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Abstract: Co-curing bonding is more efficient than co-
bonding and secondary bonding for structural component
assembly. This work used novel covered laminas with co-
cured joining techniques (CL-CCT) to create carbon fibre-rein-
forced polymer (CFRP) composite adhesive-bonded joints.
Additionally, the researchers evaluated how multi-walled
carbon nanotubes (MWCNTSs) affect the bending and dynamic
properties of CFRP composite joints. The researchers added
various weights of MWCNTs to the covered laminas along
with co-cured CFRP adhesive-bonded joints. The study
revealed that epoxy and 0.25wt% MWCNT adhesive pro-
duced the strongest and most flexible joints. These joints
were 118 and 15% stronger than joints made from pure epoxy
CL-CC CFRP, respectively. Compared to pure epoxy CC-CFRP
composite joints, the strength of CL-CC CFRP composite joints
with 0.25wt% MWCNTs increased by 374 and 109%, respec-
tively. Interestingly, MWCNTs with a wt% of 125 had the
greatest natural frequency in all three vibration modes,
which are 19, 19, and 13% higher than that of the pure epoxy
CL-CC CFRP composite joint. There are 28, 30, and 24% more
natural frequencies in 1.25wt% MWCNT-based CL-CC CFRP
composite joints than those in pure epoxy-based joints in
all three modes. Analysis of variance was employed for

* Corresponding author: Jesuarockiam Naveen, School of Mechanical
Engineering, Vellore Institute of Technology, Vellore, 632014, Tamil Nadu,
India, e-mail: naveen.j@vit.ac.in

* Corresponding author: Mohd Nor Faiz Norrrahim, Research Center
for Chemical Defence, Defence Research Institute (DRI), Universiti
Pertahanan Nasional Malaysia, Kem Sungai Besi, 57000, Kuala Lumpur,
Malaysia, e-mail: faiz@upnm.edu.my

Natesan Karthikeyan, Murugan Rajesh, Degalhal Mallikarjuna
Reddy, P. Edwin Sudhagar: School of Mechanical Engineering, Vellore
Institute of Technology, Vellore, 632014, Tamil Nadu, India

Victor Feizal Knight: Research Center for Chemical Defence, Defence
Research Institute (DRI), Universiti Pertahanan Nasional Malaysia, Kem
Sungai Besi, 57000, Kuala Lumpur, Malaysia

statistical investigation. Optimization and prediction were
done using an artificial neural network and the Levenberg—
Marquardt technique.
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Acronyms

ANN artificial neural network

ANOVA analysis of variance

CC-CFRP co-cured carbon fibre-reinforced polymer

CFRP carbon fibre-reinforced polymer

CL-CC-CFRP  covered lamina with co-cured carbon fibre-
reinforced polymer

CL-CCT covered lamina with co-cured joining
techniques

FESEM field emission scanning electron microscopy

FRP fibre-reinforced polymer

GFRP glass fibre-reinforced polymer

GNPs graphene nanoplatelets

MWCNTSs multiwalled carbon nanotubes

SLJ single lap joint

1 Introduction

Lightweight applications like aerospace, marine, and auto-
mobiles have greatly benefited from fibre-reinforced polymer
(FRP) composite structures [1-4]. For large-scale manufac-
turing, joining techniques are unavoidable. Various tradi-
tional joining techniques such as bolted, riveted, and welded
joints have more drawbacks such as localized stress, higher
fatigue life, weight addition, and delamination while using
mechanical fasteners. The adhesive-bonded joints have over-
come the problems of traditional bonding techniques [5-8].
In aerospace applications, this bonding method is used in
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various composite parts in wings, fuselages, and frames [9].
The mechanical performance of the adhesive-bonded joints
considered the following factors such as the joining method
[2,3,10-13], surface treatment [14-23], type of the matrix used
[9,21,24], matrix modification by nanofillers [3,10,12,23-30], and
additional reinforcement with adhesives [1,2,10,12,13,31-33].
The development of adhesive-bonded techniques and adhe-
sions was driven by the need to manufacture components
on a large scale.

There are various types of adhesive-bonded joining
methods such as secondary bonding, co-bonding, co-curing,
and multi-material bonding [2-4,11,12]. Secondary bonding
techniques joined two cured laminates. The co-bonding
technique joined one cured laminate to another uncured
laminate. Co-cured composite joints were one of the joining
methods for FRP adhesively bonded joints, which involved
joining both uncured laminates. Co-cured composite joints
have higher strength and durability than secondary bonding
methods. This method enables seamless integration of the
two laminates, resulting in a stronger overall bond. In addi-
tion, co-cured composite joints are a more efficient and cost-
effective way to join laminates than secondary bonding
methods. Furthermore, this technique reduces the likeli-
hood of delamination or separation of the two materials
over time. Furthermore, in co-curing joining methods, there
is no need for additional surface treatment methods. The
multi-material bonding process is used to join cured dissim-
ilar composites and metals.

The composite material consists of a combination of the
glass fibre-reinforced polymer (GFRP) and carbon nanotubes
(CNTs), which together make up approximately 0.25% of the
material’s weight. The composite joint exhibits a resonance
frequency of 53.1Hz and a shear strength of 16.73 MPa in
Mode 1 [11,12]. Similarly, 0.75wt% of GNP and 2.5vol% of
90°/Z-pins + 0.75wt% GNP-based adhesives in GFRP compo-
site joints have attained the shear strength of 13.10 and
17.83 MPa, respectively [34]. Research has shown that incor-
porating steel Z-pins into the matrix significantly enhances
the fracture resistance of co-cured carbon fibre-reinforced
polymer (CFRP) composite joints [31]. Quan et al used sur-
face-treated CF/PEEK tape-based adhesive to create the co-
cured CFRP composite joints, which had shear strengths of
27 and 25 MPa at 22 and 130°C, respectively [35]. The effects of
adherends modified on the surface and adhesives modified
with a nanofiller on the shear behaviour of secondary-
bonded and co-bonded single-lap joints were reviewed by
Karthikeyan and Naveen [4]. Additionally, they talked about
how different nanofiller adhesives in the FRP composite and
dissimilar composite single-lap joints are affected by different
mechanical properties [1]. Incorporating multi-walled carbon
nanotubes (MWCNTSs) can enhance various properties,
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including tensile modulus, tensile strength, flexural strength,
interlaminar shear strength (ILSS), toughness, damping beha-
viour, and glass transition temperature. At specified stirring
times, the flexural strength of the treated MWCNTs—-CFRP
laminates is 948 MPa, while the ILSS is 66.7 MPa [36]. The
incorporation of glass powder into a co-cured glass fibre-rein-
forced polymer composite resulted in a substantial improve-
ment in its mechanical properties. Specifically, there was a
substantial rise in both the flexural and shear strengths,
increasing from 19.31 to 208.92 MPa. In addition, the natural
frequency of the composite in Mode-3 increased to 881.3 Hz
[37]. The statistical analysis utilized the one-way analysis of
variance (ANOVA) method to evaluate the error rate and the
impact of different inputs on the output parameters of the
composites [22,38,39]. The genetic algorithm, artificial neural
network (ANN), and Levenberg-Marquardt algorithm were
collectively employed to optimize and forecast the outcomes
of the joints and composites [22,33,38-41]. A thorough exam-
ination of the composite materials was conducted using
advanced optimization techniques, resulting in substantial
enhancements to their mechanical properties.

After carefully examining the literature, several signif-
icant findings were uncovered. Numerous studies have
been conducted to analyse the shear, flexural, and vibra-
tional properties of co-cured GFRP composite joints that
incorporate an adhesive enhanced with MWCNTs. There
is currently a limited amount of research available on the
flexural and vibration properties of co-cured CFRP compo-
site joints that use adhesives enhanced with MWCNTs. This
study examined the impact of MWCNTSs on the dynamic and
flexural characteristics of novel covered laminas with co-
cured carbon fibre-reinforced polymer (CL-CC CFRP) compo-
site joints. In addition, the JMP Pro 17 software will be used
to perform a one-way ANOVA to investigate any significant
differences in the results. Utilizing an ANN and MATLAB
software, the performance and prediction model for fore-
casting future outcomes is finely tuned.

2 Materials and methods

2.1 Materials

SM Composites in Chennai, India, provided the bi-direc-
tional woven carbon fabric with an area weight and thick-
ness of 220 g/m* and 0.40 mm, respectively. MWCNTs were
acquired from BTCORP Generique Nano Pvt Ltd in Bangalore.
The properties of MWCNTs are 20 nm in diameter, 20 um in
length, >99% purity, 220 m%g specific surface area, and 0.16 glcm®
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bulk density. SM Composites in Chennai, India, supplied the
epoxy resin [LY556] and the triethylenetetramine araldite epoxy
hardener [HY951].

2.2 MWCNT dispersion method

The process of spreading MWCNTSs in epoxy is shown in
Figure 1, which describes the technique. In the beginning, a
precise weighing device was used to ascertain the various
weight proportions of MWCNT particles. The weight per-
centages of 0.25, 0.5, 0.25, 0.75, 1.0, 1.25, and 1.5 were given
attention, and observations were made about them. After
that, the MWCNTs were combined in a beaker that pre-
viously had 100 g of acetone that was in its purest form. The
beaker was subjected to ultrasonication for 1h in an ultraso-
nicator, with the frequency ranging from 30 to 40kHz.
A mixture that contained approximately 50% acetone was
obtained as a consequence of the sonication process, which
resulted in the vaporization of approximately 50% of the
acetone. The mixture was then subjected to an extra round
of sonication after a required quantity of epoxy was added to
the MWCNT/acetone mixture and mixed well. After that,
acetone is present in the epoxy/MWCNT composite mixture
in proportions that have been accurately calculated. During
the process of extracting the acetone from the liquid, a
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magnetic stirrer was used to swirl the liquid at a speed of
900 revolutions per minute, while the temperature was main-
tained at 60°C. In the end, the adhesive formed a uniform
combination of MWCNTSs and epoxy, resulting in improved
bonding of single-lap joints [1-4,12,13,26,27,42].

2.3 Uncured laminate preparation

An uncured CFRP composite was fabricated by combining
the epoxy resin and hardener in a weight ratio of 10:1. First,
manufacturing of the four-ply CFRP laminates was carried
out using the manual process of hand layup, which is the
recommended method. The CFRP laminates have a matrix
and fibre weight ratio of 50/50. To remove any excess resin,
the laminates that had not yet solidified were subjected to
vacuum sealing and crushed at a pressure of 1 bar for
30 min [2,3,11-13,27]. Figure 2 depicts a diagrammatic repre-
sentation of the vacuum bag moulding process.

2.4 CL-CC-CFRP composite joint preparation

The study involved fabricating adhesive-bonded CFRP single-
lap joint samples using co-curing adhesive-bonding methods.

: One hour Ultrasonication of
Mixture of

MWCNT+Acetone mixture
‘E‘ i
\“ Ié + —} SN —}
 — = ®
MWCNTs Pure Acetone Weighing of MWCNT & '
Acetone
VAN
Epoxy
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MWCNT+Acetone
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Magnetic stirring of
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One hour Ultrasonication of
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Figure 1: MWCNT/epoxy adhesive preparation using the MWCNT dispersion process.
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Figure 2: Schematic diagram of the vacuum bag moulding process.

Figure 3 displays an accomplished single-lap connection made
with CFRP composites using the co-curing bonding technique.
A specially designed mould maintained the adhesive thickness
in the CFRP single-lap joint at 0.5mm. The top and bottom
wood control plates and support plates, each measuring 3 mm
in thickness, comprised the custom mould. The four-layer
uncured CFRP composite specimens were arranged with over-
lapping gaps of 25.4 mm. There is a fifth and sixth lamina covered
on both sides of the single lap joints. Figure 4(a)—(c) presents a

A VN

Sealing
Tape

Face Sheet

custom-made mould, highlighting the covered lamina with
CFRP single lap joint configuration. The adhesive, made up
of MWCNTs and pure epoxy, was combined with a hardener
using a weight ratio of 10:1. The adhesive was applied to
both the regions of overlap and the covered lamina of the
joints. With precision, the thickness control plate measures
the adhesive thickness in the overlap zone at a precise value
of 0.5 mm. Following their preparation, the composite joints
underwent a two-step curing process. Initially, they were
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Figure 3: CFRP single lap joint fabrication process.
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Figure 4: Fabrication technique: (a) arrangement of adherends, (b) a specially designed mould, (c) single lap joint, (d) flexural test sample dimensions,

and (e) vibration test sample dimensions.

placed in a controlled environment for an entire day. Fol-
lowing that, they were transferred to an industrial oven set
at a temperature of 60°C and left for 45 min. The flexural
and vibration test sample dimensions were set following the
specifications provided by ASTM D 790 and ASTM D 5868,
respectively, which are illustrated in Figure 4(d) and (e).

2.5 Testing procedures
2.5.1 Flexural testing

The H10KL universal testing equipment, manufactured by
Tinius Olsen, was employed to perform a flexural test
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under normal room temperature conditions. Figure 5(a)
illustrates a schematic representation of a flexural test
specimen for covered laminas with co-cured joining tech-
niques (CL-CCT) CFRP composite single lap joints that is
attached to the UTM machine fixture. This joint was pro-
duced in compliance with the specifications established by
ASTM D 790. Three specimens were used for the flexural
test, with each specimen representing a different weight
percentage. The loading rate in this experiment was con-
sistently maintained at 2 mm/min. In Figure 5(b), a spe-
cimen is loaded and then subjected to a flexural test.

To examine the values of flexural stress and flexural strain
on the adhesive joints, equations (1) and (2) were used.

3WL

= 2’ M

Ot
where o is the flexural stress at the midpoint in MPa, W is
the load at the midpoint, L is the span of support in mm, b
is the joint’s width (mm), and d is the joint’s depth in mm.
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& = Lz 3 (2)

where & represents the midpoint flexural strain in mm/mm
and D is the displacement measured in mm at the joint’s
centre.

2.5.2 Free vibration testing

This study investigates the impact of varying weight per-
centages of MWCNTs on the inherent vibration character-
istics of CL-CCT CFRP composite single-lap joints. The joints
were created using a co-curing bonding process. A study
was conducted to investigate the occurrence of free vibra-
tions with fixed-free boundary conditions, utilizing three
replicates of samples. An analysis was performed on the
first three mode shapes to calculate the natural frequency
of the CL-CCT CFRP single-lap joint samples. The CFRP

Loading spans_| \
= oy 5

Computer System

Specimen Failure

Figure 5: (a) Flexural test specimen and (b) flexural test setup under loading conditions.
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composite junction was firmly attached to a stationary sup-
port at one end. Figure 6(a and b) illustrates the procedure
of applying excitations using a Dytran (5800SL) impulse
hammer, which has a sensitivity of 23.493 mV/N. Having
been attached to the composite joint, a highly sensitive
accelerometer (352C22/NC) with a sensitivity of 10.54 mV
per g was utilized to gather the impact signal. The time-
domain data were analysed using a fast Fourier transform
with a data-collecting device that has four channels and a
sampling rate of 52.13 kg samples per second. It accurately
determined the natural frequency of composite joints using
the DEWE software.

A Nyquist plot was generated using the circle fit tech-
nique to determine the damping ratio of the mode. The
primary benefit of this method was a diminished impact
on the ultimate result, achieved by decreasing the number
of locations around the primary point of response and its
intensity. A benefit of the half-power band approach is its
ability to precisely compute the damping ratio, regardless
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of the proximity of the mode frequencies. Upon using the
circle fit technique on the resonance peak data, it became
evident that the data points were arranged circularly [43].
The damping value can be determined by using the circle
fit method and applying the following formula:

w? - w?

(= ®)

)
a: a
2wo|wz tan' + w; tan~;

where wy implies the angular frequency at resonance, a;
and a, denote the angle between angular frequencies,
respectively, and w; and w, denote the angular frequen-
cies, respectively [44].

2.5.3 Morphology testing

An FEI Quanta 250 FEG, a Thermo Fisher field emission
scanning electron microscopy (FE-SEM) apparatus, was

Impulse Hammer

CL-CC CFRP Joint /
{m — —
4 Channel Data
a l o Acquisition System
e
Miniature l O
Accelerometer .
l
C—
DEWE Soft FFT Analy
Fixture

Figure 6: (a) Schematic diagram of the vibration test and (b) experimental vibration test setup with the CFRP joint specimen.
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employed to examine the morphological characteristics
of the fractured surface of single lap joints. The device
obtains its principal electron supply from a Schottky field
emission electron cannon. The features of this instrument
are truly unique and unparalleled. The device operates
within a voltage range of 5-30 kV and attains a magnifica-
tion of 100,000x when employed in a high vacuum envir-
onment at 30 kV. Following the failure of flexural surface
samples, the fractography of those samples was performed
using a field emission scanning electron microscope. The
primary aim was to ascertain the exact mechanism by
which the fracture occurred. Prior to analysis, the speci-
mens underwent resizing using a specialized cutting instru-
ment to achieve dimensions of 10 mm x 10 mm x 2.5 mm. In
order to enhance the electrical conductivity of the surfaces,
a preparatory layer of gold was folio-coated.

3 Results and discussion

3.1 Flexural analysis

The flexural performance of adhesive-bonded joints in
CL-CC CFRP composites has been improved by adding
different weight percentages (0.25, 0.5, 0.75, 1.0, 1.25, and
1.5) of MWCNTs. The experimental data demonstrate
the impact of MWCNTs on stress-strain, as shown in
Figure 7(a). The addition of MWCNTSs to the epoxy adhesive
significantly enhances the energy-absorbing capabilities of
composite joints, as shown in Figure 7(b). The outcome is a
catastrophic collapse of a CL-CC CFRP junction with only
epoxy as a bond, experimentation of which is proven to be
true. MWCNTs have been included in epoxy adhesives to
enhance their linear elasticity. The material’s capacity is
enhanced to inhibit the initiation and propagation of
matrix fractures. The addition of MWCNTSs to the adhesive
helps reduce the formation of concentrated stress when
subjected to bending loads. It is well recognized that ten-
sion in fibres is less prone to debonding or failure when it
is uniformly distributed. The research demonstrated that
the adhesive containing MWCNTs exhibited significantly
enhanced adhesion compared to the pure adhesive. The
flexural strength of a composite joint made only of adhe-
sive-based CL-CC CFRP is 231 MPa. The pure epoxy adhesive
was modified with different concentrations of MWCNTSs,
namely, 0.25, 0.5, 0.75, 1.00, 1.25, and 1.5%. The flexural
strength values for each concentration were found under
the flexural loading. The findings indicated that the inclu-
sion of 0.25% by weight of MWCNT resulted in a substantial
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MWCNT content.
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enhancement in the flexural strength of the epoxy. The
greatest value achieved was 502 MPa, representing a 118%
increase compared to the pure epoxy adhesive.

Composite joints’ flexural modulus is substantially
enhanced when MWCNTs are added to epoxy adhesive,
as shown in Figure 7(c). The research showed that
adding 0.25% MWCNTs by weight significantly increased
the epoxy’s flexural modulus, reaching a maximum of
52.19 GPa. On the other hand, the strength of this mate-
rial is 15% more than that of pure epoxy. The adhesive’s
spreading and adhesion capabilities are diminished,
and its viscosity increases with larger nanoparticle
concentrations, both of which degrade the adherence.
Additionally, due to their enormous surface area, nano-
particles have a tendency to aggregate, which causes ten-
sion to accumulate at the aggregated particles and a subse-
quent weakening of the material. A coarse surface developed
on the adhesive layer, which increased its strength. Because
of this layer, the glue was able to cling to the substrate much
better. As a result, the usual joint’s resistance to bending
stress was much improved [27]. Compared with the previous
research work by the same author, the flexural strength and
modulus of pure epoxy-based CL-CC CFRP composite joints
exhibit a significant increase compared to those of pure
epoxy CC-CFRP composite joints which is 118 and 91%, respec-
tively. In comparison, the CL-CC CFRP composite joints
with 0.25wt% of MWCNTs show a significant increase of
374 and 109% compared to the pure epoxy CC-CFRP compo-
site joints. Based on these findings, it has been observed that
the covered lamina effectively functions as a load-bearing
reinforcement when subjected to flexural load in the CFRP
composite joints.
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The load-displacement curves depict the bending load
that leads to the failure of these joints made of CFRP com-
posites, which is illustrated in Figure 8. When a flexural
load is applied to the CL-CC CFRP composite joints, both the
covered lamina and adhesive initially resist the load. Sub-
sequent loading results in the initial failure occurring on
both sides of the covered lamina in the overlapped region.
At that moment, the load abruptly dropped without any
deformation. Furthermore, the adhesive has the ability
to endure further stress until it eventually breaks. The
hand layup technique is used to construct joints to accom-
modate changing flexural stress and modulus, leading to
varying composite thickness. Excessive quantities of adhe-
sive containing MWCNTSs lead to specimen slippage during
testing, which in turn affects the point where the load is
applied. To reduce the occurrence of specimen slips, it is
advised to exercise meticulous control over the quantity of
MWCNT-based glue used during the manufacturing pro-
cess. In addition, maintaining a constant load application
point throughout testing will aid in correctly evaluating the
performance of the joints at varying levels of bending
stress and modulus.

3.2 Vibrational behaviour analysis

Figure 9(a)—(c) displays the experimental examination of
the natural frequencies of Mode-1, Mode-2, and Mode-3 in
MWCNTs reinforced with adhesive-based CFRP composite
joints, conducted by a free vibration test. The damping
factor of the tested samples in three modes is shown in
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Figure 8: Failure mode of the CL-CC CFRP composite joint under flexural loading.
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Figure 9(d). The CFRP composite joint specimen, bonded
with pure epoxy adhesive, demonstrates natural frequen-
cies of 91.20, 598.02, and 1765.03 Hz for Mode 1, Mode 2, and
Mode 3, respectively. The pure epoxy-based CL-CC CFRP
composite joint showed enhancements of 7, 9, and 9%,
as compared to the joint made only from epoxy-based
CC-CFRP composite joints. These results indicate that the
CL-CC CFRP composite joint constructed with 1.25wt% of
MW(CNTs combined with epoxy has achieved its maximum
natural frequency. The frequencies corresponding to Mode
1, Mode 2, and Mode 3 are 108.79, 713.93, and 2001.57 Hz,
respectively. These values exceed those of pure epoxy by
19, 19, and 13%, respectively. The natural frequencies of
1.25 wt% MWCNT-based CL-CC CFRP composite joints are
28, 30, and 24% greater than the natural frequencies of
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pure epoxy-based CC-CFRP composite joints in the three
modes, respectively. The increase in natural frequency is
attributed to the addition of MWCNTSs, which enhances the
stiffness and strength of the composite joint. These results
demonstrate the potential for improved performance and dur-
ability in structural applications. Furthermore, the enhanced
natural frequencies also suggest that the composite joint with
MWCNTS is more resistant to vibrations and dynamic loads
compared to pure epoxy joints. This indicates a promising
direction for future research on advanced materials for struc-
tural engineering.

A considerable improvement in the natural frequency
was achieved with the use of 1.25 wt% of MWCNT reinfor-
cements with adhesive. The effective incorporation of
MWCNTs led to an improvement in the bonding between

(b) 800
713.93
693.49 T
700 67397 661.59
= 636.96 637.83 ~
T 598.02
= 600
Q
<
& 500 4
9
[
S 400
3
©
Z 300 +
N
3 200
o
=
100 ~
0 - T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50
MWCNT (%)
(d)
0.050
% of MWCNT
0.045 -=—0
- 025
0.040 -~ A 05
v—0.75
_ 0.035 *1
) <125
"0 0.030 > 15
&
o 0-025 -
£
2. 0.020
g
Q 0.015 -
0.010
0.005
0.000
T T T
Mode 1 Mode 2 Mode 3
Mode of Vibration

Figure 9: (a) Mode 1 - natural frequency versus wt% of MWCNT content, (b) Mode 2 - natural frequency versus wt% of MWCNT content, (c) Mode 3 -
natural frequency versus wt% of MWCNT content, and (d) plot for damping factor versus mode of vibration corresponding to wt% of MWCNT content.
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the adherent and the adhesive. Therefore, it functioned as
a precise mechanism to ensure the trustworthy bonding of
the adhesive substance and the laminate plies that had
been co-cured and cured together. It is possible to reduce
the natural frequency of the CFRP composite junction by
clumping, which is caused by the addition of an excessive
amount of MWCNTs to the adhesive. In comparison to
other specimens, the damping values of the lap joints
that were reinforced with 1.25 wt% of MWCNTs and that
were subjected to co-curing were found to be lower. The
increased adhesion between the adherend and the adhe-
sive leads to a decrease in the energy dissipation behaviour
of the composite joints that have been co-cured. Therefore,
it is possible to conclude that the drop in energy dissipation
behaviour resulted in a fall in the inherent damping value
of composite materials [13]. This suggests that there is an
optimal amount of MWCNTs that can be added to the adhe-
sive to maintain desired damping values in composite joints.
Further research could explore different reinforcement methods
or materials to improve the energy dissipation behaviour
without sacrificing damping values.
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3.3 Microstructural analysis

An FE-SEM instrument developed by Thermo Fisher, FEI
Quanta 250 FEG, was used to examine the surface mor-
phology of fracture tested samples. This device relies on
a Schottky field-emitting electron cannon as its main elec-
tron source. There are a number of unique aspects to this
instrument. With a voltage of 30kV and a high vacuum
environment, the apparatus is capable of magnifying objects
up to 100,000 times. Its operational voltage range is 5-30 kV.
FESEM analysis of fractography followed previous efforts to
comprehend flexural surface cracking. A precise cutting
instrument was used to carefully trim the specimens to
dimensions of 10 mm x 10 mm before analysis. To improve
the surfaces’ electrical conductivity, they were gilded before
scanning.

The presence of uniform and smooth failure surfaces
reduced the adhesive’s ability to bond with the adherend
in specimens without MWCNTSs, as shown in Figure 10(a).
Because of this, the joint’s strength and stability were
diminished, and it became more easily damaged. The
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Figure 10: FESEM images of the fractured surfaces under a flexural load. (a) Neat CL-CCT, (b) 0.25% of MWCNT CL-CCT, (c) 0.5% of MWCNT CL-CCT, and

(d) 0.75% of MWCNT CL-CCT.
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presence of MWCNTs in the adhesive zone caused the
crack propagation trajectory to change to a longer one,
as shown in Figure 10(b). Prolonging the failure process
made it easier to reinforce the joint, which in turn enhanced
the cohesive force. Through co-curing bonding techniques, a
rough surface was formed on both adherends in an over-
lapping zone. As a result, the flexural strengths between the
matrix and the fibre strengthened, and the bond between
the two was further solidified. This resulted in improved
cohesive and adhesive qualities. The capacity of layers to
adhere to one another or interlayer adhesion is essential for
bending force resistance because it stops layers from peeling
apart and fibres from coming loose. By creating a rough
area in the bonding zone and evenly dispersing MWCNTSs,
the flexural strength of the CL-CC CFRP composite joint was
enhanced. Additionally, MWCNTs introduced additional
nano-scale toughening mechanisms to adhesives, increasing
their fracture resistance. This made adhesive-bonded joints
more prone to fracture [45,46].

Figure 10(c) shows that the probability of crack forma-
tion and propagation is reduced when there are uneven
surfaces close to the bonding region. Increased flexural
strength and delayed joint failure were the end outcomes.
Due to its emphasis on uniform MWCNT dispersion and
strong matrix~-MWCNT bonding, the described procedure
is effective for co-cured joints. The co-cured joint showed
more clusters of nanoparticles as the percentage of MWCNTS
increased. This is because MWCNTs increased the joint’s
strength. Compared to joints devoid of MWCNTSs, those rein-
forced with these nanoparticles showed lower flexural
strength and higher stress concentration. Nanoparticle
aggregation in the adhesive layer substantially increased
the weight percentage, as shown in Figure 10(d). An
increase in stress concentration was noted when MWCNTSs
were present. The co-cured composite joints could only sup-
port a certain amount of weight and were thus less likely to
fail. From these results, in CL-CC CFRP composite joints, the
flexural strength improved by three techniques — co-curing,
covered lamina, and matrix modification.

4 Statistical analysis

A statistical method was used to analyse the relationships
among the means of input and output variables. There are
various statistical testing techniques, such as hypothesis
testing, confidence intervals, regression analysis, and ANOVA.
Based on the categories of independent and dependent vari-
ables, the testing techniques were selected. In this research,
statistical analyses were performed on every parameter
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assessed using JMP Pro 17. The first step of this analysis
was to ensure a normal distribution of the data, such as
natural frequency across all three modes, flexural strength,
and modulus. A normal quantile plot was used. After con-
firmation of data that were normally distributed, the data
were applied to statistical analysis. In this research, inde-
pendent variables were considered categorical and depen-
dent variables were considered continuous. Due to both
dependent and independent variable groups, ANOVA was
conducted to examine the flexural strength, flexural mod-
ulus, and natural frequency of different modes in CL-CC
CFRP composite single-lap joints with varying weight per-
centages of MWCNT additives. According to the findings
presented in Table 1, this analysis indicates that the data
conform to a normal distribution. The primary objective
of this study was to determine if there were any significant
variations in the properties of CFRP single-lap joints with the
addition of MWCNTS, specifically in terms of their weights.
All attributes examined yielded a P-value below 0.05, as
indicated in Table 2. When combined with CL-CC CFRP com-
posite single-lap joints, there is a notable variation in the
average weights of the MWCNTs (0, 0.25, 0.75, 1.0, 1.25, and
1.5). This discrepancy is indicated by the 95% confidence
level. According to the results, the amount of MWCNTs in
the material’s weight has a notable impact on its flexural
strength, flexural modulus, and natural frequency.

5 Prediction using the ANN

The ANN model faithfully mimics the anatomical and func-
tional features of the real neurological system. For processes
that require a high degree of rigidity, like the bending and
oscillation properties of CFRP composite joints made of CL-
CCT, this performance boost can be quite useful. We must
think about how the parameters might affect the material’s
properties when we choose them. A system of intercon-
nected systems, or neurons, was used to find the best com-
bination of joint depth and reinforcement filler. An input, an
output, and a hidden component made up the scheme. As
shown in Figure 11(a), a careful analysis of various critical
parameters is required to ascertain the number of hidden
layers in an ANN. The generated ANN model using the
MATLAB ANN tool is shown in Figure 11(b). The intricacies
of the subject under examination are of utmost significance.
This study highlights the use of complex networks and spe-
cialized numerical layers in analysing intricate data pat-
terns and issues. Fifty hidden layers were discovered during
this investigation. After conducting numerous tests and eva-
luations, including training the network on one dataset and
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Table 1: Normal quantile plot and one-way ANOVA
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Table 1: Continued
Parameters Normal quantile plot for experimental One-way ANOVA for experimental results
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confirming its functionality on another, this condition was
ultimately chosen.

The main consideration behind this decision was the
network’s capacity to effectively adjust to new information
while upholding a well-balanced model complexity. Both
the joint depth and weight percentage of MWCNTs are
among the four input factors considered in this study. Every
parameter on the input layer is controlled by a neuron.
Empirical measurements are utilized to train the neural net-
work model and establish the correlation between the input
and output data. The input data consist of variables that range
from 0 to 1. The eight neurons comprising the output layer are
specifically tailored to represent various characteristics of the
CL-CCT CFRP composite joints. In addition, these parameters

encompass the maximum flexural strain, maximum flexural
strength, flexural modulus, maximum force, deflection, and
natural frequencies of the first, second, and third modes.

It randomly divides experimental data to 70% for
training, 15% for testing, and 15% for validation. A signifi-
cant portion of the data is allocated for training purposes,
while a smaller portion is reserved for testing and vali-
dating the experimental outcomes. Choosing an appro-
priate cycle number is essential for ensuring reliable
training in neural network algorithms. The research utilized
a feed-forward back-propagation methodology to predict
the vibration behaviour and flexural properties of CL-CCT
CFRP composites with adhesively bonded joints. The
MATLAB software was employed to achieve this objective.

Table 2: ANOVA of various wt% of MWCNTSs of CL-CC CFRP joint specimens

Parameters Source Degree of freedom Sum of squares Mean square F P-value

Flexural stress (MPa) % of MWCNTs 6 204566.00 34094.3 8.7965 0.0004*
Error 14 54262.67 3875.9
C. Total 20 258828.67

Flexural modulus (MPa) % of MWCNTSs 6 718,496,834 119,749,472 5.0464 0.0060*
Error 14 332,214,507 23,729,608
C. Total 20 1,050,711,341

Mode 1 - natural frequency (Hz) % of MWCNTSs 6 773.2106 128.868 4.5147 0.0095*
Error 14 399.6186 28.544
C. Total 20 1172.8292

Mode 2 - natural frequency (Hz) % of MWCNTSs 6 27267.704 4544.62 3.5749 0.0232*
Error 14 17797.821 1271.27
C. Total 20 45065.524

Mode 3 - natural frequency (Hz) % of MWCNTs 6 167893.92 27982.3 7.0262 0.0013*
Error 14 55755.79 3982.6
C. Total 20 223649.72

Bold values denote statistical significance at the p < 0.05 level.

*A p-value less than 0.05 is typically considered to be statistically significant, in which case the null hypothesis should be rejected.
*P-Value greater than 0.05 is not considered to be statistically significant, meaning the null hypothesis should not be rejected.
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Figure 11: (a) Input and output parameters in the ANN model. (b) Generated ANN model.

Using the Levenberg-Marquardt ANN, linear regres-
sion predictions were made, and the percentage error
between the network’s output and the experimental data
was calculated. In Figure 12(a), it is evident that the neural
network Levenberg-Marquardt model outperformed the
experimental results in the training set. Based on prior
research, the model demonstrates a slight improvement
compared to other models when considering the validation
set. Based on the performance of the validation set, it
appears that the developed model has a higher prediction
accuracy. The ANN model outperformed other models in
this regard. It tested the models’ predictive capabilities
involved using unseen data. The results indicate that the
ANN model demonstrates strong generalization capabilities.

Scatter plots in Figure 12(b) showcase the correlation between
the identified output characteristics and the predicted results
of the ANN models. Once the coefficient of determination
reaches high values for training, validation, testing, and
overall, the network is selected for forecasting. These values
are R = 0.99696, 0.99806, 0.98409, and 0.99659, respectively.
Figure 12(b) demonstrates the impressive accuracy of pre-
dictions made by models trained using ANNs for the
vibration and flexural properties of CL-CCT CFRP compo-
site joints. In addition, the ANN model demonstrates sig-
nificantly lower error values compared to the existing
literature. Table 3 shows that the confirmation of experi-
mental results with ANN predicted results with minimal
error.
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Table 3: Confirmation of experimental results with ANN predicted results
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Factors Analysis Output responses
% of Joint Max. Deflection  Max. Max. Flexural Mode 1 - Mode 2 - Mode 3 -
MWCNT depth force (mm) flexural  flexural modulus  natural natural natural
(mm) (N) strain strength  (GPa) frequency frequency frequency
(%) (MPa) (Hz) (Hz) (Hz)

0 2.63 Experiment 149.50 2.65 0.52 231.00 45.493 91.20 598.02 1765.03
ANN prediction 140.67  2.703 0.53 217.33 41.886 91.20 598.02 1765.03
% of error 591 2.1 2.10 5.92 7.93 0.00 0.00 0.00

0.25 2.75 Experiment 358.00 4.75 0.97 502.67 52.186 97.35 636.96 1731.40
ANN prediction 358.00 4.750 0.97 502.67 52.186 97.35 636.96 1731.40
% of error 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.5 2.91 Experiment 321.33 450 0.97 403.00 41.423 97.39 637.83 1766.30
ANN prediction 320.00 4.910 1.06 401.00 37.830 94.26 633.21 1789.70
% of error 041 9.1 9.24 0.50 8.67 3.21 0.72 1.32

0.75 3.25 Experiment 296.00 2.52 0.61 297.67 49.308 100.91 673.97 1782.17
ANN prediction 296.00 2.515 0.61 297.67 49.308 100.91 673.97 1782.17
% of error 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

1 34 Experiment 46133 4.64 1.17 424.33 36.631 107.36 693.49 1899.37
ANN prediction 434.00 4.510 1.13 399.00 35.310 109.07 666.19 1850.40
% of error 592 273 3.14 5.97 3.61 1.59 3.94 2.58

1.25 3.34 Experiment 460.00 4.35 1.07 439.67 40.947 108.79 713.93 2001.57
ANN prediction 473.50  4.495 1.1 452.50 40.721 107.53 688.15 1967.60
% of error 293 333 3.42 2.92 0.55 1.16 3.61 1.70

1.5 3.05 Experiment 391.67 4.65 1.05 447.00 42.334 106.96 661.59 1867.83
ANN prediction 403.50 4.835 1.09 460.50 41.807 105.24 650.92 1855.40
% of error 3.02 3.90 3.93 3.02 1.25 1.60 1.61 0.67

The bold font indicates the minimum error percentage.

6 Conclusions

The purpose of this study is to investigate the effects of adhe-
sive-bonded joints in CL-CC CFRP by employing MWCNTs as a
reinforcing agent in a pure epoxy adhesive. To fabricate the
joints, a combination of vacuum bag hand layup and covered
lamina with co-curing bonding techniques was selected as the
method of choice. In addition, the flexural properties were
evaluated using a three-point bending test. Furthermore, the
vibration characteristics were investigated using a free vibra-
tion test that made use of a cantilever beam boundary con-
dition. Based on the investigation, the following assertion can
be derived as the inference:

» The flexural strength and modulus of the MWCNT-mixed
epoxy adhesive at a weight percentage of 0.25% are sig-
nificantly higher than those of pure epoxy. Specifically,
the flexural strength has increased by 118%, while the
modulus has increased by 15%. The addition of MWCNTSs
enhances the mechanical properties of the epoxy adhe-
sive, making it a promising option for applications
requiring high strength and stiffness.

* By incorporating 1.25 wt% of MWCNTs into the epoxy, the
vibration characteristics of CL-CC CFRP composite joints were
effectively improved. The natural frequencies of Modes 1, 2,
and 3 were found to exhibit improvements of 19, 19, and 13%,
respectively, when compared to the value of pure epoxy. The
addition of MWCNTSs also increased the damping ratio of the
composite joints, indicating enhanced energy dissipation cap-
abilities. These improvements are crucial for enhancing the
overall performance and durability of CL-CC CFRP composite
joints in various applications.

According to the findings of morphological analysis, the
bonding that occurred at the interface resulted in an
improvement in the flexural properties of the CL-CC
CFRP composite joints. Many distinguishable character-
istics play a part in determining the bonding property at
the interface, as shown in the images obtained from FE-
SEM. Several phenomena fall under this category, including
crack generation, crack propagation, fibre pullout, and
matrix pullout. These phenomena can be influenced by
factors such as the surface roughness of materials, the pre-
sence of contaminants, and the curing process.
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Understanding these interactions is crucial for optimizing
the performance of composite joints in various applications.
A level of confidence of 95% was reached regarding the
findings, which demonstrated statistical significance. In
situations where the F-value is higher than the critical
F-values and the p-value is lower than 0.05, the conclu-
sion can be stated without any reservations. This level of
confidence indicates that the results are unlikely to have
occurred by chance. Therefore, the findings can be con-
sidered reliable and valid for concluding this study.
The mean squared error values that the ANN produced
during the training, validation, and testing phases were R
=0.99696, R = 0.99806, and R = 0.98409, respectively. These
values were obtained throughout the program. The overall
MSE was achieved at R = 0.99659. Based on the findings of
the analytical study, it is hypothesized that the application
of the ANN methodology could be an exceptionally effective
method for predicting outcomes. The consistently high R-
values obtained during the training, validation, and testing
phases indicate a strong performance of the ANN model.
This suggests that the ANN methodology has great potential
for accurate outcome predictions in future applications.
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