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Effect of nanoparticle type and processing technique 

on the performance of lap shear joint of epoxy 

nanocomposite adhesives 
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ABSTRACT 

The effect of optimum concentration of TiO2, Al2O3 and ZrO2 nanoparticles on lap shear joint 

strength and joint toughness (area under the engineering stress-strain curve) of epoxy 

nanocomposite adhesives has been studied. Two types of processing techniques such as 

conventional ultrasonic vibration (CUV) and ultrasonic dual mixing (UDM) were used to 

disperse nanoparticles in epoxy adhesive in order to develop epoxy nanocomposites. 

Aluminium-adhesive-aluminium joints were tested, and their fracture surfaces were 

characterized using FESEM to understand the role of toughening mechanisms on the 

performance of the joints. The outcome of the present study exhibited the importance of oxide 

nanoparticles in controlling the strength of epoxy adhesive based metal joints having significant 

applications in automobile and aerospace industry.    
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1. Introduction 

Epoxide adhesives find extensive use in multiple industries, 
including automotive, aerospace, paint, coatings, and 
electrical [1–4]. Rigid oxide nanoparticles have garnered a lot 
of interest as fillers in recent years [5–7]. Because of their 
superior mechanical properties, chemical inertness, thermal 
stability at very high temperatures, and, of course, 
affordability when compared to other nanofillers like carbon 

nanotubes [8–10], oxide nanoparticles like Al2O3, TiO2, and 
ZrO2 [11–14] have been identified as potential candidates for 
the structural applications. Furthermore, compared to other 
nanofillers like carbon nanotubes, oxide nanoparticles' low 
aspect ratio ~ 1 provides less resistance to the polymer 
matrix's cross-linking density when incorporated into epoxy 
adhesives. However, because the van der Waals forces 
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become the greatest forces at the nanoscale in the range of 
1–10 nm, the extremely high specific surface area of the 
nanoparticles enables them to attract each other due to 
attractive electrostatic van der Waals forces, leading in the 
development of agglomerates. To increase the various 
properties of the final nanocomposite material, it is 
extremely undesirable for the nanoparticles to agglomerate 
within the matrix [15]. Therefore, for the homogenous 
dispersion of nanoparticles in viscous epoxy, a particularly 
effective processing procedure is needed. Oxide 
nanoparticles added to epoxy adhesives have the potential to 
exacerbate the epoxy joints' primary weakness [16]. It was 
discovered that adding 2 wt% of Al2O3 nanoparticles to epoxy 
adhesive significantly increases the adhesive's strength. 
When compared to neat epoxy adhesive, the Al2O3-epoxy 
nanocomposite adhesive exhibits a pull-off strength that is 
almost five times greater. According to the literature, the 
reason for the rise in adhesive joint qualities is a change in 
the joint's failure mode, which for neat epoxy exhibits 
interfacial failure and is changed to a mixed mode failure, 
such as partially cohesive and partially interfacial, for 
nanocomposite adhesive [16]. On the other hand, 5 w% of 
Al2O3 nanoparticles added to an epoxy adhesive filmed on 
polyester random mat scrim causes a notable 15% increase 
in lap shear strength and 50% increase in peel strength for 
joints made of aluminium substrates [17]. According to 
certain research, the toughness and single lap shear strength 
of the joints are significantly increased when low content 
silica nanoparticles are added to a rubber toughened epoxy 
adhesive [18–20]. This rise can be attributed to various 
toughness mechanisms that have emerged, including fracture 
deflection and crack twisting around the nanoparticles, 
which have enhanced the plastic deformation of the epoxy 
matrix.  

Over the years, various researchers studied the lap 
shear performance of epoxy nanocomposite adhesives 
consisting different size Al2O3 and ZrO2 for various grades of 
Al and achieved some noticeable enhancement [17,21–23]. 
But most of the studies are incomplete and having limited 
information about the real cause of enhancement in the lap 
shear performance. Therefore, in the current study different 
types of oxide nanoparticles (TiO2, Al2O3, and ZrO2) and 
processing techniques are used to investigate the real cause 
of enhancement in lap joint performance of epoxy 
nanocomposite adhesives. 
  
2. Materials and methods  
 
Two parts made up the epoxy adhesive (Loctite E60-HP): (i) 
epoxy resin (diglycidylether of bisphenol-A) and (ii) an 
amine-based hardener that was purchased as a base material 
from Loctite Hysol Company in the USA. Excellent bond 
strengths are offered by the high-performance epoxy to a 
broad range of metals and polymers. According to ASTM D-
1002 and the technical data sheet, the typical lap shear 
strength of abraded aluminium is 29.92 MPa. Three different 

types of oxide nanoparticles were obtained from American 
Elements Company in the USA: ZrO2 (~ 25 nm), TiO2 (~ 48 
nm), and Al2O3 (~ 10 nm). A 2.0 mm thick strip of extruded 
commercial aluminium (ASTM specification SB-209 Grade 
1100) was utilized as the metal substrate in order to produce 
lap joints based on epoxy adhesive. The aluminium substrate 
was procured from an earlier tested source for its chemistry 
and mechanical properties [24].  
 
2.1. Fabrication of epoxy nanocomposites 
 
Two processing techniques were used to disperse oxide 
nanoparticles into the epoxy resin in order to produce 
nanocomposites. One is conventional ultrasonic vibration 
(CUV)  [25,26] and the other is the ultrasonic dual mixing 
(UDM) [27,28]. 
 
2.2. CUV technique 
 
The schematic diagram of CUV process is shown in Fig. 1. 
The optimized amount of TiO2 nanoparticles (10 wt%) [26] 
was gradually added to the epoxy resin at ambient conditions 
and initially mixed via glass rod stirring for 5 min followed 
by addition of Methyl Ethyl Ketone (MEK) to the epoxy resin 
in a ratio of 4:1. The slurry (epoxy resin + nanoparticle + 
MEK) was further stirred for 5 min and then processed by 
the CUV process at optimized parameters described in detail 
in my earlier published work [26].  
 
2.3. UDM technique 
 
The schematic diagram of UDM route is shown in Fig. 2. The 
optimized amount of all nanoparticles such as TiO2 (10 wt%), 
Al2O3 (3 wt%) and ZrO2 (5 wt%) were gradually added to the 
epoxy resin in separate beakers at ambient conditions and 
initially mixed via impeller stirring with a speed of 500 rpm 
for 5 min followed by addition of MEK to the epoxy resin in 
a ratio of 3:1. The slurry (epoxy resin + nanoparticle + MEK) 
was stirred for 5 min followed by UDM processing of it at 
optimized parameters described in detail in my earlier 
published work [27]. 

Using my previously reported method, the MEK was 
eliminated following CUV and UDM processing [27]. To 
ensure uniform mixing, the hardener was blended with the 
neat epoxy resin and nanoparticle containing epoxy resin in 
a stoichiometric weight ratio. The mixture was then agitated 
for 5 min at room temperature to release any trapped air. 
Afterwards, metal-epoxy-metal joints were created using 
degassed neat epoxy and epoxy nanocomposites. 
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Fig. 1. The schematic diagram of CUV route. 

 

 
 

Fig. 2. The schematic diagram of UDM route. 

 

2.4. Fabrication of lap shear joints 
 
In order to prevent surface contamination caused by the 
existence of an excess oxide layer on the aluminium 
substrate, the surface of the substrate was mechanically 
polished using 400 grade emery paper [24] before the 
adhesive-based single lap joints were prepared. Acetone was 
used to clean the mechanically polished surface in order to 
get rid of any remaining grease or debris. On an aluminium 
substrate, the oxide nanoparticulate-epoxy composites and 
neat epoxy were placed progressively. Using a clamp tool, as 
seen in Fig. 3, a homogenous layer of adhesive measuring 
approximately ~ 0.1 mm was created. The clamp tool 
prevents the attached substrate from slipping while 
simultaneously maintaining a consistent bondline thickness. 
To minimize the impact of spit fillets, the extra adhesive was 
removed from the joint margins. Lastly, the single lap joints 
were allowed to cure at room temperature for a full day. 
ASTM-D1002 was followed in the preparation of neat epoxy 
adhesive and epoxy nanocomposite adhesives based single 

lap shear joints of aluminium sheets. Fig. 4 displays the 
dimensions of an adhesive-based single lap joint made of 
aluminium sheets in accordance with ASTM standards.  
 
 

 
 

Fig. 3. Schematic diagram of clamp tool for single lap 

shear adhesive joint. 

 

 
Fig. 4. Schematic diagram of Al-adhesive-Al based 

single lap joint. 

 

2.5. Characterizations 
 
Lap shear joint test epoxy nanocomposites' surfaces, and the 
morphology of the aluminium substrate surface was 
examined using a field emission scanning electron 
microscope (FESEM). The acceleration voltage used to run 
FESEM (FEI, Quanta 200F) was 15 kV. A small layer of gold, 
approximately 6 nm in thickness, was plasma sprayed onto 
each specimen to facilitate electrical conduction and 
minimize surface charge during FESEM examination. Energy 
dispersive X-ray analysis (EDAX) was used to characterize 
the aluminium metal substrate. In order to determine the 
specimens' toughness and lap shear strength, tensile shear 
tests were performed in accordance with ASTM D1002 
standard. A Universal Testing Machine (UTM) from 
Hounsfield (H25KS) conducted the testing under ambient 
conditions, with a crosshead speed of 1.3 mm/min. For each 
composition, the mean values with standard deviation of the 
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three replicate specimens that underwent testing are 
presented. 

 

3. Results and Discussion 
 
3.1. FESEM and EDAX analysis of Al 

substrate 
 
The performance of any adhesive bonding primarily depends 
upon type of substrate material, preparation of surface of the 
substrate, wetting of the adhesive on the substrate, physical 
and chemical behavior of the adhesive and joint design [29]. 
The density and mechanical properties of the aluminum 
substrate such as elastic modulus, tensile strength and shear 
strength measured by standard tensile testing are found as 
2.71g/cm3, 70-80 GPa, 110 MPa and 69 MPa respectively 
[24]. The FESEM images along with EDAX analysis of 

aluminum substrate are shown in Fig. 5. The FESEM images 
(Fig. 5(a1, b1)) show the creation of uneven surface on the 
Al substrate due to abrasion which may increase the strength 
of the bonded joint by mechanical interlocking [24]. 
Furthermore, the creation of rough surface enhances the 
interfacial area of the joint and thus increases the interfacial 
surface tension of the substrate material prior to bonding 
[30]. The EDAX analysis of the relatively bright (Fig. 5(a1)) 
and grayish locations (Fig. 5(b1)) observed in the 
microstructure of Al substrate confirms the possibility of the 
presence of Al2O3 and Al with some amount of Si as 
impurities (Fig. 5(a2, b2)). Generally, in case of the 
mechanically abraded Al substrates, the main bonding force 
primarily arises out of physical or mechanical interaction 
with the adhesive and thus more dependent on the contact 
area [31].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. FESEM images along with EDAX analysis of the Al substrate. 

 
3.2. Lap shear strength analysis 
 

Fig. 6 displays the normal load-displacement curves from 
tensile shear tests of neat epoxy adhesive and epoxy 
nanocomposite adhesives. As might be predicted, the tidy 
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epoxy adhesive's load-displacement curve shows brittle 
failure. But epoxy nanocomposite adhesives' load-
displacement curves also show brittle failure, albeit with 
more extension. This is explained by the fact that epoxy 
nanocomposites entail a number of failure and energy 
consumption processes [32]. Under some circumstances, the 
nanoparticles may cause matrix yielding. In addition, they act 
as stoppers to fracture growth by pinning them [33], which 
enhances the mechanical performance of epoxy 
nanocomposite adhesives. 
 

 
Fig. 6. Load-displacement curves of neat epoxy, CUV 

processed TiO2-epoxy, UDM processed TiO2-

epoxy, Al2O3-epoxy and ZrO2-epoxy 

nanocomposite adhesives. 

 
The relative strength of adhesive-based joints was calculated 
by utilizing the following formula. Joint strength is calculated 
as follows: 
 
                      Joint strenght =

Failure load

Adhesive lap area
                           (1) 

 
Fig. 7 illustrates the lap shear joint strength of neat epoxy 
and epoxy nanocomposite adhesives. It is discovered that the 
neat epoxy adhesive has a lap shear strength of 27.5 MPa. It 
is evident that the lap shear strength is increased by the 
addition of oxide nanoparticles. When compared to pristine 
epoxy adhesive, the highest increase in lap shear strength for 
CUV processed TiO2-epoxy nanocomposite is approximately 
17%, but for UDM processed TiO2-epoxy nanocomposite, it is 
approximately 38%. The noteworthy rise in the lap shear 
strength of the epoxy nanocomposite processed by UDM 
processing could potentially be attributed to UDM's 
superiority over CUV process when it comes to the dispersion 
of nearly single nanoparticles or their fine clusters inside the 
epoxy matrix [26,27]. Comparing the Al2O3-epoxy 
nanocomposite to the neat epoxy adhesive, the highest 
increase in lap shear strength is approximately 23%, whereas 

the ZrO2-epoxy nanocomposite exhibits a maximum increase 
of approximately 27%. The bond line thickness of the 
adhesive [24], as well as the surface treatment state of the 
metal substrate [34], are the primary determinants of the lap 
shear strength of an adhesive-based joint. These factors also 
have a substantial impact on the cohesive and adhesive 
strength of the joint. Because the oxide nanoparticulate-
epoxy composite adhesives' lap joint preparation processing 
parameters and the aluminium substrate's surface treatment 
are the same. Consequently, it is plausible to argue that the 
modification of the cohesive characteristics of the epoxy 
nanocomposites is the cause of the improvement in lap shear 
strength. The resistance to fracture provided by the 
nanoparticles that cause crack-blunting may be the main 
cause of the epoxy nanocomposite adhesive's increased joint 
strength [17]. 
 

 

Fig. 7. Lap shear joint strength of neat epoxy, CUV 

processed TiO2-epoxy, UDM processed TiO2-

epoxy, Al2O3-epoxy and ZrO2-epoxy 

nanocomposite adhesives. 

 
3.3. Lap shear joint toughness 
 
The area under the stress-strain curve is used to determine 
the lap shear joint toughness of epoxy nanocomposites [35]. 
The load-displacement curves of the neat epoxy adhesive and 
epoxy nanocomposite adhesives were converted to stress-
strain curves, which are displayed in Fig. 8, in order to 
calculate the area under the curves. Fig. 9 displays the lap 
shear joint toughness of the nanocomposite adhesives ZrO2-
epoxy, Al2O3-epoxy, CUV-processed TiO2-epoxy, and UDM-
processed TiO2-epoxy. Because oxide nanoparticles are 
incorporated into the epoxy matrix, the epoxy 
nanocomposite adhesives have a substantially better lap 
shear joint durability than neat epoxy adhesives. When 
compared to neat epoxy adhesive, the highest increase in 
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joint toughness for a TiO2-epoxy nanocomposite produced by 
CUV is approximately 28%, but for a TiO2-epoxy 
nanocomposite processed by UDM, it is approximately 48%. 
The notable enhancement in the joint toughness of the TiO2-
epoxy nanocomposite produced using UDM over CUV method 
could potentially be attributed to UDM's superiority in 
dispersing nearly individual nanoparticles or their fine 
clusters within the epoxy matrix [26,27]. Similarly, as 
compared to neat epoxy adhesive, the highest increase in 
joint toughness for Al2O3-epoxy nanocomposite is 
approximately 28%, but for ZrO2-epoxy nanocomposite 
adhesive, it is approximately 29%.   
 

 

Fig. 8. Stress-strain curves of neat epoxy, CUV 

processed TiO2-epoxy, UDM processed TiO2-

epoxy, Al2O3-epoxy and ZrO2-epoxy 

nanocomposite adhesives. 

 
The accumulated strain energy density that is released after 
failure is also known as the lap shear joint toughness, also 
referred to as the area under the stress-strain curve. An 
estimate of resistance to crack propagation and the energy 
absorbed during fracture can also be obtained from the strain 
energy density, which can be found from the area under the 
stress-strain curve. By absorbing stored strain energy and so 
slowing the crack propagation, the well-dispersed and closely 
spaced stiff nanoparticles can modify localized plastic shear 
yielding in the epoxy matrix and cause fracture diversion. 
 

 
 

Fig. 9. Lap shear joint toughness of neat epoxy, CUV 

processed TiO2-epoxy, UDM processed TiO2-

epoxy, Al2O3-epoxy and ZrO2-epoxy 

nanocomposites adhesive. 

 

3.4. Morphology of fracture surfaces of 

adhesive based joints 
 
The fracture surfaces of CUV and UDM treated TiO2-epoxy 
nanocomposite adhesives, as well as neat epoxy adhesive are 
shown in Fig. 10. At the contact where the tidy epoxy 
adhesive and aluminium substrate meet (Fig. 10(a1)), the 
joint failed. However, in the case of the TiO2-epoxy 
nanocomposites produced by CUV and UDM, the joint failed 
partially at the adhesive-aluminium contact and partially 
cohesively within the adhesive; as a result, the characteristics 
differ, as shown by the neat epoxy FESEM images (Fig. 
10(b1, c1)). Similar to this, the joint failed partially at the 
interface and partially cohesively in the case of Al2O3-epoxy 
and ZrO2-epoxy nanocomposite adhesives produced by UDM 
(Fig. 11(a1, b1)). The high magnification FESEM images 
(Fig. 10(a2, a3)) show that the neat epoxy adhesive's 
fracture surface is extremely smooth, suggesting that if the 
stress reaches its critical value, the crack will spread quickly 
until the material fails. However, in contrast to the plain 
epoxy adhesive, the fracture surfaces of the CUV and UDM 
processed TiO2-epoxy nanocomposites (Fig. 10(b2, c2)), as 
well as the UDM processed Al2O3-epoxy and ZrO2-epoxy 
nanocomposites (Fig. 11(a2, b2)) look extremely rough. 
Additionally, as seen by the FESEM pictures, there was 
significant plastic deformation of the epoxy matrix in the case 
of the epoxy nanocomposite adhesives, which is indicative of 
fracture deflection and crack twisting around the 
nanoparticles [19].  
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Fig. 10. FESEM images of lap shear joint fracture surfaces of (a) neat epoxy, (b) CUV and (c) UDM processed 

TiO2-epoxy nanocomposites adhesive at different magnifications: (1) low, (2) high and (3) very high. 
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Fig. 11. FESEM images of lap shear joint fracture surfaces of (a) Al2O3-epoxy and (b) ZrO2-epoxy 

nanocomposites adhesive at different magnifications: (1) low, (2) high and (3) very high. 

 
Therefore, for aluminium joints bonded with epoxy 
nanocomposite adhesives, the change in joint failure mode 
from an interfacial failure for neat epoxy adhesive to a mixed 
mode of cohesive-interfacial failure is closely correlated with 
an increase in lap shear strength and lap joint toughness 
[21,36]. Because several toughening mechanisms, including 
crack deflection and crack twisting around the nanoparticles, 
are involved, the epoxy matrix's plastic deformation is 
enhanced, leading to an increase in joint toughness and lap 
shear strength [18,19]. Additionally, because of the 
mechanical anchoring mechanism, the nanoparticles can 
create new contact points and fill in the adherend's 
porosities, strengthening the interfacial strength. The 
enhanced adhesive strength of the nanocomposite adhesive-
based joints is justified by the fact that epoxy nanocomposite 
adhesives also produce a higher wetting ability when 
compared to neat epoxy adhesive. The mechanical properties 

of the epoxy matrix are significantly improved by the 
addition of oxide nanoparticles, albeit this enhancement is 
dependent on a number of variables, including the type of 
adhesive and adherend, the surface treatment used, and the 
property being tested [34]. They also rely on the kind and 
concentration of nanoparticles. 
 
4. Conclusions 
 
The best concentration of TiO2, Al2O3, and ZrO2 nanoparticles 
in epoxy nanocomposite adhesives improves the toughness 
and strength of the lap shear junction. The shift in the 
mechanism of joint failure from an interfacial failure for neat 
epoxy adhesive to a mixed mode cohesive-interfacial failure 
for nanoparticulate-epoxy composite adhesives is what 
accounts for the improvement in lap shear strength and lap 
joint toughness. According to FESEM pictures of epoxy 
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nanocomposite adhesives, the increased plastic deformation 
of the epoxy matrix is also responsible for the increase in lap 
shear strength and joint toughness. The superior ability of 
the UDM technique in regard to cluster breaking and 
homogenous distribution of nanoparticles in the epoxy 
matrix accounts for the notable improvement in the lap shear 
joint strength and joint toughness of the UDM processed 
TiO2-epoxy nanocomposite compared to the CUV processed 
TiO2-epoxy nanocomposite. This study demonstrated the 
significance of oxide nanoparticles in regulating epoxy 
adhesive strength, which has enormous potential in the 
automotive and aerospace industries. 
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