 
processes. When the cutting edges of the drill bit come 
into contact with the material, the slope of the drill 
causes the layers to separate from one another due to a 
peeling force. When the edge starts to deteriorate due to 
a loss in sharpness, the force diminishes. As the thrust 
force increases and the peel force decreases, there is a 
drop in peel-up (which causes delamination at the 
entrance of a hole) and an increase in push-out (which 
causes delamination at the exit) processes [66]. 

 
Figure 16. Variation of Thrust force with tool wear. 

Several researchers have made a similar finding. 
During drilling, due to the difference in the resin and 
fiber elastic stresses and the cutting-edge radius of the 
carbide tip drill, the delamination factor of E-
Glass/Epoxy composites was lowered from 10 to 30 
holes, according to measurements as shown in Figure 
17. The inclination to reduce hole diameter increases 
friction between the drill and the hole surface when 
drilling Al from 40-60 holes. The delamination factor 
rises because of difficulties evacuating Al chips through 
the drilled holes. The wear area can be identified as the 
initial wear region where we achieve effective 
machining of the composites. The current investigation 
is in the region of 10-30 holes. We witnessed a region of 
fast wear, with 40-60 holes that may require re-
sharpening of the tool, and the final region of wear, 
around 70-80 holes, which suggests a tool change or 
damage. These regions vary with the number of holes 
drilled, specimen material, geometry, and tool material. 
These regions aid in delamination factor optimization 
and improve the circularity ratio of the drilled holes in 
the P.M.C.s [67]. Stack support has minimal influence 
on the entrance plane. On the exit plane, the 
delamination factor increases for the given condition 
since the thrust forces increase with and without 
supports. The behaviour is like analyzing the circularity 
ratio for the drilled holes. The Tf increases gradually up 
to thirty holes during the Drilling of E-glass/Epoxy 
composites, as it falls in the effective machining region, 

aiding the formation of a stable cutting-edge radius. 
Figure 17 shows the effect of tool wear on the Df on the 
entry and exit plane. The circularity ratio decreases on 
the entry plane in the initial wear region, and the 
circularity ratio improves from 40-80 holes in the 
secondary wear region. 

 
Figure 17. Delamination factor on entry and exit plane post 
tool wear. 

However, the contrast is witnessed on the exit plane 
with or without supports, and the circularity ratio 
decreases in the initial region the variation is minimal, 
and around 40-50 holes and as the tool enters the final 
wear zone, which decreases the circularity of the holes 
as shown in Figure 18. 

This area might be ascribed to normal wear since it 
has a steady cutting force between thirty and sixty holes 
and falls in the region of resharpening the tool. This 
range is perfect for drilling E-glass, Epoxy, and Al stac–
ks, as shown in Figure 19. Beyond 60, the thrust forces 
progressively increase, probably owing to decreased 
cutting-edge sharpness. 

 
Figure 18. Circularity ratio on entry and exit plane post tool 
wear. 
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Figure 19. Effect of Al stack support on exit plane 
delamination factor. 

When tool wear increases, the material removal 
technique changes with reduced tool performance due to 
fiber buckling [68]. These buckled fibers increase the 
tool wear and damage the drilled hole surface. The 
surface finish in the Al metal stack was not affected 
much, and it was in the range of 1-1.5μm), and only the 
composite material suffered the change in the surface 
finish. Compared to moderate speed, it is established 
that fiber fracture is the dominant factor at high speeds, 
and fiber pull-out is the dominant component at low 
speeds for enhanced delamination. 

As shown in Figures 20 and 21, the SEM 
micrographs indicate the damage of tool wear on the 
hole's drilled surface. The variation of the delamination 
factor has been shown in Figure 22 through processed 
images of the drilled holes using MATLAB. The inc–
reased number of holes results in higher delamination 
on the exit plane.  

The graphene-reinforced composites had less dama–ge 
than the base composite, and the nanoclay compo–sites 
also had more secondary damage under post-tool wear 
after 80 holes. The stack supports minimized the effects of 
exit delamination, but after 80 holes, the tool had to be 
replaced. The toughening of the epoxy resin prevents a 
reduction in tensile strength Because nanoparticles of 
Graphene and Nanoclay integrate better into the epoxy 
resin microstructure when they reach almost molecular 
dimensions, and they restrict matrix deformation [69]. 

They may impact deformation processes in the polymer 
on the micro- or even nanoscale, depending on how strong 
their interactions are with the epoxy resin matrix. Nano–
particles encourage the prevention of many subcritical 
microcracks, delaying the coalescence of these micro–
cracks into critical fractures [70]. Further the nanoparticles 
branch the microcracks reducing the crack propogation. 

 
a)     b) 

  Figure 20. Drilled hole surface post tool wear without 
supports a) NC and b) GR reinforced.  

 
Figure 21. Drilled hole surface of the B.C. without support 
post tool wear. 

 
Figure 22. Tool wear effect on delamination factor.  
 

3.4 Delamination Factor Effect on Residual Strength 
 
The delamination region is just a tiny part of the 
laminate's width whenever the delamination factor is 
low. As a result, the stress distribution in the damaged 
region is unaffected by the free edge. The delamination 
factor may be employed to explain how delamination 
affects strength. The influence from free edges, on the 
other hand, increases as the delamination factor 
increases. Larger hole sizes indicate more effect from 
the free edges, further reducing strength [71]. Another 
expert examination found that laminates with moulded 
holes had a tensile strength of 20–30% greater than 
laminates with drilled holes. It is most likely the result 
of drilling-related flaws other than delamination, and a 
moulded hole is supposed to be able to prevent all of 
these flaws. The decrease in the tensile strength is 
around 5-6% for drilled holes without the support and 
about 4-5%, as shown in Table 7 and Figure 23.  The 
loss of tensile strength is around 8-12% under the tool 
wear conditions. The loss of tensile strength due to 
delamination is critical. The decrease due to stiffness 
loss is small compared to the reduction driven by early 
failure. Because of its fiber orientation, the 
unidirectional ply with 0° is a crucial influence on the 
tensile strength of laminates.  
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The outermost 0° plies should be a key influence for 
strength decrease since drilling caused delamination 
primarily at the outer 0/45° contact. Compared to 
unidirectional fibers, woven fibers can reduce tensile 
strength loss [72]. Moreover, the proportion of fiber and 
void around the hole differs in laminates with drilled 
and moulded holes. Consequently, this work does not 
include developing a new numerical model designed 
explicitly for assessing laminates with moulded holes.  
Nonetheless, delamination alone causes enough damage 
to the laminates to significantly impair tensile strength. 
The loss of strength is primarily due to the early failure 
of the outer plies caused by the damaged interface's 
inability to transmit stress from plies to plies. The 
primary factor is the size of the delamination region or 
the delamination factor [73].  

Smaller effect parameters, such as laminate 
geometries, toughening agents of resin, and hole width, 
might also influence residual strength. Better stress 
transfer between the fiber and the resin decreases the 
local stress concentrations around the drilled holes, 
improves the toughness and damage tolerance of the 
matrix, and improves energy dissipation under drilling. 
These qualities have reduced residual strength within 
12% of its base strength under various machining 
conditions. The reduction of flaws is essential for 
toughening fragile epoxy matrices and increasing 
residual tensile stresses [74]. 

More crucially, delamination may have a far more 
considerable influence on long-term performance than 
static strength.  

 
Figure 23. Comparison of residual Tensile strength for 
various specimens. 

As a result, additional study into the impact of 
delamination on fatigue is needed. High aspect ratio 
fillers of Nanoclay and Graphene for use in Epoxy were 
proposed in this study to enhance various qualities to 
achieve a higher rigidity than the matrix to increase 
stiffness and boost structural rigidity. Although the 
surface activity of the Nanoclay and Graphene is 
unclear, they may engage in the epoxy curing process, 
resulting in distinct epoxy network architectures. This 
might play a role in the toughening effect shown in this 
study. The S.E.M. images in Figures 24-26 represent the 
internal fracture post the tensile test. It has been claimed 
that crack redirection mechanisms at particle barriers in 

an epoxy resin matrix play a significant role in 
toughening [75]. It is considered that a crack may have 
deviated at a barrier and that bending and twisting 
forces it to migrate off its original propagation plane. 
Table 7. Comparison of residual tensile strength under 
different conditions 

Specimen 
 Name 

DF Tensile 
Strength 
(MPa) 

 [ASTM 
3039] 

%Change in 
Tensile 
Strength 

Base Composite-
Undrilled - 328.60 - 

Nano clay 
reinforced-
Undrilled 

- 408.60 - 

Graphene 
reinforced-
Undrilled 

- 423.50 - 

Base Composite-
drilled without 

support 
1.187 292.51 ↓ 5.651 % 

Nano clay 
reinforced-drilled 
without support 

1.085 366.92 ↓ 4.823 % 

Graphene 
reinforced-without 

support 
1.055 382.49 ↓ 4.276 % 

Base Composite-
with support 1.14605 300.27 ↓ 4.963 % 

Nano clay 
reinforced-with 

support 
1.04757 374.63 ↓ 4.643 % 

Graphene 
reinforced-with 

support 
1.0186 390.19 ↓ 4.177 % 

Base Composite-
Undrilled-Post tool 

wear without 
support 

1.334 265.40 ↓ 11.634 % 

Nano clay 
reinforced-Post tool 

wear without 
support 

1.287 333.63 ↓ 10.665 % 

Graphene 
reinforced-Post tool 

wear without 
support 

1.185 348.89 ↓ 9.865 % 

Base Composite-
Undrilled-Post tool 
wear with support 

1.363 253.30 ↓ 10.885 % 

Nano clay 
reinforced-Post tool 
wear with support 

1.238 322.29 ↓ 8.814 % 

Graphene 
reinforced-Post tool 
wear with support 

1.198 336.08 ↓ 8.256 % 

 
When a crack bends or twists, the stress state 

changes from mode I to mixed mode.  The pushing 
force required to propagate a fracture in mixed mode 
circumstances is more prominent than in mode I, 
resulting in a higher mechanical behaviour of the 
material. If the fracture pursues a 3D trajectory, the 
bending and twisting continue at succeeding particles. If 
this process holds, an improvement in the overall 
fracture toughness of an E-Glass/nanoparticle 
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toughened Epoxy composite may be predicted. 
Deflection processes enhance the fracture surface area 
compared to the fracture surface area created by an un-
deflected crack. 

 
Figure 24. SEM image of B.C. drilled hole subjected to 
tensile test after 30 holes. 

 
Figure 25. SEM image of N.C. reinforced composite drilled 
hole subjected to tensile test after 50 holes. 

 
Figure 26. SEM image of G.R. reinforced composite drilled 
hole subjected to the tensile test after 70 holes. 
 

4. CONCLUSIONS 
 
This research highlights a comprehensive grasp of the 
many factors involved in delamination mechanisms, the 

consequences of tool wear, and residual tensile strength 
in composite materials during drilling procedures. Th–
rough the data synthesis, a clear and logical explanation 
develops, outlining essential insights relevant to selec–
ting materials, optimizing processes, and improving 
structural integrity. 

Firstly, using a Handlay process, augmented by E-
Glass fibers and an epoxy resin matrix fortified with 
nanoparticles, exemplifies a strategic approach toward 
enhancing material properties. Sonication facilitated 
nanoparticle dispersion, which is crucial for reinforcing 
the matrix effectively. This meticulous methodology 
laid the foundation for subsequent investigations. 

The XRD and FTIR tests provided clear evidence 
of including Nanoclay and Graphene in the epoxy 
matrix, confirming the effective integration of agents 
that enhance toughness.  These reinforcements signifi–
cantly reduced delamination, as shown by a noticeable 
drop in the delamination factor, especially in Graphene-
reinforced composites.  

 In addition, support plates, while effectively redu–
cing damage to the exit plane, highlighted the ongoing 
difficulty of preserving the structure's mechanical integ–
rity during drilling activities. Although they success–
fully reduced delamination, their effect-iveness was res–
tricted to addressing laminate bending rather than 
providing complete mechanical support. 

The intricate interplay between drilling parameters, 
composite anisotropy, and stress concentration pheno–
mena is critical to structural integrity. Elevated stress 
concentrations around hole peripheries precipitated 
mechanical property degradation, underscoring the 
imperative of optimizing drilling parameters to mitigate 
such deleterious effects. 

The influence of cutting conditions on composite 
damage was unequivocal, with higher spindle speeds 
and feed rates exacerbating damage propensity. Notab–
ly, thrust force escalation engendered a concomitant 
increase in delamination, elucidating the symbiotic 
relationship between these phenomena.  

Amidst the myriad of challenges posed by drilling 
operations, the optimization of residual tensile strength 
emerged as a tangible avenue for structural enhan–
cement. Manipulating feed rates and employing toug–
hened polymer matrix composites (P.M.C.s) offer pro–
mising avenues for ameliorating residual tensile 
strength, thereby fortifying structural robustness.  

This study underscores the intricate nexus between 
material composition, process parameters, and structural 
integrity within composite materials subjected to dril–
ling operations. By elucidating key findings and their 
implications, this research catalyzes advancements in 
composite manufacturing, paving the path towards more 
resilient and durable structural components. 

Future research can focus on adapting high-shear 
mixing to optimize nanoparticle dispersion in composite 
materials for matrix reinforcement. Incorporating nano 
rubber may improve toughness and delamination resis–
tance. Adaptive drilling using real-time sensor data 
might reduce stress and increase structural integrity to 
improve composite performance suited for aerospace 
and automotive applications. 
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ИСТРАЖИВАЊЕ УТИЦАЈА ДЕЛАМИНАЦИЈЕ 
ИЗАЗВАНЕ БУШЕЊЕМ И ХАБАЊА АЛАТА 

НА ПРЕОСТАЛУ ЧВРСТОЋУ У 
ПОЛИМЕРНИМ НАНОКОМПОЗИТИМА 

 
Р. Прамод, Г.Б.В. Кумар,  С. Басавараџапа 
 

Раслојавање изазвано бушењем, ломови, одвајање, 
хабање алата и расплињавање матрице смањују 
заосталу чврстоћу полимерних композита. Новина 
ових студија лежи у укључивању нано-пунила гра–
фена и монтморилонит глине са 2% тежинског про–
цента за матрицу за очвршћавање како би се мини–
мизирала заостала напрезања изазвана бушењем и 
хабање алата. Комбиновање термичких и механич–
ких својстава матрице са влакнима смањује макро и 
микро преостала напрезања влакнастог композита. 
Интерламинарна чврстоћа на смицање је порасла за 
16%–23% и жилавост лома за 22% коришћењем 
нанопунила, минимизирајући раслојавање пукотина 
изазвано бушењем и погоршање затезне чврстоће 
композита. Нанопунила су повећала задржавање 
затезне чврстоће ламината и време до отказивања. 
Фактори хабања алата и деламинације порасли су на 
излазу рупе са повећаним избушеним рупама, али су 
побољшани на улазу за 16%. Ова студија показује 
замршену везу између састава композитног 
материјала, варијабли процеса и структурног 
интегритета у композитима изложеним бушењу. 

 


