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Abstract: Adhesively bonded joints are widely used in lightweight aerospace and automotive
structures, but their dynamic performance under vibrational conditions remains a critical design
concern. Recent studies have shown that nanofiller-modified adhesives can enhance static
strength, but limited experimental evidence is available on their influence on the vibration
behaviour of different joint configurations. In this work, the vibrational characteristics of
single lap joints (SLJs) and cross lap joints (CLJs) bonded with epoxy adhesive reinforced
with 1 wt% multiwall carbon nanotubes (MWCNTSs) are investigated through combined
experimental and numerical approaches. Modal testing was conducted using an impact hammer
technique and fast fourier transform (FFT) based frequency response analysis to determine
natural frequencies and damping characteristics. Finite element modal harmonic analyses
were performed using a three-dimensional viscoelastic model to simulate the dynamic response
of the joints. The results indicate that the incorporation of MWCNTs leads to a consistent
increase of the joints. The results indicate that the incorporation of MWCNTs leads to a
consistent increase in natural frequencies for both joint types, reflecting enhanced joint stiffness
due to nanoscale reinforcement of the adhesive layer. The effect is more pronounced in
cross-lap joints, highlighting the strong sensitivity of adhesive-dominated joint geometries to
stiffness modification. Numerical predictions show reasonable agreement with experimental
measurements, validating the proposed modelling approach despite unavoidable experimental
uncertainties. The findings demonstrate the potential of MWCNT-reinforced epoxy adhesives
to improve vibration resistance and dynamic stability in bonded joints, providing useful insight

for the design and optimization of lightweight structures subjected to dynamic loading.

Keywords: single lap joint; cross lap joint; MWCNT-reinforced epoxy; vibrational

analysis; experimental modal analysis; finite element analysis

1. Introduction

Adhesive bonding has become an essential joining technique in modern
lightweight engineering structures, particularly in the aerospace, automotive, and
marine industries. Compared to traditional mechanical fastening methods such as
bolting and riveting, adhesive joints offer several advantages, including reduced stress
concentrations, improved load distribution, lower structure weight, enhanced fatigue
performance, and improved corrosion resistance. As a result, adhesively bonded joints
such as single-lap joint (SLJs), double-lap joints, strap joints, and cross-lap joints are
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increasingly used in structural assemblies subjected to complex loading.

While the static strength and failure behaviour of adhesively bonded joints have
been widely investigated, their dynamic and vibration behaviour remains a critical
design concern. In practical applications, bonded joints are frequently exposed to
dynamic excitation arising from engine operation, aerodynamic loads, road-induced
vibration, and acoustic excitations. Resonance conditions may lead to excessive
vibration amplitudes, noise, premature fatigue damage, or even frequencies, mode
shapes, and damping of adhesive joints is essential for ensuring structure integrity and
long term durability.

Several researchers have examined the vibration behaviour of adhesively
bonded joints using experimental, analytical and numerical approaches. Ingole and
Chatterjee [1] performed experimental and analytical vibration analysis of single-lap
adhesive joints and showed that the presence of an adhesive layer slightly reduce the
natural frequencies compared to monolithic beam due to reduced stiffness. Yaman and
Sansveren [2] conducted both numerical and experimental studies on different type
of adhesively bonded joints, including single-lap and double-lap joints, and reported
that joint geometry, adhesive thickness, and overlap length significantly influence
resonance frequencies and damping characteristics. Their study also highlighted that
double-strap joints generally exhibit superior energy dissipation capabilities compared
to single-lap joints.

Further investigations have explored the influence of geometric and material
parameters on joint vibration, Glines et al. [3] analyzed the free vibration behaviour
of adhesively bonded single-lap joints made of functionally graded materials and
demonstrated that plate width, thickness and material gradation strongly affect natural
frequencies, whereas overlap length has comparatively minor effect. Haka et al. [4]
studied the vibration response laminated single-lap joints and identified optimal
overlap length and strap thickness combinations for enhanced vibration resistance.
Marchione [5] investigated vibration mode of double-lap joints and showed that
structural modifications such as slotting can significantly alter modal characteristics.

In addition joint geometry, adhesive material properties play a crucial role in
governing the dynamic response of bonded joints. Sarila et al. [6] demonstrated
that increasing adhesive stiffness leads to higher torsional natural frequencies, while
Poisson’s ratio has relatively minor influences. Wang et al. [7] developed a layerwise
finite element model incorporating adhesive viscoelasticity and showed that adhesive
damping, overlap length and bond thickness strongly affect both natural frequencies
and modal loss factors. These studies confirm that vibration behaviour of adhesive
joints is highly sensitive to adhesive stiffness and damping characteristics.

In recent years, the incorporation of nanoscale fillers into epoxy adhesives has
emerged as an effective strategy to enhance mechanical and functional properties.
Among various nanofillers, multiwall carbon nanotubes (MWCNTs) have attracted
particular interest due to their exceptionally high Young’s modules strength and
aspect ratio. Ejaz et al. [8] reported that the addition of MWCNTs to epoxy
adhesive significantly improves joint strength and fracture resistance, although
excessive filler content may lead to agglomeration and performance degradation.
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Monteiro and Avila [9] showed that carbon nanotubes CNT-reinforced adhesives
enhance load transfer and increase delaminated areas during joint failure, indicating
improved interfacial bonding. Srivastava [10] experimentally demonstrated that
MWCNT-modified epoxy adhesives significantly improve bonding strength in
carbon-carbon composite joints by impeding crack initiation and propagation.

Despite these advances, most existing studies on CNT-modified adhesives have
primarily focused on static strength, fracture behaviour, and failure mechanisms. Only
limited attention has been given to their influence on the dynamic and vibration
behaviour of adhesively bonded joints. Moreover, the majority of vibration studies
reported in the literature are restricted to single-lap or double-lap joint configuration.
Experimental and numerical investigations addressing the vibration response of
cross-lap adhesive joints, particularly those incorporating nano modified adhesives,
remain scarce.

Cross-lap joints differ fundamentally from single-lap joints in terms of load
transfer paths, stress distribution, and deformation mechanisms. Due to their
orthogonal geometry, cross-lap joints are often more compliant and exhibit deformation
modes dominated by adhesive shear behaviour consequently, their dynamic response
is expected to be highly sensitive to changes in adhesives stiffness and damping.
However, to the authors’ Knowledge, on comprehensive experimental-numerical study
has systematically examined the effect of MWCNT-reinforced epoxy adhesives on
the vibration characteristics of cross-lap joints, nor has a direct comparison between
single-lap and cross-lap joints under identical material, geometric, and boundary
conditions been reported.

To address these research gaps, the present work investigates the vibrational
behaviour of single-lap and cross-lap adhesive joints bonded with epoxy adhesive
containing 1 wt% multiwall carbon nanotubes.  Experimental modal analysis
is conducted using an impact hammer and FFT-based frequency response
measurements to determine natural frequencies and damping characteristics. In
parallel, three-dimensional finite element models incorporating adhesive material
properties are developed to perform modal and harmonic analyses. A comparative
assessment between experimental and numerical results is presented to evaluate the
influence of nanoscale adhesive reinforcement on joint stiffness and dynamic response.
The findings aim to provide valuable insights into the design and optimization of

adhesive joints for vibration-critical lightweight structures.

2. Adhesive and substrate material

2.1. Selection of substrate material for single lap joint and cross lap joint

Single lap joint as shown in Figure 1, aluminum alloy 5251 is used to prepare SLJ.
As shown both substrates have a length of 101.6 mm each. Adhesive layer applied with
1 mm thickness (t,), substrate thickness (t) is 3 mm, width (w) is 25.4 mm and overlap

area is 12.5 mm?.
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An aluminum-copper alloy was chosen as the substrate material for preparing

Figure 1. Adhesive lap joint geometry [11].

lap joints. Araldite AW 106 and Hardener HV 953 were used as the epoxy resin.
Aluminum alloy 5251 was used for this study due to its notable properties, including
good strength, excellent ductility, and superior formability. It is also known for its
ability to harden quickly through work and its ease of welding. To evaluate the impact of
multiwall carbon nanotubes (MWCNTs), the adhesive was modified by incorporating
MWCNTs in adhesive, and single-lap joints were prepared both with and without the
nanotube-enhanced adhesive [12].

An adhesively bonded cross lap joint is as shown in Figure 2. Aluminum alloy
5251 is used to prepare above joint. Length of the substrate is 102 mm, width is 10 mm,
and thickness of substrate is 3 mm. The overlap area is 10 mm?. An adhesive layer of
1 mm thickness is applied at the center of strap so that joint can be prepared uniformly.

Figure 2. Adhesive cross lap joint geometry.

2.2. Selection of adhesive material and MWCNTs for bonding

In this study Araldite AW 106, combined with Hardener HV 953, as an epoxy
resin. This adhesive is a reliable and versatile material known for its effectiveness in
bonding also multiwall carbon nanotubes (MWCNTs) are mixed in epoxy resin using
the ultrasonication process. Curing temperatures are between 68 °F (20 °C) and 356 °F
(180 °C) without releasing any volatile substances during the process.
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2.3. Bonding process of substrate and adhesive

A single-lap joint was prepared following ASTM standards. Dimensions of
aluminum substrates were 101.6 x 254 x 3 mm. Before preparing the joint, the
aluminum substrates need to cleaned to remove dust and oil if any therefore acetone
is used to clean the substrate material and allowed to dry [13, 14]. An adhesive
mixture was prepared using Araldite AW 106 and Hardener HV 953 in equal
proportions by weight (50% each). This adhesive was applied to join two aluminum
substrates with a 10 mm overlap area, which is the shared region where the adhesive
is applied. Additionally, 1% by weight of carbon nanotubes with multiple wall
(MWCNTs) was incorporated into the Araldite using ultrasonication process. Previous
studies have shown that MWCNT contents above 1 wt% often lead to agglomeration
and deterioration of mechanical properties, while lower contents result in marginal
improvements. Based on these findings and processing limitations, 1 wt% was selected
as an optimal compromise [8,15,16].

For preparation of a cross-lap joint same process is followed. Dimensions of
aluminum substrates were 102 x 10 x 3 mm. Both substrates were held at 90° and

adhesive was applied between overlap areas. Adhesive thickness is 1 mm.

3. Experimental setup for vibration analysis

3.1. Experimental setup and instrumentation

Experimental modal analysis was performed to determine the natural frequencies
and dynamic response of the single-lap and cross-lap adhesive joints. The tests
were conducted under controlled laboratory conditions using an impact hammer
excitation method. An instrumented impact hammer (PCB Piezotronics, Model
086C03) equipped with a built-in force transducer was used to apply impulse
excitation to the specimens. The dynamic response of the joints was measured
using a lightweight piezoelectric accelerometer (PCB Piezotronics, Model 352C33) to
minimize mass-loading effects.

The excitation force and acceleration response signals were acquired using
a two-channel FFT analyser (NI CDAQ-9174 with NI 9234 dynamic signal
acquisition module). Data acquisition and signal processing were performed
using NI LabVIEW-based modal analysis software. The frequency range for all
measurements was set between 0 and 2000 Hz, which adequately covered the first five

vibration modes of both joint configurations.

3.2. Specimen mounting and boundary conditions

To replicate fully restrained boundary conditions, specially designed steel fixtures
were used to clamp the ends of the specimens during testing. For single-lap joints, both
adherend ends were rigidly clamped, leaving the overlap region free to vibrate. For
cross-lap joints, all outer ends of the orthogonal adherends were clamped to ensure
fixed-fixed boundary conditions. The clamping length was maintained constant for all
tests to ensure repeatability and consistency across specimens [17,18].

The boundary conditions adopted during experimental testing were carefully
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reproduced in the finite element simulations to allow meaningful comparison between

experimental and numerical results.

3.3. Excitation and sensor locations

The impact excitation was applied at the geometric center of the overlap region
for both joint types to effectively excite bending and torsional vibration modes. The
accelerometer was mounted near the mid-span of one adherend, away from the clamped
region, where maximum vibration amplitude was expected. A thin layer of adhesive
wax was used to attach the accelerometer to reduce mass-loading and ensure reliable
signal transmission.

The orientation of the accelerometer was aligned along the out-of-plane (Z-axis)
direction, as this direction corresponds to dominant bending deformation in both joint

configurations [18].

3.4. Calibration and data acquisition procedure

Prior to testing, the impact hammer and accelerometer were calibrated using the
manufacturer-provided calibration constants to ensure accurate force and acceleration
measurements. Signal conditioning parameters, including input sensitivity and trigger
thresholds, were adjusted to avoid signal saturation and noise contamination.

For each specimen, a minimum of five impact tests were performed at the same
excitation and sensor locations to ensure measurement consistency. The recorded
force and acceleration signals were averaged in the frequency domain to improve
the signal-to-noise ratio. Hanning windowing was applied to both input and output
signals, and frequency response functions (FRFs) were calculated in the form of

acceleration-to-force reacceptance [18].

3.5. Modal parameter identification

Natural frequencies were identified from the peaks of the averaged frequency
response functions. Modal parameters were extracted using a single-degree-of-freedom
curve-fitting technique applied to each resonance peak. The repeatability of the
identified natural frequencies was verified by comparing results from multiple impacts,
and variations were found to be within +3%, indicating good experimental consistency.

This experimental procedure was applied uniformly to all specimens, including
joints bonded with pure epoxy adhesive and those reinforced with 1 wt% MWCNTs,
ensuring a reliable comparative assessment of their vibrational behaviour.

4. Experimental test result of single lap joint

Figure 3 shows a graphical representation of natural frequency vs displacement
for single lap joint. The first natural frequency obtained at 250 Hz is shown by cursor.
Similarly, natural frequencies are calculated for a single lap joint with 1% MWCNTs
filled in araldite.
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Figure 3. Natural frequency vs displacement graph for single lap joint.

Table 1 shows values of natural frequencies in Hz are calculated for all types of
single overlap specimens. First five frequencies are obtained for all types of single

overlap specimens.

Table 1. Experimental natural frequencies of all single lap joints.

Natural frequency in Hz

Mode Single lap joint without MWCNT Single lap joint with1% MWCNT
1 250 275
2 475 518
3 550 650
4 725 775
5 825 850

Figure 4 shows a line chart for single lap joints with and without MWCNT in
epoxy resin, which shows a slightly increase in the natural frequency of the system

with the mixing of multiwall carbon nanotubes in epoxy resin.

Frequency Vs Mode

900

800

700

600 /{ == Natural frequency in
Hz Single lap joint

200 Vol without MWCNT

400 / Natural frequency in

300 Hz Single lap joint with

i( 1% MWCNT

Natural Frequency in Hz

200

100

Figure 4. Natural frequency vs modes graph for single lap joint.

5. Vibrational analysis of single lap joint using finite element method

5.1. Finite element analysis of lap joints

In this study vibrational analysis of adhesive-bonded overlap joints is divided into

two parts.
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(1) Vibrational analysis of a single overlap adhesive joint prepared with
MWNCT ’s-reinforced epoxy and base epoxy resin.
(2) Vibrational analysis of a single overlap adhesive joint prepared with base epoxy

resin.
Natural frequencies are calculated for all above types, and the difference in natural

frequency is due to the addition of MWCNTSs in epoxy resin.

5.2. Modal analysis of single lap joint without MWCNT’s added in
epoxyresin
To carry out finite element analysis of a single lap joint with unfilled MWCNTs
in epoxy resin, a 3D Model of a single lap joint is made in ANSYS Design Modeler,
which has the same dimensions as the test specimenas shown in Figure 5[19,20].

ANSYS

R15.0

~

Figure 5. 3D Model of single lap joint.

Specifications of a single overlap adhesive joint without MWCNTs added in the

epoxy resin are mention in the Table 2.

Table 2. Specification of single lap joint with and without MWCNT added in araldite.

Specimen. . . Type of lap Overlap Single straplength Single strap Single strap
Material Adhesive used . . .

No. joint length (mm) (mm) width (mm) thickness (mm)
Aluminium Araldite AW106 and Single laj

1st e ap 10 102 254 3.0
alloy 5152 Hardener HV 953 joint

. Araldite AW106 with .

Aluminium Single lap

2nd MWCNTs and e 10 102 25.4 3.0
alloy 5152 joint

Hardener HV 953

For modal analysis of a single lap joint specimen, 1 was held between the fixtures
as shown in the Figure 6. Both ends of the specimen were clamped. The length of the
specimen other than clamped was free to deform. Therefore, the nodes in the clamped
region were constrained in X,Y,Z direction for translational as well as rotational motion.
Impact is applied at the centre of the lap joint and deformation response is as shown

in Figure 7. In modal analysis of a single lap joint, The first 6 natural frequencies are

8
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consider. Mode shapes of adhesive joints can be classified as transverse (bending) and
torsional. NFs for bending mode shape are 250, 1584.2, 2374.4, 4418.1 Hz and that of
torsional mode shapes are 1439.3, 2370.4 Hz as shown in Figures 7-12 [21,22].

B: Harmonic Response of simple Lap wo CNT

Forca ANSYS

R15.0

Frequency: 0, Hz

. Fixed Support

. Force: LN

Figure 6. Boundary condition for modal analysis of single lap joint.

C:Modal simple Lap wo CNT

Tye o e ANSYS
Frequency-250.56 Hz Rliﬂ
Unitmm

125.34 Max
114
97.483

M 83557
69.631
55785
41.778
27832
13926
0 Min

Figure 7. Mode 1, ®; =250.56 Hz.

C:Modal of simple Lap wo CNT

Total Deformation 2

Type:Total Deformation ANSYS
Frequency:1439.3 R150
Unitmm

241.31 Max

H 2145
187.63

o 15487
13456
102.25
88.435
53.624
26.812
0 Min

Figure 8. Mode 2, o, = 1439.3 Hz.
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C:Modal of single Lap wo CNT

Total Deformation 3

Type:Total Deformation ANSYS
Frequency 1584.2 RIS
Unitmm

230.35
20156
17276
14337
11517
86.341
57.587
26754
0 Min

H 25914 Max

Figure 9. Mode 3, 0; = 1584.2 Hz.

C:Modal of simple Lap wo CNT

Total Deformation 4 ANSYS
Type: Total Deformation RIS0
Frequency:2370. E
Unitmm

350.49 Max

H 318.65
279.61

M 239.66
19972
169.78
118.83
79.888
38.944
0 Min

7

Figure 10. Mode 4, w4 =2370.4 Hz.

?él‘::)cal of s;:g:eﬁup wo CNT ANSYS

Type:Total Deformation R1S.0
Frequency: 2374 4 H;
Unitmm

29057 Max
248.39
21822

™ 187.85
185.87
1205
93623
62348
31174
0 Min

Figure 11. Mode 5, o5 =2374.4 Hz.

e i

ype:Total Def i R15.0
Frequency 4418.1
Unitmm

230.12 Max
20455
17156

= 18341
127.84
102.27
76.706
51.137
25.569
0 Min

Figure 12. Mode 6, wg = 4418.1 Hz.
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Harmonic analysis of a single overlap adhesive joint is carried out in which 1 N
force is applied at the centre of joint. Figure 13 shows the deformation response of a
single lap joint without MWCNTs at a natural frequency of 250 Hz and displacement

0.062 mm deformation direction is along Z axis.

B: Harmonic Response of simple Lap wo CNT

Directional Deformation AN SYS
Type: Directional Deformation(Z Avis) R15.0
Frequency: 250, Hz
Sweeping Phase: 92,545 °
Unit: mm

Global Coordinate Systermn

0.062802 Max
0.035623

0.049844

0.041864

0,034885

0.027905

0.020926

0.013347

00069674

—1.1977 % 10~° Min

Figure 13. Deformation response of single lap joint without MWCNTs during harmonic
analysis.

Figure 14 illustrates the frequency response of the single overlap adhesive joint
without MWCNTs under harmonic excitation. The graph shows that the vibration
amplitude rises steadily with increasing frequency and reaches its maximum value at
around 250 Hz, representing the first natural frequency of the unmodified joint. At this
point, the structure enters a resonant state, resulting in a pronounced peak in response.
Beyond this resonance, the amplitude drops quickly and then maintains a relatively
constant, low level over the higher frequency range. This behaviour reflects the inherent
damping present in the adhesive layer, which dissipates energy and prevents large
vibrations after resonance. Compared with the MWCNT-reinforced joint, the amplitude
at resonance is noticeably higher, indicating lower stiffness and less energy dissipation
in the pure adhesive. Consequently, the natural frequency appears at a slightly lower
value, confirming that the addition of MWCNTs enhances the joint’s rigidity and

reduces its vibration amplitude under similar loading conditions.

1.5548x 105 +
78339

39471
@

s
g 8

Amplitude (mm/:
-

"
B
w
=

18816

645.73
50. 250. 500. 750. 1000. 1250. 1500. 1750. 2000

Frequency (Hz)

Figure 14. Frequency response of single lap joint without MWCNTSs during harmonic analysis.
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5.3. Modal analysis of single overlap adhesive joint contained MWCNT’s
in epoxy resin
To carry out finite element analysis (FEA) of the single overlap adhesive joint with
MWCNT filled adhesive, a detailed 3D model of the joint was developed in ANSYS
Design Modeler as shown in Figure 5. The geometrical and material specifications
of the specimen are given in Table 2. The analysis was performed using the modal
analysis to calculate the fundamental frequencies and corresponding mode shape of the
joint
In this study the first six resonant frequencies were studied to evaluate vibrational
behaviour of the joint. Among these modes ®;, ®;, @4, and wg corresponding to
bending mode shapes with frequencies of 312.5 Hz, 1596.4 Hz, 2436 Hz, and 4653.5
Hz respectively. The remaining modes, m3and ws, are identified as torsional modes,
occurring at 1683.2 Hz and 2469 Hz as illustrated in Figures 15-20.
ireeni
peman AN%:ISSD

Frequency 3125 Hz
Unitmm

000831282 Max
0.00027706

1 0.000068322
o 0.000004345

00000001988
' Min

Figure 15. Mode 1, ®; =312.5 Hz.

F: Madel of simple Lzp with CNT

I'mlIJ»e‘(urlnaﬂEnl{ql ANSYS
Type: Total Deformation R15.0
Frequency: 15964 Ht
Unit: mm

26113 Max
Bl
w1
1740
s
11606
7043
80
pel0t]
0Min

Figure 16. Mode 2, », = 1596.4 Hz.
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F-Modal of simple Lap with CNT ANSYS
Total Deformation 3 R15.0
Type: Total Deformation

Frequency: 1603.2 Hz

Unit: mm

306.74
! 27266
23858
[ 2045
170.42
136.33
102.25
68.165
34063
0Min

Figure 17. Mode 3, w3 = 1603.2 Hz.

F Modal of simple Lap with CNT e o

Total Deformation 4

Type: Total Deformation m;-!s
Frequency 2438 Hz
Unit mm

. 276.99 Max

246.12
21512

= 184.59

153.83
123.08
92296
6153

30.765

0 Min

k1)

Figure 18. Mode 4, o, = 2436 Hz.

F:Modal of simple Lap with CNT

Total Deformation 5 *"5
Type; Total Deformation

Frequency:2469 Hz ]
Unitmm

32313 Max
287.23
25133

= 21542
17952
14363
107.71
71908
3508
0 Min

Figure 19. Mode 5, w5 = 2469 Hz.

Figure 21 shows the deformation response of a single lap joint without MWCNTs
at a natural frequency 250 Hz and displacement 0.062 mm. Deformation direction is

along the Z axis.
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F:Modal of simple Lap with CNT

Total Deformation &

Type: Tolal Deformation ﬁHﬂS
Frequency:4655.3 1]
Unit:mm

254.54 Max
226.25

5 197.97

= 18169

161.41
113.13
J 84.845
56.564
20.202
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Figure 20. Mode 6, wg = 4655.3 Hz.

F: Modal of simple Lap with CNT

Total Deformation ANSYS

Type: Total Deformation R15.0
Frequency: 301,92 Hz
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0.00020835

0.00017359

0.00013883

0.00010408

6.9322 x 1075
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—1.5083 % 10~ Min

L

Figure 21. Deformation response of single lap joint with MWCNTSs during harmonic analysis.

Figure 22 shows the frequency response curve of the single lap joint with
MWCNTs-reinforced epoxy adhesive obtained from the harmonic analysis in ANSYS.
It can be observed that the response amplitude increases gradually with frequency
and reaches a maximum peak at 312.5 Hz, which corresponds to the first natural
frequency of the joint. At this point structure experiences resonance where the
excitation frequency matches the natural frequency, resulting in a sharp rise in vibration
amplitude [22,23].

1.7655 < 10°

6.5593 x 10°

o 2.437=10°
E

20540
E

= 33638
=
=
[=9

5 12497
<<

4643.2

1725.1

50. 250. 500. 750. 1000. 1250. 1500. 1750.
Frequency (Hz)

Figure 22. Recorded frequency of single lap joint with MWCNTSs during harmonic analysis.

After reaching this peak the amplitude decreases gradually as the frequency
increases, indicating that the system moves away from the resonant condition. The
drop in amplitude beyond resonance suggests that the damping effect of the epoxy resin

and structural stiffness of the adherends effectively limit further vibration response. A

14
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smaller peak or dip near 1725 Hz can also be noticed, which corresponds to the second
mode of vibration, likely a torsional mode [24].

Table 3 shows natural frequencies increase with addition of MWCNTs in adhesive.

Table 3. Natural frequencies of single lap joints calculated by FEM.

Natural frequency in Hz

Mode
Single lap joint without MWCNT Single lap joint with1% MWCNT
1 250 312.5
3 1584.2 1596.4
5 2374.4 2436
6 4418.1 4653.5

From Table 4, it is observed that epoxy resin prepared with MWCNTs shows rise
in natural frequency of single overlap adhesive joint.

Table 4. Natural frequency obtained for various types of lap joints using FEA.

Various types of lap joints FEA reading (natural frequency (Hz))
SLJ without MWCNTs 250
SLJ with MWCNT 3125

In the plotted Figure 23, it is clear that due to the use of MWCNTs in epoxy resin

natural frequency of lap joint is increased.

5000

4500 —
o 4000 —
2 3500 —
53
Z 3000 — M Natural frequency in Hz
n’?.: 2500 — Single lap joint without
= 2000 — MWENT
£ 1500 | Natural frequency in Hz
E Single lap joint with 1%
7. 1000 — MWCNT

500 —
ol m
1 2 3 4
Mode

Figure 23. Influence of MWCNTSs on natural frequency of various lap joint.

6. Vibration analysis of cross lap joint without MWCNTSs added in
epoxy resin

To carry out finite element analysis of cross lap joint with filled MWCNTs in epoxy
resin 3D Model of cross lap joint is made in ANSYS Design Modeler which has same
dimensions as per test specimen. Specifications of cross lap joint without MWCNTs
added in araldite are mention in the Table 5, and as shown in Figure 24. Figure 25
shows 3D model of cross lap joint with mesh convergence. Total 2454 no of elements

and 3515 no of nodes are used for this model as mentioned in Figure 26.
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ANSYS

R15.0

Figure 24. 3D Model of cross lap joint.

Mesh

ANSYS

R15.0

Figure 25. 3D Model of cross lap joint.

Statistics
Nodes 3515
Elements 2454
Mesh Metric Element Quality A
Min 6.53893385066441E-02
Max 0.999329726644479
Average 0.872182360369873
Standard Deviation | 0.209355614869325

Figure 26. Nodes and elements used in cross lap joint.

Table 5. Specification of cross lap joint with and without MWCNT added in epoxy resin
araldite AW 106.

Specimen. . . Type of lap Overlaplength  Single straplength Single strap Single strap
Material Adhesive used . . .

No. joint (mm) (mm) width (mm) thickness (mm)
Alumini Araldite AW 1 1

Ist uminium raldite AW106 and Cr.os.s ap 10 102 10 10
alloy 5152 Hardener HV 953 joint
Alumini Araldite AW106 with c L

inium ross laj

2nd T MWCNTS and Hardener oss ‘ap 10 102 10 3.0

alloy 5152 joint
HV 953
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6.1. Experimental test results of cross lap joint

Figure 27 shows graphical representation of natural frequency vs displacement for
cross lap joint. First natural frequency obtained at 175 Hz shown by curser. Graph also
shows 2M, 31 4th apd 5t patural frequency obtained are 300,350,and 850.Similarly
natural frequencies are calculated for single lap joint with 1% MWCNTs filled in
araldite [22,25].

§ Autospectrum(Accl) (Real) \ FFT ||cursor values
Cross-without CNT X: 175.000 Hz
[m] ‘ Y: 383.757p m
500pf—, A Markers
200p-
100p
50p-
20p
10p+
5p7
2p
1p_ T T T T T T T T T 1
0 200 400 600 800 1k 12k 14k 1.6k 1.8 2k
[Hz]

Figure 27. Natural frequency vs displacement graph for cross lap joint.

Table 6 shows values of natural frequencies in Hz are calculated for all types of

cross lap joints. First five frequencies are obtained for all types of cross lap joints.

Table 6. Experimental natural frequencies of all cross lap joints.

Natural frequency in Hz

Mode Cross lap joint without MWCNT Cross lap joint with1% MWCNT
1 175 375
2 300 500
3 350 550
4 550 650
5 850 725

Figure 28 shows line chart for cross lap joints with and without MWCNT in epoxy
resin, which shows slightly increase in natural frequency of system with addition of
MWCNTs in araldite AW 106.

900

800 ,
700 /)
7

N
==t
g 600
-
o
E 500 =&~ Cross lap joint without
g / MWCNT
E 400 B ¢ ‘// == Cross lap joint with
-3
£ 300 1% MWCNT
£ /
z 200 &

100

0

Figure 28. Natural frequency vs mode graph for cross lap joint.
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6.2. Modal analysis of cross lap joint

For modal analysis of cross lap joint specimen, 1 was held between the fixtures.
All ends of the specimen are clamped by fixed support A as shown in Figure 29. The
length of the specimen other than clamped was free to deform. Therefore the nodes in
the clamped region were constrained in X, Y, Z direction for translational as well as
rotational motion. Impact is applied at the centre of lap joint and deformation response

is as shown in Figures 30-35.

D: Har monic Response

Harmanic Respanse ANSYS
Frequency: 0, Hz R15.0
. Fixed Support

. Force: L M

. Sensor

Figure 29. Boundary condition for harmonic analysis of cross lap joint.

E Modal
Total Deformation .‘.“ﬁ
Type:Total Deformation ey

Frequency:350 Hz
Unit:mm

114.71 Max
101.96
80.218
76473
68.723
58.342
30.236
25491

12245
0 Min

Figure 30. Mode 1, ®; =350 Hz.

E Modal
Total Deformation2 “ST 5
Type:Total Deformation L]

Frequency: 1628.8 Hz
Unit:mm

201.75 Max
179.34
156.92

1345

112.09
88.658
67.251

44.134
22.414
0 Min

Figure 31. Mode 2, w, = 1628.8 Hz.
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E Modal

Total Deformation 3
Type:Total Deformation,
Frequency: 2763.9 Hz
Unit:mm
322.50 Max
306.73
| 256.99
215.05
179.21
142.31
H 1753
71.683
H 35.342
0 Min

Figure 32. Mode 3, w3 =2763.9 Hz.

ANSYS

E Modal

Total Deformation 4 “5\'5
Type:Tolal Deformation, LikY
Frequency: 5894 5 Hz
Unit:mm
432.43 Max
384.38
336.33
280.28
] 24224
182.19
4 14414
4 94.114 1
i 42141 I
0 Min k

Figure 33. Mode 4, w4 = 5894.5 Hz.

X

Figure 34. Mode 5, ws = 7491.1 Hz.

E Modal
Total Deformation .5
Type:Total Deformation,

Frequency:7419.1 Hz
Unit:mm

573.97 Max
518.19
446,42
38264

i 31887
255.1

B 19132
127,55

H 63.224
0 Min

E Modal

Total Deformation & Ms.‘s
Type:Total Deformation, nsd
Frequency:8542.9 Hz
Unit:mm

629.15 Max

555.24

485.24

43534

34553

275.62

1 205.85

135.81 1
H 68.905

0 Min k

Figure 35. Mode 6, wg = 8542.9 Hz.

Figure 36 shows deformation response of cross lap joint without MWCNTs at
natural frequency 550 Hz and displacement 0.0011 mm. deformation direction is along

Z axis.
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D: Harmonic Response
Total Deformation
Type: Total Deformation
Frequency; 550, Hz
Swveeping Phase: 0l *

ANSYS

R15.0

Units mm

0.0011601 Max

0.0010312
0.00080227
0.00077337
0.00064448
0.00051558
0.00038669
0.00025779
0.0001289
0 Min

Figure 36.

analysis.

L

Deformation response of cross lap joint without MWCNTs during harmonic

In Figure 37, the highest amplitude is shown at frequency 350 Hz, and then it

decreases slowly.

52149

24090

1129

51409

3748

10974

Amplitude (mm/s?)

4

D412

108.15

-----------

250. 500. 750. 1000. 1250. 1500. 1750. 2000.
Frequency (Hz)

Figure 37. Frequency response of cross lap joint without MWCNTSs during harmonic analysis.

6.3. Vibration analysis of cross lap joint with MWCNTSs added in epoxy

resin

Similar to Figure 24, resin 3D model of cross lap joint is prepared in ANSYS

design modeler as shown in Figure 24 and specifications of specimen 2 is shown in

Tables 5 and 6. Boundry conditions and testing conditions are same for this testing is

as shown in Figure 29 and impact is given at center of joint and deformation response

is as shown below from Figure 38 to 43.

F:Harmonic response of Cross Lap with CNT
Total Deformation
Type: Total Deformation
Frequency:553 Hz
Sweeping Phase:90.772
nit:mm
r[l.m 8837 Max
0.0094327
I 0.0094206
0.0072245
= 0.0060204
0.0061125
0.0034302
0.0017941
0 Min

ses

Figure 38. Mode 1, ®; =553 Hz.
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G:Modal of Cross Lap with
Total Deformation 2
Type: Total Deformation
Frequency:2511.8 Hz
Unit:mm
123.93 Max
110.16
96.391
82.631
68.151
55.881
41.311
= 2754
13.71
0 Min

Figure 39. Mode 2, o, =2511.8 Hz.

G:Modal of Cruss Lap with CNT 5

i x TS
LI

Frequency 4079 7 Hz
Unit:mm

162.73 Max
144.64
1 126.56
102.46
90.403
72.322
54.242
36.361
10.181
0 Min

Type: Total Deformation
Figure 40. Mode 3, w3 = 4079.7 Hz.

G: Mndal of Cruss Lap wllh CNT
ANSYS

Total Deformation 4 :

Type: Total Deformation [T
Figure 41. Mode 4, o4 = 6346 Hz.

Frequency. 6346 Hz
Unit:mm

509.69 Max
453.06
356.43
339.79
283.16
226,53
169.9
113.26

H 56,632

8 omin

G:Modal of Cross Lap with CNT

Total Deformation 5
Type: Total Deformation
Frequency 7736 Hz
Unit:mm

586.2 Max

521.07

455.93

388.8

325.67

260.53

1 1954

130.27

65.133

0 Min

Figure 42. Mode 5, w5 = 7736 Hz.
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G:Modal of Cross Lap with CNT
Total Deformation 6 .'.HS-'!'S
Type: Total Deformation LiEe
Frequency..8580.7 Hz
Unit:mm

560.69
490.6
n 430.51
350.43
250.43
4 200.26
= 140.17
71.186

‘ 0 Min

1 630.77 Max

Figure 43. Mode 6, wg = 8580.7 Hz.

Figure 44 shows deformation response of cross lap joint with MWCNTs at natural

frequency 350 Hz and displacement 0.010 mm. deformation direction is along Z axis.

F: Harmonic Response of Cross Lap with CNT
Total Deformation ANSYS
Type: Total Deformation R15.0
Frequency: 350, Hz

Sweeping Phase: 00,772 *
Unit: rrm

0.010837 Max
0.0096327
00084286
00072245
0.0060204
0.0048163
00036123
0.0024082
0.0012041
0Min

z
1<V
X

Figure 44. Deformation response of cross lap joint with MWCNTSs during harmonic analysis.

The graph in Figure 45 shows how the vibration amplitude of a cross lap joint
reinforced with multi wall carbon nanotubes (MWCNTSs) changes when it is excited
by harmonic loads over a range of frequencies (50—2000 Hz).The amplitude reaches
its maximum value at around 550 Hz. This indicates that 550 Hz is close to the
natural frequency (resonant frequency) of the joint structure. At resonance, the dynamic
stiffness of the structure is at its minimum, causing vibration amplitude to rise sharply.
Adding MWCNTs typically increases the stiffness and damping properties of the
composite joint. Because of this, the peak amplitude appears sharp but controlled,
suggesting enhanced stiffness raises the natural frequency slightly. After the resonant
frequency, the amplitude decreases steadily. This happens because, beyond resonance,
the structure becomes dynamically stiffer. The system is no longer absorbing energy as
efficiently. Damping gradually dissipates vibrational energy.

Amplitude is flattering at higher from ~900 Hz to 2000 Hz, the curve becomes
almost flat. This indicates that the structure is largely dominated by stiffness in
this region has reached a state where higher-frequency excitation produces very little
additional response is behaving like a well-damped composite system with good
vibration resistance. This frequency response curve helps identify the natural frequency
of the joint. The damping effectiveness of MWNCT-reinforced joints. The operating
frequency ranges where vibration amplitude will be low and safe. Designers can use
this information to avoid operating machines near 550 Hz, where the structure is most

vulnerable to large vibrations.
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1.2806 x10%

57795

31765

89729

-

525.

Amplitude (mm/s?)
-3
&

686.71

25919

106.86

50. 250. 500. 750. 1000. 1250. 1500. 1750. 2000
Frequency (Hz)

Figure 45. Frequency response of cross lap joint with MWCNTs during harmonic analysis.

From Table 7, it is observed that with addition of MWCNTs natural frequency of
both single lap joint and cross lap joint is increased.

Table 7. Natural frequency obtained for various types of lap joints using FEA.

Various types of lap joints FEA reading (natural frequency (Hz))
SLJ without MWCNTs 250
SLJ with MWCNT 312.5
Cross lap without MWCNTs 175
Cross lap withMWCNTs 350

From Figure 46, it is clear that epoxy adhesive reinforced with 1% multiwall
carbon nanotubes (MWCNTs) for both single-lap and cross-lap shows better natural
frequency than normal epoxy adhesive.

FEA Analysis of Various Lap Joint

400
350
300
250
200+
150
100

50

B without MWCNTs
B with MWCNTs

Natural Frequency in Hz

1 2
Various types of Lap Joint

Figure 46. Influence of MWCNTS on natural frequency of various lap joint.

7. Conclusion

This study presented a combined experimental and numerical investigation into
the vibrational behaviour of single-lap and cross-lap adhesive joints bonded with
epoxy adhesive reinforced with 1 wt% multiwall carbon nanotubes (MWCNTs). The
primary objective was to evaluate how nanoscale adhesive reinforcement influences
joint stiffness and dynamic response under vibratory loading conditions.

Experimental modal analysis demonstrated a consistent upward shift in natural

frequencies for both joint configurations when MWCNTs were incorporated into the
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adhesive. This behaviour indicates an increase in effective joint stiffness resulting
from improved load transfer and enhanced adhesive modulus at the nanoscale. The
effect was found to be more pronounced in cross-lap joints, which are inherently more
compliant and whose deformation response is dominated by adhesive shear behaviour.
The relatively large increase observed in the first natural frequency of the cross-lap joint
requires careful interpretation. Unlike the single-lap joint, the cross-lap configuration
exhibits load transfer through two orthogonal adherends, resulting in a deformation
mechanism that is strongly governed by the shear stiffness of the adhesive layer.

Finite element modal and harmonic analyses successfully captured the qualitative
trends observed experimentally, confirming the stiffness-dominated nature of
the frequency shifts induced by MWCNT reinforcement.  Although quantitative
differences were observed between experimental and numerical results, these
discrepancies can be attributed to idealized boundary conditions, uncertainties in
adhesive viscoelastic properties, fixture compliance, and potential non-uniform
dispersion of carbon nanotubes within the adhesive layer. Despite these limitations,
the numerical model provided valuable insight into mode shapes and deformation
mechanisms, supporting its applicability for comparative and design-oriented studies.

The findings of this work confirm that MWCNT-modified epoxy adhesives can
effectively enhance the vibration resistance of adhesively bonded joints, particularly
in geometries where adhesive deformation plays a dominant role. However, the
conclusions drawn are subject to certain limitations. Only a single nanotube
concentration was examined, and the influence of dispersion quality, agglomeration
effects, environmental conditions, and long-term cyclic loading was not addressed.
Moreover, the experimental investigation focused primarily on natural frequency
response, while damping behaviour was evaluated in a limited scope.

Future research should therefore focus on a systematic parametric study
involving multiple CNT weight fractions to identify optimal reinforcement
levels and to characterize non-linear trends in dynamic properties. Additional
investigations incorporating detailed dispersion characterization, temperature and
humidity-dependent behaviour, and vibration-fatigue coupling would further enhance
the understanding of CNT-modified adhesive joints. Extending the analysis to
other joint configurations and adhesive systems would also aid in generalizing the
applicability of the proposed approach. Overall, this study provides a foundation
for the design and optimization of nano modified adhesive joints intended for

vibration-critical lightweight structural applications.
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