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ABSTRACT
This study investigates the effect of a hybrid incorporation of halloysite nanotubes (HNT) and pure boron nanoparticles 
(BNP) on the shear strength of single-lap joints bonded with Araldite 2014 epoxy adhesive. The adhesive matrix used in 
this study is an epoxy-based Araldite 2014. Hybrid-doped joints containing 1.2% HNT and 0.3% BNP by weight demonstrated 
a  48.94% increase in maximum shear strength compared to the pure specimen. The most significant displacement at 
rupture—approximately 2.5 mm—was observed in these specimens, resulting in a 72.41% increase in ductility relative to 
the pure  adhesive.  Fracture mode analysis revealed a transition from adhesive failure in pure samples to cohesive fail-
ure and fiber tearing in nanoparticle-doped samples, indicating enhanced adhesion between the adhesive and substrates. 
Detailed Scanned Electron Microscopy (SEM) analyses showed that HNT particles increase toughness through crack-
bridging, while BNP particles enhance toughness via crack-deviation and particle segregation mechanisms; together, these 
effects provide a synergistic toughening mechanism. Additionally, Fourier Transform Infrared (FTIR) analyses demon-
strated that chemical interactions between nanoparticles and the Araldite 2014 matrix further improve adhesive strength. 
These findings contribute to the development of high-performance epoxy adhesive formulations for structurally demanding 
applications.

1   |   Introduction

Due to advantages such as no residual stress generation, uniform 
stress distribution, no stress concentration zones, light weight, 
environmental friendliness, and so forth, adhesively bonded 
joints (ABJ)—connections formed by gluing two or more sur-
faces together—are superior to classical joining processes (weld-
ing and mechanical joining). Thus, adhesively bonded joints are 
gaining importance in many automotive, marine, and aviation 
industries. ABJs can be applied to bind materials regardless of 
thickness, shape, or type [1–8].

Comprehensive structural improvement studies have played a 
key role in advancing adhesive joint strength. These go beyond 
just nanostructure or adhesive interactions. Researchers 
have  examined the comparative strength effects of lami-
nate composite patches on double-strap joints under tensile 
loading [9]. Further research has focused on how different 
joint geometries—such as one step-lap joint, double-strap 
joint, and  stepped double-strap joint—affect joint strength 
under  the same adhesive area [10]. Investigations also 
highlight the significant role of combining thin-walled in-
serts with nanostructure-reinforced adhesives. This approach 
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structurally tunes the flexural performance of single-lap 
joints [11].

Moreover, ABJs can be used without damaging the adher-
ends, unlike mechanical joining processes [12–15]. The main 
drawback of ABJs is their lower adhesion strength compared 
to that of the adherends. The literature shows that researchers 
have proposed adding micro- or nanoparticles—either as fibers 
or particles—to the adhesive to enhance the strength of ABJs 
while maintaining the physical and chemical properties of both 
the adhesive and the new phase [16–18]. Experimental studies 
have demonstrated that incorporating carbon nanostructures 
(graphene, carbon nanotube-COOH, and fullerene C60) into 
structural adhesives increases not only the strength under static 
load but also the static strength after fully reversed fatigue load-
ing [19]. Additionally, recent efforts have focused on activating 
nanostructures or fibers via chemical surface modifications 
(such as oxidation and silanization) to improve the adhesive's 
internal bond (cohesion) strength [20]. These studies revealed 
that carbon fiber reinforcements (1–4 wt%) with chemical sur-
face treatments can significantly increase the nominal maxi-
mum tensile value of the adhesive (up to 177%) and that bond 
performance can be further enhanced depending on the type 
of chemical modification [21]. Notably, hybrid approaches that 
combine surface treatments (chemical etching or anodization) 
of the adherend with nanostructure reinforcements in the ad-
hesive have provided synergistic benefits, maximizing bond 
strength [22].

Nanoparticles, which primarily serve as bridges between the 
molecules and atoms of the parent material to which they are 
attached, are microscopic particles with sizes less than 100 nm 
and can possess various compositions and morphologies [23]. 
Furthermore, nanoparticles have fewer defects, lower specific 
surface energy, and a smaller surface area than their macro 
forms [17]. One method for improving the mechanical properties 
of adhesively bonded joints is to add nanoparticles with different 
geometries, such as planar, spherical, or tubular [24].

In subsequent studies, basic parameters affecting the strength 
of adhesive connections, such as the type, size, and nanopar-
ticle additive ratio, were investigated. For example, Zhai et al. 
studied the effects of nano-Al2O3 (average diameter of 80 nm), 
nano-CaCO3 (40–80 nm), and nano-SiO2 (10–20 nm), together 
with the surface roughness of the adherents (silicon carbide 

paper, 60 grit (60#) and 150 grit (150#)). They obtained greater 
improvements in the adhesive joint of Al2O3 with the silicon 
carbide paper of 150 grit, which is 5 times higher than that of 
pristine epoxy [25]. Borghei et  al. [26], studied the lap-shear 
strength of ABJs by mixing two graphene nanoparticle (GNP) 
types with Araldite 2011 adhesive. They concluded that the in-
crement of shear strength of adhesive joints is 24% for type II 
(smaller size) and 12% for type I relative to the joints bonded 
with pristine adhesive. Also, they noted that a higher incre-
ment for type II was due to a more homogeneous distribution 
of it in the adhesive. Saraç et  al. [27], in the study they per-
formed, added nano-Al2O3, nano-TiO2, and nano-SiO2 into the 
adhesive separately. They found that the maximum loadings 
for the nanoparticle additives are 4%, 6%, and 4% by weight for 
nano-Al2O3, nano-SiO2, and nano-TiO2, respectively. The effect 
of multiwalled carbon nanotubes (MWCNT), nano silica (NS), 
and nano clay (NC) on the bonding strength of single-lap joint 
adhesively bonded joints has been investigated in a study by 
Cakir and Kinay [28]. In the study, epoxy was used as an ad-
hesive, and glass fiber-reinforced polymer (GFRP) was used as 
plates. They stated that bonding strength increased by roughly 
62% for 0.5 wt.% MWCNTs, 37.8% for 1.5 wt.% NC, and 43.3% for 
1.5 wt.% NS. In the study conducted by Akpınar et al. [29], fuller-
ene nanoparticles, graphene nanoparticles, and carbon nano-
tubes were used as adhesive fillers. The researchers reported 
that the maximum load was obtained by adding 1% by weight 
for each adhesive filler. Bali and Topkaya [30] investigated the 
tensile fatigue behavior of adhesively bonded single-lap joints. 
The study used graphene nanoparticles (GNP) as an adhesive 
filler at different weight fractions. It was stated that the highest 
fatigue life was obtained with 0.5 wt% GNP fillers in the adhe-
sive. Soltannia and Taheri [31] investigated and compared the 
effects of graphitized carbon fibers, multiwalled carbon nano-
tubes, and nanographene particles on mechanical properties, 
including tensile and impact, in single-lap adhesive bonding of 
glass/epoxy and graphite/epoxy plates. While all nanoparticle-
doped samples showed better mechanical properties than pure 
samples, the greatest improvements were observed in nanog-
raphene samples. Nano boron particles are promising fillers 
for adhesively bonded joints. The durability and resistance to 
environmental factors, such as temperature changes, moisture, 
and radiation, of adhesively bonded joints can be enhanced by 
adding n-BN particles. Also, the high surface area of boron ni-
tride particles provides stress transfer from the adhesive to the 
adherents. As a result, the mechanical properties of the bond 
increase significantly [32–35].

Research on the effect of nanoparticles on the strength of ad-
hesively bonded joints has mainly concentrated on single-phase 
nanoparticles. However, only a limited number of studies inves-
tigate the impact of hybrid nanoparticle combinations on adhe-
sive joints containing multiple nanoparticle types. Some notable 
examples include:

Özbek and Çakır examined the shear and flexural strength of ad-
hesively bonded single-lap joints by hybridizing MWCNTs with 
silica nanoparticles at various concentrations [36]. They discov-
ered that the highest shear and flexural strength was achieved 
by mixing 0.5 wt% MWCNT with 0.25 wt% silica nanoparti-
cles in the adhesive. Zamani et  al. [24] compared fatigue fail-
ure under four-point bending in ABJs using single-phase GNP, 

Highlights

•	 Hybrid HNT/BNP fillers significantly enhanced the 
shear strength of epoxy joints.

•	 Optimum ratio provided ~50% strength and ~70% duc-
tility improvement.

•	 Failure mode shifted from adhesive to cohesive and 
fiber-tear.

•	 SEM showed toughening via crack-bridging (HNT) 
and crack-deviation (BNP).

•	 FTIR confirmed chemical interactions between nano-
particles and the epoxy.
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single-phase nano-silica, and a hybrid nanoparticle combination 
of GNP and silica (GNP + SIO2). Their findings indicated that 
the fatigue life of ABJs with 1.5 wt.% hybrid nanoparticles was 
44.92% and 67.28% longer than those with single GNP and single 
nano-silica, respectively. Razavi et al. [37]. explored the syner-
gistic effect of MWCNT and nano-silica in a 1:1 weight ratio, 
comparing this combination to their individual effects. They 
concluded that the synergistic effect was more significant than 
the separate effects when the weight ratio was equal. The study 
reported the most tremendous improvements in shear strength 
and elongation at 28% and 36%, respectively, at a nanoparti-
cle concentration of 0.8% by weight. In research conducted by 
Rao et al. [38], the collaborative effect of MWCNT and GNP on 
single-lap joints (SLJs) was investigated. The results showed 
the most significant improvements in shear strength (36.6%) 
and elongation (33.2%) at a MWCNT-to-GNP weight ratio of 
0.75 wt%. Zamani et al. [39] further examined the synergistic ef-
fect of GNP and nanosilica, finding that mixing 0.5 wt.% of both 
nanoparticles resulted in a higher static failure load and a lon-
ger fatigue life. Lastly, Çakır [13] studied the synergistic effect 
of nano-silica and GNP additives on the flexural strength and 
toughening mechanisms of ABJs, concluding that the best per-
formance was observed in samples with 1.5 wt% nano-silica and 
0.5 wt% GNP.

Research on pure BNPs remains limited compared to the more 
extensively studied boron-containing compounds, such as boron 
nitride (BN) and boron carbide (B4C) [40]. While BN particles 
are considered promising fillers due to their high surface area, 
potential to increase durability, and ability to improve stress 
transfer mechanisms [26–29], there are not enough published 
studies, except for one using pure BNPs as structural reinforce-
ment in adhesives [41]. Previous research has predominantly 
focused on single-phase nanoparticles to improve adhesive 
properties, resulting in a critical gap in understanding the im-
pact of hybrid nanostructure combinations, particularly those 
involving underexplored materials such as BNPs. Additionally, 
studies indicate that incorporating HNTs into adhesive matri-
ces can significantly improve the mechanical properties of ad-
hesive joints, including increased tensile, fracture, and shear 
strengths [42, 43]. However, the combined use of HNTs and 
BNPs in adhesives has not been directly investigated in the lit-
erature. Addressing this gap, the present study systematically 
examines the synergistic effect of combining HNTs and pure 

BNPs in adhesively bonded joints. By leveraging their comple-
mentary toughening mechanisms, the study seeks to determine 
the optimal hybrid ratio for enhanced mechanical performance. 
These findings are anticipated to contribute to the development 
of high-performance adhesive formulations for structurally de-
manding applications.

2   |   Materials and Methods

2.1   |   Materials

This study used the adhesive Araldite 2014-2, a product of 
Huntsman Advanced Materials Americas LLC, Canada. It 
is environmentally friendly, room-temperature curing, two-
component, chemical-resistant, and high-viscosity epoxy-based. 
The GFRP composite plates were obtained from Küçükparmak 
Mühendislik San Tic. Ltd., Turkey, and were 2 mm thick. The 
mechanical properties of Araldite 2014-2 and GFRP composite 
are given in Table 1.

HNT particles, first identified as a clay mineral by Berthier in 
1826, are abundantly found in mineral deposits worldwide and 
are aluminosilicate clay minerals [44, 45]. HNT particles are in 
the form of tubes and are also considered a promising alternative 
material, with economical, easy availability compared to carbon 
nanotube particles [45, 46]. The physical properties of halloysite 
nanotubes used in this study are given in Table 2.

The pure BNPs were purchased from Nanografi Nano Technology 
Co. in Turkey. Table 3 presents the physical properties of BNPs.

2.2   |   Sample Preparation

GFRP plates, measuring 100 mm in length and 25 mm in width, 
were prepared by cutting them with a guillotine. To enhance ad-
hesion between the adhesive and the GFRP plates, the bonding 
area was roughened with 100-grit silicon carbide sandpaper in 
accordance with ISO 17212. After abrading, the surfaces were 
thoroughly cleaned with acetone to remove any chemical and 
physical impurities. Finally, the GFRP plates were soaked in dis-
tilled water and dried in an oven for 30 min at 40°C.

To investigate the synergistic effect of HNTs and BNPs, the max-
imum weight ratio of each particle that significantly affects the TABLE 1    |    Mechanical properties of Araldite 2014–2 and GFRP 

composite.

Materials
Density 
(g/cm3)

Tensile 
strength 

(Mpa)

Modulus of 
elasticity 

(GPa)

GFRP composite 1.82 362 18.65

Araldite 2014-2 2.77 30 3.1

TABLE 2    |    Physical properties of HNT.

Density (g/cm3) Surface area (m2/g)
Average 

length (μm)
Average outside 
diameter (nm)

Average inner 
diameter (nm)

HNT 2.6 > 65 1.2 40 20

TABLE 3    |    Physical properties of pure boron nanoparticles.

Purity
Density 
(g/cm3)

Average 
size (nm)

Crystal 
structure

Nano-boron 99.85% 3.58 100 Hexagonal
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shear strength of SLJs was determined. The maximum weight 
ratio for HNT was set at 2%, consistent with findings by Özbek 
et  al. [43]. In our preliminary studies with BNPs, the optimal 
weight ratio was 0.4% [41]. Given the lower weight ratio of boron 
nanoparticles and their higher cost compared to HNT, the mix-
ture's composition was adjusted by varying the HNT weight 
ratio. In contrast, the boron content was set at 0.3%. The com-
position of the mix, including the adhesive and nanoparticles, is 
detailed in Table 4.

Ingredients were weighed on a precision balance to prepare 
the adhesive mixture. To ensure homogeneous distribution of 
nanoparticles and minimize standard deviation in the final 
joints, the operative addition technique described by Gültekin 

et  al. [47] was used. Equal amounts of Araldite 2014-2 and 
acetone were combined in a glass beaker to reduce adhesive 
viscosity. Nanoparticles were then added, and the mixture 
was stirred with a Bandelin Sonopuls series 4000 ultrasonic 
homogenizer at 20 kHz and 60 W for about 60 min. The glass 
beaker was kept in an ice box to prevent premature curing, as 
shown in Figure 1. This process was repeated for each sam-
ple set.

After mixing, the adhesive mixture was placed in a vacuum 
degasser for about 10 min at −0.75 bar and 22°C to allow ace-
tone to evaporate. After degassing, the adhesive mixture was 
weighed to verify that no acetone remained. The complete 
evaporation of the acetone was controlled by measuring the 
amount of epoxy and nanostructure using a precision bal-
ance. While this process provided gravimetric control, the full 
chemical validation of acetone removal was achieved through 
subsequent FTIR spectroscopy.

During the final sample preparation stage, GFRP plates were 
positioned in a custom-designed aluminum mold (Figure 2a) 
that maintained a bonding area of 25 × 25 mm2 and an adhe-
sive thickness of 0.2 mm. The mold was fabricated to ensure 
the total thickness of the overlapped joint remained consis-
tently at 4.2 mm. A controlled weight was applied to the top 
of the mold to maintain uniform adhesive thickness. After 
24 h in the mold, the samples underwent post-curing at 40°C 
for 16 h. Upon completion of curing, the overlap length and 
adhesive thickness of each specimen were measured and re-
corded with a precision digital micrometer before testing to 
confirm dimensional consistency. For each configuration, five 

TABLE 4    |    The composition of the nanoparticle and adhesive mix.

Samples 
name

Percentage weight of the components

Halloysite 
nanotube

Nano 
boron

Araldite 
2014-2

S — — 100

2H 2 — 98

4B — 0.4 99.6

6H3B 0.6 0.3 99.1

9H3B 0.9 0.3 98.8

12H3B 1.2 0.3 98.5

15H3B 1.5 0.3 98.2

FIGURE 1    |    The mixing process of adhesive doped with nanoparticles.
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single-lap joint samples are fabricated. Representative sam-
ples are shown in Figure 2b.

2.3   |   Lap-Shear Test

End tabs made from GFRP were attached to the samples to elim-
inate additional effects and ensure that a pure shear load was 
achieved, as illustrated in Figure 3. The lap-shear tests were per-
formed using a Shimadzu AG-X Series testing machine to assess 
the impact of nanoparticles on the mechanical performance of 
the samples, in accordance with ASTM D5868-01.

Five samples were subjected to the lap-shear test for each 
configuration to ensure consistency and accuracy. The 

following formula was used to calculate the joints' maximum 
shear strength.

where P is the maximum load and A is the area of the bonding 
region.

2.4   |   FTIR Spectroscopy of Pure Adhesive 
and Doped Adhesive

FTIR Spectra of pure and doped adhesives were obtained using 
a Shimadzu IRSpirit-X spectrometer to examine whether new 

�max =
P

A

FIGURE 2    |    (a) Aluminum mold, (b) fabricated samples.

FIGURE 3    |    View of the adhesively bonded single-lap joints.

TABLE 5    |    Maximum load, shear strength, and % improvement values obtained from lap shear tests.

Samples Average load (N) Maximum shear strength (MPa) % improvement

Pure 5397.25 ± 150.7 8.64 ± 0.24 0

2H 7086.61 ± 218.9 11.34 ± 0.35 31.30

4B 6949.66 ± 142.0 11.12 ± 0.23 28.76

6H3B 6808.00 ± 177.9 10.59 ± 0.28 22.64

9H3B 6864.88 ± 180.5 10.94 ± 0.29 26.67

12H3B 8038.66 ± 146.6 12.86 ± 0.23 48.94

15H3B 6516.36 ± 270.8 10.43 ± 0.43 20.72

Note: Bold values indicate the percentage of improvement in shear strength of the joints with respect to pure araldite 2014-2.
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bonds form. The number of scans was set to 32 to achieve a 
good signal-to-noise ratio (SNR). For solid and liquid materials, 
it is recommended to choose a resolution value between 4 and 
8 cm−1; thus, the resolution was set to 6 cm−1 [48].

3   |   Results and Discussion

3.1   |   Single-Lap Shear Test Results

The lap-shear test results for GFRP-GFRP adhesive joints pre-
pared with single-phase, pure, and hybrid nanoparticle addi-
tives to Araldite 2014 adhesive are presented in Table 5 and 
Figure 4. The average tensile load for the single-phase HNT-
doped sample (2H) was 7086.61 N, while the average tensile 
load for the 0.4 wt.% BNP-doped sample (4B) was 6949.66 N. 
In contrast, the average tensile load of the pure sample was 

5397.25 N. The shear strengths of the single-phase specimens 
were 11.34 MPa for HNT and 11.12 MPa for BNP, representing 
improvements of 31.3% and 28.76%, respectively, over the un-
doped specimens. The hybrid nanoparticle-doped specimens 
6H3B, 9H3B, 12H3B, and 15H3B, with HNT-to-BNP ratios 
of 2:1, 3:1, 4:1, and 5:1, respectively, also exhibited increased 
joint strength compared to the pure specimens. Specifically, 
the strength improvements for the 6H3B and 9H3B specimens 
were 22.64% and 26.67%, respectively. The 12H3B hybrid-
doped specimen demonstrated the maximum enhancement, 
achieving a shear strength of 12.86 MPa and an average ten-
sile load of 8038.66 N. It refers to a 48.94% increase in shear 
strength over the pure specimen, which was 13.4% more than 
the single-phase HNT-doped specimen (2H). These results 
indicate that the hybrid doping of HNT and BNP at the ap-
propriate ratio can significantly enhance the performance of 
adhesive joints through a synergistic effect. However, further 

FIGURE 4    |    Shear strength values obtained from lap-shear tests.

FIGURE 5    |    Load–displacement graphics of samples.
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increasing the HNT doping led to decreased shear strength, 
as observed in specimen 15H3B. This reduction can be at-
tributed to particle agglomeration due to excessive doping, 
non-homogeneous dispersion, and microstructural defects 
that negatively impact load transfer.

Figure 5 presents the load–displacement curves obtained from 
lap-shear tests conducted on adhesive joints with different 
configurations. The displacement value at break load for the 
pure adhesive specimen is approximately 1.45 mm, less than 
that of all nanoparticle-doped specimens. Including nanopar-
ticles enhances the adhesive matrix's ductility, whereas the 
pure adhesive exhibits a brittle structure. The break displace-
ments for the 2H and 4B modified adhesives are nearly iden-
tical, around 2.21 mm. Compared to the pure specimens, the 
ductility of the modified adhesives improved by 52.41%. Since 
the peak load value for specimen 2H is higher, it is tougher 
than that of the 4B sample. Specifically, the 12H3B specimen 
demonstrates the highest peak load (around 8000 N) and dis-
placement (approximately 2.5 mm). The combination of 1.2% 
HNT and 0.3% BNP additive led to significant improvements: 
a 48.94% increase in shear strength and a 72.41% increase in 
ductility compared to the pure sample. The toughness of ad-
hesive connections can be qualitatively evaluated by the total 
energy absorbed before catastrophic damage, as indicated by 
the area under the experimental load–displacement curve 
[39, 49]. Therefore, this significant increase in ductility and 
the higher peak load indicate a substantial improvement in 
the strength or energy-absorption capacity of the joints, that 
is, their toughness. This suggests that the optimal ratio of hy-
brid HNT and BNP doping exhibits a synergistic effect, en-
hancing stress transfer and energy dissipation. However, weak 

interactions between the GFRP surfaces and polymer chains 
at low particle concentrations could limit overall deformation, 
thereby reducing the plastic strain capacity, as observed in the 
hybrid samples 6H3B and 9H3B [50, 51]. Additionally, exces-
sive additive content, similar to that in the 15H3B specimen, 
may lead to embrittlement, resulting in reduced load and pre-
mature crack initiation [50, 52].

3.2   |   Analysis of Failure Surfaces

3.2.1   |   Macro Views

In this section, the unaided eye examined macro views of the 
damaged surfaces of adhesive joints with different nanoparticle 
additive configurations. According to ASTM D5573-99, the fail-
ure modes of adhesive joints made with fiber-reinforced polymer 
substrates are divided into seven classes [53]. The failure mode 
indicates the quality of adhesive joints and the bond strength. 
The distribution of load and stress between two bonded com-
ponents enables the correct evaluation of failure modes [54]. 
Figure 6 shows that the adhesive layer remains on the surface 
of one of the adherents for joints made with pure adhesive. This 
damage type, called adhesive failure mode (AF), indicates poor 
interaction between the adhesive and the adherents, resulting in 
low bond performance. This type of failure is highly undesirable 
because the bond (chemical and mechanical) that should firmly 
bind the adhesive and the adherent is lost, leading to significant 
separation at the interface between the two materials [54]. This 
situation explains why the mechanical test results of the samples 
made with pure Araldite 2014 adhesive are lower than those of 
the others.

FIGURE 6    |    Macro failure surfaces: (a) Pure: Adhesive failure (AF), (b) 2H: Cohesive failure (CF) + light fiber tear (LFT), (c) 4B: CF, (d) 6H3B: CF, 
(e) 9H3B: CF, (f) 12H3B: CF + fiber tear failure (TF), (g) 15H3B: CF.
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Although the adhesive layer remained on substrates in a small 
amount on the failure surfaces of the samples made with pure 
Araldite 2014 adhesive, almost the entire surface of the 4B, 6H3B, 
9H3B, and 15H3B samples indicates that the failure occurred 
within the adhesive itself. This failure, defined as cohesive failure 
(CF), occurs in a plane inside the adhesive layer and indicates that 
the adhesive adheres well to the substrates. This type of failure 
means that the adhesion to the substrate exceeds the adhesive's 
internal bond strength. It also shows strong interfacial reactions at 
the adhesive/substrate interface. In cohesive failure, the material's 
maximum strength is reached before rupture. Therefore, this is an 
ideal type of failure. Although it is better than adhesive failure, 
this type of failure is also undesirable in practical applications, as 
the adhesive remains the weakest part of the joint [54].

When the damaged appearance of the 2.0% HNT-doped sample is 
examined, it is evident that the dominant failure type is cohesive 
failure (CF). However, reinforcement fibers are observed in the 
GFRP matrix near the interface, and surface tearing is present 
in the substrate. The ASTM 5573 standard defines this type of 
failure as light fiber tearing (LFT). On the damaged surfaces of 
the 1.2% HNT and 0.3% nano boron doped samples, irregularly 
broken glass fibers were observed on both broken surfaces in the 
GFRP matrix. Fiber tear failure (TF) is thought to be caused by 
shear deformation occurring in the regions where load transfer 
occurs from the adhesive layer to the substrate [55]. Fiber tear 
failure (TF) means that the joint is not only damaged, but the 
damage involves the bonded material [56]. LFT and TF failures, 
which develop as the rupture of the bonded layer itself, indicate 
that high shear stresses are reached during loading. The inter-
layer delamination (Figure 6, side view) and yarn ruptures, to-
gether with fiber ruptures in the 2H and hybrid 12H3B samples 
with the best bonding performance, support the superior bond-
ing performance of these joints (Table 5). When compared to the 
joints made with pure Araldite 2014 adhesive, the cohesive failure 
(CF) and fiber tearing failures (LFT and TF) seen in macro im-
ages with the addition of HNT and boron nanoparticles support 
the improvement of the average shear strength and the adhesion 
performance between the adhesive and the substrates in SLJs.

3.2.2   |   SEM Micrographs

The effects of varying amounts of doping particles on the 
material structure were evaluated by examining the fracture 
surfaces following the tensile test, as shown in Figure 7 (low-
resolution SEM images) and Figure 8 (high-resolution images). 
SEM images provide crucial information on the textural and 
morphological properties of filled and pure samples, especially 
regarding interfacial bonds and overall adhesion. The frac-
ture surface of the pure specimens (Figure  7a) was relatively 
smooth, typically indicating a more brittle failure. However, 
upon nanoparticle addition, the morphology of the damaged 
surfaces changed to a more irregular, rough, and complex tex-
ture, indicating a ductile fracture. This morphological evolution 
suggests that an enhanced interaction (interfacial bonding) be-
tween the adhesive matrix and the nanoparticles is crucial in 
improving the mechanical strength of the adhesive. The irregu-
lar fracture pattern, characterized by rough surfaces and more 
complex crack paths, indicates stronger interfacial bonding and 
increased resistance to crack propagation due to the fillers. The 

increase in roughness, evident in more crack formation on the 
fracture surface, increased mechanical resistance because it re-
quired more energy per unit area of crack.

Another difference in the fracture surfaces of pure and 
nanoparticle-doped samples lies in the size and number of pores 
(air bubbles). Importantly, air voids introduced during mixing 
were rigorously minimized using an effective additive incorpo-
ration technique followed by vacuum degassing at −0.75 bar and 
22°C for approximately 10 min. The success of this process is re-
flected in the low standard deviation values in Table 5. As a result, 
the pores visible in SEM images mostly originate from interac-
tions between the nanostructures and the adhesive during curing, 
rather than from preparation defects [57, 58]. These intrinsic de-
fects include plastic voids caused by particle separation and, most 
significantly, matrix accumulation around particle clusters—a 
feature seen in specimens with excessive loading. Such localized 
microstructural defects significantly affect local stress distribu-
tion. Generally, the damaged surfaces exhibit a homogeneous 
structure, indicating that nanoparticles are well dispersed. SEM 
micrographs confirm that this uniformity is preserved across all 
compositions. Larger and more numerous pores in single HNT 
(2H) doped samples are believed to cause higher local stress 
(Figure 7b). In samples containing only nano-boron (4B), plastic 
voids from particle separation and many pores were observed 
(Figure 7c). Hybrid nanoparticle-added samples (Figure 7d–f) dis-
play irregular cracks, air gaps, and plastic voids on their damaged 
surfaces. Surface roughness increases with higher HNT ratios in 
hybrid-doped samples. The sample doped with 1.2% HNT and 
0.3% BNP (12H3B) has a notably wrinkled surface with many ir-
regular cracks. The additive matrix in this sample shows layered 
damage, including mud cracks. An image from the cohesive frac-
ture region shows that the adhesive matrix fractured at significant 
elongation, consistent with the high elongation observed for the 
12H3B sample in Figure 5. In the 15H3B sample, increasing the 
nanoparticle content leads to the adhesive matrix accumulating 
around particle clusters. This leads to reduced substrate wetting 
and the formation of pits on the damaged surface.

Figure  8 shows high-resolution SEM images of some samples 
reinforced with single-phase and hybrid nanoparticles. Since 
HNT particles are strong and more resistant to the adhesive 
matrix, they can prevent or guide the crack initiated in the ma-
trix. When the applied shear load exceeds the adhesion strength 
between the HNTs and the polymer matrix, the HNTs embed-
ded in the adhesive matrix are removed. The removed HNTs in-
crease toughness by bridging crack surfaces and making crack 
propagation difficult [43]. The hollow, nanotube-like structure 
of the HNT particles, visible in Figure  8a, effectively bridges 
cracks due to their large aspect ratio, providing resistance to 
both crack opening and propagation. The formation of micro-
cracks stabilized by HNT bridging helps prevent further crack 
propagation by dissipating fracture energy (Figure  8a). HNTs 
improve the fracture resistance of adhesive resin by stabilizing 
crack tips and inhibiting their easy propagation [59–61].

When the crack propagates through BNP particles, it deviates 
from its original path and bends; this mechanism, which in-
creases toughness, is called the crack-deviation mechanism 
(Figure  8b). Another fracture mechanism is particle debond-
ing followed by plastic void growth. The formation of many 
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9Polymer Composites, 2025

plastic voids throughout the matrix dissipates more energy 
and increases fracture resistance [39]. In general, particle ad-
ditives are thought to improve adhesion strength by filling 
micro-voids on the substrate surface and creating new contact 
points [62] in the high-resolution SEM image of the sample 
doped with 1.2 wt.% HNT and 0.3 wt.% nano boron particles 
(12H3B); mechanisms such as crack-bridging, crack deflection, 
micro-crack formation, and particle separation increased the 
energy absorption by complicating fracture (Figure  8c). The 
synergistic effect of hybrid particles significantly increased the 
strength and toughness of the joints compared to single-phase 

specimens by deflecting cracks in three dimensions, thereby 
elongating the crack path and increasing energy consumption. 
The performance degradation observed in the 15H3B specimen 
is due to nanoparticle aggregation, as shown in Figure 8d.

3.3   |   Fourier-Transform Infrared Spectroscopic 
Analysis

Fourier-transform infrared analysis helps explain how 
Araldite 2014 adhesives interact with BNPs and HNTs. 

FIGURE 7    |    Low-resolution SEM images of fracture surfaces: (a) Pure: Smooth brittle surface, (b) 2H: Rough surface; HNT-related crack-bridging, 
(c) 4B: Voids due to BNP debonding, (d) 6H3B: Irregular cracks and mixed voids, (e) 9H3B: Increased porosity and crack deviation, (f) 12H3B: 
Wrinkled, multilayered ductile fracture, (g) 15H3B: Agglomeration pits.
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10 Polymer Composites, 2025

Figure  9 shows that the FTIR spectra exhibit clear shifts in 
peak positions and intensities, indicating that BNPs and 
HNTs are well distributed in the adhesive. Strong absorption 

bands between 1000 and 500 cm−1 match the Si  O and Al  O 
stretching vibrations typical of HNTs, as reported before 
[63, 64]. These bands persist after curing, indicating that 

FIGURE 8    |    High-resolution SEM images showing toughening mechanisms: (a) 2H: HNT crack-bridging, (b) 4B: Crack deviation and void growth, 
(c) 12H3B: Combined crack-bridging and deflection, (d) 15H3B: Agglomeration-induced brittle zones.
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HNTs remain chemically and physically part of the matrix 
and retain their structure. All modified samples also exhibit 
broader, stronger bands in the 1600–1700 cm−1 region, espe-
cially when more boron or HNT is present. These changes sug-
gest increased chemical interactions and hydrogen bonding 
between the adhesive and the nanoparticles, which align with 
earlier studies on nanoparticle-reinforced polymers [65, 66]. 
Unique features in the 2300–2400 cm−1 region appear in all 
adhesives except the pure and 4B types. Recent studies link 
these to overtones or combination bands at reactive interfaces 
in epoxy/inorganic nanocomposites [67–69]. Their presence 
only in HNT-containing samples suggests more chemical ac-
tivity at the HNT surfaces. This supports the idea that HNTs 
facilitate secondary crosslinking and the formation of oxygen-
containing groups during curing [70], which aligns with the 
higher shear strength observed in the 2H-doped sample. 
Noticeable changes in the O  H and N  H stretching region 
(3600–3200 cm−1), especially in the 12H3B and 15H3B sam-
ples, appear as broader, lower bands. These features are 
known signs of strong hydrogen bonding and polar interac-
tions between the epoxy and the hydroxyl or amino groups 
on HNTs and boron particles [65–67]. These interactions im-
prove nanoscale compatibility and increase crosslink density, 
thereby strengthening the composites. Overall, the changes in 
the 1600–1700, 2300–2400, and 3600–3200 cm−1 regions indi-
cate that the additives are not only physically present but also 
participate in hydrogen bonding and chemical reactions at the 
interface. These molecular interactions help explain the bet-
ter mechanical strength and adhesion seen in later tests, as 
shown by both FTIR and mechanical data [65, 70].

The spectral changes indicate that the additives are not only 
present in the adhesive but also participate in secondary in-
teractions, hydrogen bonding, and reactions at the interface. 
These interactions explain the better mechanical properties and 
adhesion.

FTIR analysis was also used to detect any residual acetone, 
which served as a temporary solvent during sample preparation. 

The typical acetone peaks, like the strong C  O stretching band 
at 1700–1715 cm−1 and the CH3 bending band near 1360 cm−1, 
were not found in any cured samples. These bands are known 
markers for trace acetone in polymers [71–73], so their absence 
means all the acetone evaporated before curing. Gravimetric 
evaporation controls support this finding. Having no solvent left 
is important for accurate mechanical testing, as leftover solvents 
can soften the epoxy and reduce its strength. This means the 
FTIR data show that the improved mechanical properties in the 
composites come from the nanoparticle interactions, not from 
solvent effects.

4   |   Conclusions

This study focused on creating single-lap joints using GFRP 
plates bonded with Araldite 2014-2 epoxy adhesive. Single-
phase nanoparticles (HNT or BNP) and hybrid nanoparticles (a 
combination of both) were added at various ratios to enhance 
the adhesive's properties. The lap-shear tests were conducted 
on the prepared adhesive joints according to ASTM D5868-01, 
and the fracture surfaces were analyzed using macro- and SEM 
imaging. The key findings from the test results are summarized 
as follows:

•	 Both single-phase and hybrid additives were found to in-
crease shear strength significantly. The average shear 
strength of the pure adhesive specimen was measured at 
8.64 MPa. With the addition of 2% HNT (2H), shear strength 
improved by 31.3%, while the introduction of 0.4% BNP (re-
ferred to as 4B) resulted in a 28.76% increase.

•	 The highest strength increase was obtained in the 12H3B 
hybrid specimen containing 1.2% HNT and 0.3% BNP. This 
specimen achieved a remarkable 48.94% increase in shear 
strength compared to the pure specimen (12.86 MPa). This 
increase is 13.4% higher than the single-phase 2% HNT-
doped specimen (2% H). The same specimen also increased 
the adhesive's ductility by 72.41%.

•	 The addition of nanoparticles also changed failure modes. 
Pure specimens primarily exhibited adhesion failure (AF), 
whereas specimens with added nanoparticles exhibited 
cohesive failure in the adhesive (CF) and fiber tearing in 
the GFRP (LFT/TF). This change indicates improved in-
terfacial bonding between the adhesive and the substrates, 
particularly in the 12H3B specimen, which showed optimal 
healing properties.

•	 SEM analyses revealed that HNT particles increase tough-
ness through mechanisms such as crack-bridging, and BNP 
particles increase toughness through crack-deviation and 
particle segregation. These mechanisms make fractures 
more difficult with a synergistic effect.

•	 FTIR analysis shows that between nanoparticles and ar-
aldite 2014 chemical reactions occur, and this improves the 
strength of the adhesive.

In conclusion, adding hybrid HNT and BNP particles to the ad-
hesive at an appropriate rate exerted a crucial synergistic effect, 
improving mechanical performance—such as shear strength 
and toughness—more than adding a single phase of those 

FIGURE 9    |    FTIR spectra of adhesives.
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particles. The findings offer potential contributions to the de-
velopment of high-performance adhesive formulations for struc-
turally demanding applications.
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