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Abstract

:

In this paper, the effect of aluminum oxide, Al2O3, nanoparticles’ inclusion into Epocast 50-Al/946 epoxy adhesive at different temperatures, subjected to quasi-static tensile loading, is numerically investigated. The single-lap adhesive joint with two different types of material adherends (composite fiber-reinforced polymer (CFRP) and aluminum (Al) 5083 adherends) and adhesive Epocast 50-A1/hardener 946 were modeled in ABAQUS/CAE. A numerical methodology was proposed to analyze the effect on peel stress and shear stress by adding Al2O3 nanoparticles into the neat adhesive at 25 °C, 50 °C, and 75 °C temperatures at four different locations of the adhesive regions: the interface of the adhesive and aluminum adherend (location A), the middle plane of the adhesive region (location B), the middle longer edge (along the length of the adhesive, location C), and the middle shorter edge (along the width of the adhesive, location D). The results showed that adding nanoparticles into the neat adhesive improves joint strength at room and elevated temperatures. High peel and shear stresses were recorded near both edges of the locations (A, B, C, and D). For location A, adding nanofillers into the adhesive resulted in the reduction in peak peel stress by 1.3% for 25 °C; however, it increased by 2.7% and 10.7% for 50 °C and 75 °C temperatures, respectively. Furthermore, the peak shear stress observed a considerable reduction of 19.6% for 25 °C, but it increased by 7.7% and 8.7% for 50 °C and 75 °C temperatures, respectively, for location A. The same trend was also observed for other locations (i.e., B, C, and D). This signified that adding aluminum oxide nanoparticles in the adhesive resulted in increased stiffness at higher temperatures and increased ductility of the joint, as compared to the joint with neat adhesives at room temperature. Moreover, it was observed that locations A and B were more vulnerable to damage initiation, as the peak of stresses lay near the edges, indicating that the crack initiation would take place close to the edges and propagate towards the center, leading to ultimate failure.
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1. Introduction


The use of adhesive joints as a primary choice for connecting different components has gained popularity for objective and subjective reasons [1]. In adhesive joints, the most important part is the adhesive itself, which acts as a bonding agent to join similar or different parts. Various types of adhesives are available, with subtle and significant differences, having various applications. These applications include computers, auto parts, the aerospace industry, mobile phones, medical devices, the marine industry, the construction industry, etc. [2]. Adhesive joints, compared to conventional mechanical joints, have several superior characteristics, including low weight, high stiffness, high strength, and very low cost [3,4,5,6,7,8]. In addition to these advantages, adhesive joints also have various advantages in structural applications. In conventional mechanical joints, holes are drilled in the material, which is a crack-initiating process. After applying load, the cracks may propagate, which leads to failure. Various types of adhesive joints are used in structural applications, including single- and double-lap joints, plain butt joints, single- and double-strap joints, joggle lap joints, etc. [8].



Single-lap joints (SLJs), manufactured by bonding the metal adherends and adhesive on top of one another, having some overlap area, are widely used in repairing structures, such as bridges, aircraft, turbine blades, windmills, etc. [8]. In these types of joints, shear and peel stresses occur when the adherend metal pulls away. As the single-lap joints are eccentric, they tend to obtain peak peel stresses at the end of overlap regions. The stress concentration is higher at the end of overlap regions, whereas lower stress occurs at the center overlap region [9,10].



The literature review regarding these types of adhesive joints identified that SLJs can be used in various combinations. For example, joints with the same material adherends, joints with different material adherends, such as carbon fiber-reinforced polymer, or CFRP, and aluminum, and joints using nanoparticles in adhesives with different material adherends, etc. Researchers have performed various studies on the adhesive joints by varying the composite strap shape, geometry of the edge, the type of fiber, layup sequence, length of the overlap region, the thickness of the adhesive, and temperature. Kimiyoshi Naito [11] investigated the adhesive thickness effect on shear strength and tensile strength. The test was carried out on a single-lap and butt joint. The adhesive and adherend used were polyimide (Skybond 703) and aluminum (5052-H34), respectively. The results showed that as adhesive thickness was increased, tensile strength decreased, but shear strength was unaffected. The failure was of an interfacial manner, whatever the thickness of the adhesive was. According to FEM linear elastic stress analysis, there was a concentration of normal stress between the adhesive and adherend. Conducting FEM analysis considering stress at interfaces adds to the understanding of the effect of the thickness of the adhesive on the strength of the joint. Lucas da Silva [12] investigated the strength of adhesive joints incorporating a mixed adhesive. An SLJ was manufactured and used to test the configuration of brittle material adhesive in the middle area and three different types of ductile material adhesive at both ends. In line with the author’s prediction of the strength of the joint, it was observed that using mixed adhesive material joints showed more improvement in strength than using brittle material adhesive in the joint. Araújo and Machado [13] studied the strength of composite adhesive joints with different material adherends under impact loading. It was concluded that such types of adhesives and combining two dissimilar adherends, particularly CFRP, exhibit exceptional damping capabilities and impact strength. Banea and Rosioara [14] analyzed three configurations of (multi-material) composite adhesive joints experimentally and numerically. The materials that were used to form the adhesive joints were hard steel (HS), aluminum (Al), and CFRP, i.e., CFRP/Al and CFRP/HS. Factors such as the stiffness of adherends and the overlap length, affecting the strength of the composite adhesive joints, were analyzed. The results showed that the material and/or geometry combination effect was not significant on the strength of the joints, whereas failure in the SLJs having relatively small overlap lengths was dominated by the global yielding of the adhesive. Similarly, Reis and Ferreira [15] conducted a comparative study on the shear strength of SLJs with different material adherends. Composite, steel, and aluminum adherends were combined in different combinations. Adherend stiffness was the primary factor influencing the shear strength of the joints. Depending on the material of adherends, the overlap length of the adhesive joints also affected the shear strength. Jairaja and Narayana [16] investigated dual adhesives in SLJs of different adherends. It was known that the strength of an adhesive joint depends on the adhesive type and its properties. This has more importance in composite adhesive joints, such as those with CFRP and aluminum, which were under study by them. They used two adhesives, Araldite 2015 and AV138, separately and in combination. In combination, the adhesive that has ductile properties must be at the ends, whereas brittle adhesive must be in the middle; that is what they did. According to their results, using two adhesives in combination helped in gaining higher strength for the composite adhesive joints. Joints having carbon-reinforced polymer plastic and aluminum as adherends were analyzed in great numbers, with different adhesives depending on the application [17,18].



The effects of temperature on the performance of adhesive joints have also been a prime focus of the literature. Rahmani and Choupani [19] investigated the aluminum–aluminum adhesive joints at different low temperatures for fracture parameters. The results showed that yielding strength, ultimate strength, and Young’s modulus increased at low temperatures. It was observed that the rates of critical strain energy and intensity of stress factors increased by reducing the temperature. Adamvalli [20] determined the dynamic strength of a single-lap joint adhesive. The analysis was performed at different temperatures, 25 °C to 100 °C, and at varying loading rates. The study’s findings demonstrated that strength considerably decreased at high temperatures, although the opposite was true for the loading rate. The effect of temperature on the strength of the joint was seen to be significant. From the literature, it was observed that increasing the temperature causes the strength of the joint and elastic modulus to decline [21,22,23].



The epoxy adhesive properties, such as mechanical strength, can be enhanced by including nanoparticles [24,25,26,27,28,29]. Scarselli and Corcione [30] investigated single-lap joints that were manufactured, tested, and simulated. Two types of adhesives were used: one was a conventional adhesive, i.e., joined with epoxy resin, and the other was a combination of epoxy resin and nano-graphite particles. Their research showed superior mechanical properties when nano-graphite was added to epoxy. Khashaba [31] investigated the dynamic analysis of an adhesive joint, in which a CFRP composite was altered with aluminum oxide nanoparticles, Al2O3, under fatigue conditions at various temperatures. The addition of the nanoparticles to the joint resulted in good results, as a 4.8% increase in shear strength of the joint at room temperature and a 24.5% rise at 50 °C were observed. The reduction in the glass transition temperature to 50 °C resulted in a decrease in fatigue strength. Alumina (aluminum oxide, Al2O3) nanoparticles, when added to epoxy at 1.5 wt%, bear good results, as proved by the research studies [32,33].



The literature review concluded that the synergetic effects of an increase in temperature and the addition of aluminum oxide nanoparticles on the joint strength of single-lap joints remained largely unexplored in the previous work. It was also concluded that the researchers mainly focused on investigating the fracture behavior of the interface region in single-lap joints. However, there is a substantial stress concentration on the middle and edge portions, and the investigation of areas with a high stress concentration is compulsory and highly significant [34,35,36]. Therefore, this research involved the development of a methodology to investigate the effects of both increases in temperature and the inclusion of aluminum oxide nanoparticles on the stress behavior at different locations on the adhesive region. Composite single-lap joints (SLJs) of carbon fiber-reinforced polymer, or CFRP, and aluminum were numerically investigated at three different temperatures, which were 25 °C, 50 °C, and 75 °C, to evaluate the peel and shear stress behavior at four locations on the adhesive region, with and without aluminum oxide nanoparticles with a concentration of 1.5 wt% in the adhesive. The joint was subjected to quasi-static tensile loading for each case to determine the effect of nanoparticles at different temperatures in the adhesive on peel and shear stresses at the adhesive region.




2. Methodology


An implicit scheme was employed to execute the simulation of the static loading with the help of the finite element analysis software package ABAQUS/Implicit.



2.1. Models Geometries, Materials Properties, and Boundary Conditions


A three-dimensional (3D) single-lap joint made of aluminum 5083 and T300/QY8911 CFRP as adherends, and Epocast 50-Al resin with hardener 946 as the adhesive, was modeled in ABAQUS CAE. The inclusion of aluminum oxide, Al2O3 (alumina), nanoparticles to the adhesive were modeled by assigning material properties to the adhesive. A tie constraint was applied between the adhesive and the adherends. The dimensions of the model of the SLJ are given in Figure 1.



The aluminum adherend was considered a linear isotropic material and modeled with elastic behavior, and the adhesive was modeled with elastic-plastic properties. It was considered that the adhesive was an isotropic material and had non-linear stress–strain data taken from [37]. The plastic properties of the adhesive material were assigned using a stress–strain curve at 25 °C, 50 °C, and 75 °C temperatures given in [37]. The adhesive was modeled with and without 1.5 wt% of alumina nanoparticles. In the study [33], the adhesive was analyzed with 0.5 wt%, 1 wt%, 1.5 wt%, and 2 wt% of alumina and other nanoparticles; however, their results showed that adding 1.5 wt% of alumina nanoparticles into the adhesive provided considerably better mechanical properties. The nanoparticles had a spherical outer diameter of 15 nm with 99.9% purity, manufactured by Timesnano, Chengdu Organic Chemicals Co. Ltd., Chinese Academy of Sciences, as mentioned in [33,37]. Based on the study and selection in [33], the current research chose 1.5% alumina nanoparticles to be added to the adhesive. Moreover, the mixture of epoxy resin and nanoparticles was mechanically stirred using a high-speed homogenizer at 2400 rpm. After mechanical stirring, a high-intensity ultrasonic processor (750 W) was used to achieve the uniform dispersion of nanoparticles in the epoxy [33,37].



The material properties of the adhesive, along with the standard deviations, are given in Table 1. A total number of 75 specimens were tested under tensile loading, using ASTM standards for the different configurations of epoxy and nanoparticles to achieve mechanical properties [37]. On the other hand, the bi-directional [0/90]s composite adherend of T300/QY8911 was modeled with an orthotropic element, with properties given in Table 2 [38].



The single-lap joint was completely fixed at one end, and a displacement boundary condition was applied at the other. A displacement of 0.3 mm was applied for tensile testing. The boundary conditions are shown in Figure 2.




2.2. Mesh Details


Since different mesh elements were needed for the composite adherend, the joint’s parts meshed individually. The aluminum and adhesive were meshed with a linear 8-node brick element with reduced integration (C3D8R from ABAQUS), whereas a quadrilateral continuum shell element (SC8R from ABAQUS) was applied on the composite adherend. The reason for choosing a different element type was that CFRP layers can only be modeled with a solid-shell model. There is a specific family of elements, i.e., a continuum shell, for the meshing of a CFRP adherend. The composite adherend has one element in the thickness direction, whereas the aluminum adherend and adhesive have two and four elements in the same direction, respectively. The global mesh size for CFRP and aluminum adherends is 1 mm. Mesh sensitivity analysis was performed. It was concluded that the final adapted mesh would compromise the time required and output quality. Therefore, as a result of the mesh convergence study, the case with a total number of elements of 371,526 was chosen. The meshing of different parts of the joint is shown in Figure 3.





3. Results and Discussion


Peel and shear stresses were numerically analyzed at four different locations on the adhesive region. The research was divided into two major cases: (1) an SLJ with a neat/pure adhesive, and (2) an SLJ with 1.5 wt% alumina nanoparticles added to the neat/pure adhesive. The SLJs were subjected to 25 °C, 50 °C, and 75 °C temperatures. The prime objective was to discover the effect of nanoparticles on the joint at geometrical locations. The results focused on the stresses in the adhesive layer during tensile loading at four specific locations, shown in Figure 4. These locations were the middle of the interface of the adhesive and Al (at the top face of the adhesive), represented by location A, the middle plane of the adhesive region, represented by location B, the middle shorter edge (along the width of the adhesive), represented by location C, and the middle longer edge (along the length of the adhesive), represented by location D.



3.1. Model Validation


The present model was validated with the configuration (1) of the literature [36], in which the author compared the results of the numerical model with the experimental results. The variable used in the validation was peel stress generated in the adhesive upon deformation in quasi-static loading. Figure 5 shows the comparison of both numerical models. A good correlation was observed between the results of the numerical model from the referenced work [39] and the proposed model. The significant difference could be seen in the peel stress around the corners of the adhesive region. The possible reason is that the mentioned work used cohesive zone modeling (CZM), which is not used in the present proposed model. As CZM finds its application in numerical simulations of interfacial fracture behaviors, particularly composite delamination and adhesive joint fracture [40], this methodology focuses only on the elastic deformation region of the single-lap joints; therefore, CZM was not applied in this research. Moreover, in this research, the present model was validated with previously referenced work, based on the available data in that research.




3.2. Effect of Temperature on Peel Stress and Shear Stress of Joint with Pure/Neat Adhesive


This section shows the variation of peel stress and shear stress at different temperatures, i.e., 25 °C, 50 °C, and 75 °C, for the specified locations given in Figure 4. The peel stress variations at different temperatures for locations A, B, C, and D are given in Figure 6, Figure 7, Figure 8 and Figure 9, respectively. Peel stress in a single-lap joint is caused by bending during tensile loading, which is due to the eccentricity of the joint. The peel stress is high around the corners and almost zero in the middle of the adhesive. Peel stress is one of the determining factors of mechanical strength [36]. The research in [39] and other research works [32,38] did obtain the same peel stress variations. So, it is evident that peel stress is high around the edges of the adhesive joint. As the temperature increased, a stress reduction was observed. High temperatures cause the adhesive to become more ductile, making it easier to peel off with little resistance. This low resistance to peel action is shown as a reduction in peel stress. From the research [37], it was observed that with an increase in temperature, the modulus of elasticity and stiffness of the adhesive was reduced, and due to this factor, a reduction in peel stress was observed. This phenomenon can be seen in Figure 6, Figure 7, Figure 8 and Figure 9, showing the reduction in peel stress variation, especially the peak peel stress, with an increase in temperature from 25 °C to 50 °C and 75 °C.



The shear stress variations at different temperatures for the selected locations of A, B, C, and D are shown in Figure 10, Figure 11, Figure 12 and Figure 13, respectively. Shear stress appears to be maximum around the edges and approaches the minimum value in the middle. As the temperature increased, a reduction in shear stress was observed due to the reduced stiffness and shear modulus.



As shown in Figure 8 and Figure 12, the variation of peel and shear stresses at location C, i.e., the middle shorter edge (along the width of the adhesive), was different from the stresses and variations at the other locations. Location C was situated along the width of the adhesive, and the behavior of the stress was also different. This is because location C lay at the point, whose vicinity was the edge of the adhesive; therefore, it showed higher peel and shear stresses in the middle and less at corners. It followed the same reduction trend in stresses as the temperature increased.




3.3. Effect of Temperature and Alumina Nanoparticles on Peel and Shear Stresses


Adding aluminum oxide, Al2O3, nanoparticles to the adhesive makes it stiff with high elastic modulus and increases the adhesive’s strength [32,34]. Table 3 shows a comprehensive comparison between peel stress and shear stress after adding 1.5 wt% of Al2O3 nanoparticles into the neat adhesive at different temperatures.



After analyzing the Table 3, a trend can be seen when looking at it from left to right and top to bottom. Figure 14, Figure 15, Figure 16 and Figure 17 shows the trend for peel stress distributions with Al2O3 nanoparticles in the adhesive at locations A, B, C and D respectively.



Shear stress occurs when adjacent layers move in opposite directions when a tensile load is applied. From Table 3, it can be seen that the change in the shear stress increased more at 75 °C when Al2O3 nanoparticles were added to a neat adhesive. This showed that for a tensile load at 75 °C, the adhesive showed resistance to the load, unlike in the case of the neat adhesive. This allows the adhesive to be used at elevated temperatures. The different trends regarding the shear stress distributions with Al2O3 nanoparticles in the adhesive at locations A, B, C and D are given in Figure 18, Figure 19, Figure 20 and Figure 21, respectively.



Generally, at room temperature, peak peel and shear stresses experience reduction, whereas the peak stresses are increased when the temperature increases. Taking the case of stresses at location B, adding the nanoparticles at 25 °C decreased the peel stress by 2%, which signified that the adhesive material became less stiff. The peak peel and peak shear stress reduced after the inclusion of the Al2O3 nanoparticles. This reduction can be correlated by comparing Figure 7 and Figure 15, which show similar behavior of reduction of peak peel and shear stresses. Table 3 also shows a significant reduction of over 19% in peak shear stress at room temperatures after adding Al2O3 nanoparticles, signifying less stiffness and more ductility of the material, leading to bearing more load, unlike the neat adhesive, which was stiffer at room temperature. The reduction in peak shear stress can be correlated with Figure 11 and Figure 19. The same trend for peel and shear stresses was observed in the other locations, A, C, and D, and can be correlated with Figure 6, Figure 8, Figure 9, Figure 14, Figure 16 and Figure 17 for peel stress, and Figure 10, Figure 12, Figure 13, Figure 18, Figure 20 and Figure 21 for shear stress. The result showed that adding nanoparticles reduces the chance of early failure in the adhesive. Moreover, the peak stresses were at the ends of the adhesive, which meant that failure would start from the end and travel toward the center, but it would not happen as early as it would in the case of the neat adhesive due to the Al2O3 nanoparticles. As the adhesive was analyzed at 50 °C and 75 °C, adding Al2O3 nanoparticles showed promising results. Considering the same case of location B, the peak peel and shear stresses increased by 5.7% and 4.9%, respectively, at 50 °C and increased by 11.4% and 9.2%, respectively, at 75 °C. This showed that the adhesive becomes stiffer at higher temperatures and can be used at elevated temperatures. The same trend for peel and shear stresses was observed in other locations and can be correlated with Figure 7, Figure 9, Figure 15 and Figure 17 for peel stress, and Figure 10, Figure 13, Figure 18 and Figure 21 for shear stress. At 50 °C and 75 °C, the stresses were low, which signifies minimal resistance to applied displacement that incurred, and that the neat adhesive was not suitable to use at high temperatures. Although Epocast 50-Al adhesive became brittle, stiffer, and more resistant to deformation and early fracture initiation when 1.5 wt% of Al2O3 nanoparticles were added, this caused an increase in both stresses.





4. Conclusions


In this study, peel and shear stresses were analyzed at four different locations on the adhesive of a three-dimensional SLJ having two kinds of adherends (composite carbon fiber and aluminum adherend). The Epocast 50-A1/946 epoxy was used as a neat adhesive, and 1.5 wt% aluminum oxide, Al2O3, nanoparticles were added to the epoxy to analyze the change in the elastic behavior of the adhesive. The SLJ was numerically analyzed at three different temperatures (25 °C, 50 °C, and 75 °C) to observe the effect of temperature on the stresses and elastic behavior of the neat and nanoparticle-added adhesives. It was concluded that adding Al2O3 nanoparticles into the adhesive improved the properties of the epoxy at higher temperatures. It was evident from the obtained results that the rise in peel stress at the locations were more resistant to tensile loading at 50 °C and 75 °C temperatures as compared to the neat adhesive, therefore adding stiffness to the adhesive. It was also observed that the adhesive region of the SLJ experienced higher stresses near the edges, when observing the joint perpendicular to the length dimension. Moreover, it was observed that locations A and B were more vulnerable to damage initiation, as the peak of stresses lay near the edges, indicating that the crack initiation would take place close to the edges, which were along the length of the adhesive and propagate towards the center, leading to ultimate failure. Stating the statistics at location A for using adhesive with Al2O3 nanoparticles showed that peel stress and shear stress decreased by 1.3% and 19%, respectively, at 25 °C. The results showed that an adhesive with aluminum oxide nanoparticles has less stiffness than a neat adhesive, which would be beneficial for holding against more force than a neat adhesive. The peel and shear stresses showed an increase of 2.7% and 7.7%, respectively, at 50 °C, and 10.7% and 8.7%, respectively, at 75 °C for location A. The same pattern was observed for the other locations (i.e., B, C, and D). This concludes that the adhesive becomes stiffer at a higher temperature compared to a neat adhesive. This showed that the adhesive stands against more force than a neat adhesive due to the increase in stiffness. The proposed methodology can be extended to investigate the effect of temperature and the inclusion of nanoparticles on stress behavior at different locations in non-uniform single-lap joints.
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Nomenclature




	Al2O3
	Aluminum oxide (alumina)



	CFRP
	Carbon fiber-reinforced polymer



	SLJs
	Single-lap joints



	FEM
	Finite element modeling



	CZM
	Cohesive zone model
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Figure 1. The geometry of single-lap joint (not to scale). 
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Figure 2. Boundary and Loading Conditions on Single-Lap Joint, SLJ (Not to Scale). 
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Figure 3. Mesh adapted for single-lap joint model. 
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Figure 4. Selected specific locations to determine peel stress and shear stress. 
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Figure 5. Validation of numerical model [36]. 
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Figure 6. Peel stress distribution at location A of SLJ with neat adhesive at different temperatures. 
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Figure 7. Peel stress distribution at location B of SLJ with neat adhesive at different temperatures. 
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Figure 8. Peel stress distribution at location C of SLJ with neat adhesive at different temperatures. 
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Figure 9. Peel stress distribution at location D of SLJ with neat adhesive at different temperatures. 
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Figure 10. Shear stress distribution at location A of SLJ with neat adhesive at different temperatures. 
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Figure 11. Shear stress distribution at location B of SLJ with neat adhesive at different temperatures. 
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Figure 12. Shear stress distribution at location C of SLJ with neat adhesive at different temperatures. 
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Figure 13. Shear stress distribution at location D of SLJ with neat adhesive at different temperatures. 
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Figure 14. Peel stress distribution at location A of SLJ with Al2O3 nanoparticles in the adhesive at different temperatures. 
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Figure 15. Peel stress distribution at location B of SLJ with Al2O3 nanoparticles in the adhesive at different temperatures. 
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Figure 16. Peel stress distribution at location C of SLJ with Al2O3 nanoparticles in the adhesive at different temperatures. 
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Figure 17. Peel stress distribution at location D of SLJ with Al2O3 nanoparticles in the adhesive at different temperatures. 
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Figure 18. Shear stress distribution at location A of SLJ with Al2O3 nanoparticles in the adhesive at different temperatures. 
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Figure 19. Shear stress distribution location B of SLJ with Al2O3 nanoparticles in the adhesive at different temperatures. 
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Figure 20. Shear stress distribution at location C of SLJ with Al2O3 nanoparticles in the adhesive at different temperatures. 
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Figure 21. Shear stress distribution at location D of SLJ with Al2O3 nanoparticles in the adhesive at different temperatures. 
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Table 1. Material properties of Al 5083, neat adhesive, and adhesive with Al2O3 nanoparticles.
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	Material Property
	Aluminum 5083
	Neat/Epoxy [37]
	STDEV [37]
	1.5 wt% Al2O3/Epoxy [37]
	STDEV [37]





	Elastic Modulus (E) (GPa)
	70
	3.432
	0.43
	3.676
	0.04



	Poisson Ratio (v)
	0.33
	0.32
	-
	0.314
	-



	Shear Modulus G (GPa)
	26.4
	1.45
	0.27
	1.57
	0.06



	Tensile Strength (MPa)
	317
	75.53
	1.56
	75.88
	1.85



	Shear Strength (MPa)
	190
	50.71
	1.35
	53.91
	0.52
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Table 2. Material Properties of T300/QY8911 CFRP Composite Lamina [38].
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	Material Properties
	Value





	Longitudinal Tensile Modulus; E1 (GPa)
	135



	Transverse Tensile Modulus; E2 = E3 (GPa)
	8.8



	In-plane Shear Modulus; G12 = G13 (GPa)
	4.5



	Transverse Modulus; G23 (GPa)
	4.0



	Poisson’s Ratio; v12 = v13
	0.33



	Poisson’s Ratio; v23
	0.45
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Table 3. Comparison of Percentage Change in Peel Stress and Shear Stress with the Inclusion of 1.5 wt% Al2O3 Nanoparticles in Epocast 50-A1 Adhesive.
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Top Face (Interface) (Location A)






	
Temperature

	
25 °C

	
50 °C

	
75 °C




	
Peel Stress MPa (Max)

	
−1.34%

	
2.72%

	
10.74%




	
Shear Stress MPa (Max)

	
−19.66%

	
7.71%

	
8.72%




	
Middle Plane (Location B)




	
Temperature

	
25 °C

	
50 °C

	
75 °C




	
Peel Stress MPa (Max)

	
−2.70%

	
5.77%

	
11.44%




	
Shear Stress MPa (Max)

	
−19.45%

	
4.96%

	
9.21%




	
Shorter Edge (Along Width) (Location C)




	
Temperature

	
25 °C

	
50 °C

	
75 °C




	
Peel Stress MPa (Max)

	
1.70%

	
−4.75%

	
−0.29%




	
Shear Stress MPa (Max)

	
−4.16%

	
7.15%

	
14.42%




	
Longer Edge (Along Length) (Location D)




	
Temperature

	
25 °C

	
50 °C

	
75 °C




	
Peel Stress MPa (Max)

	
−0.80%

	
6.77%

	
21.24%




	
Shear Stress MPa (Max)

	
−20.72%

	
9.06%

	
23.83%
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