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ABSTRACT
This study primarily examines the strength of a single lap joint  
having a mixed adhesive overlap consisting of a single adhesive and 
its thermoplastic reinforced state under varying temperatures. In the 
single lap joint, Titanium-Boron reinforced A356 aluminum was 
employed as the metal adherend, while plain woven glass 
fiber-reinforced epoxy (GFRE) was employed as the composite 
adherend. In the application of the mixed adhesive overlap, the brit-
tle adhesives were employed in the middle section of the lap joint, 
while the reinforcement of the thermoplastics was employed on the 
adhesives at both sides of the lap joint. The single lap joints were 
subjected to tensile tests at 1 mm/min loading rates under room 
temperature and 120 °C, which is the melting point of the copolyes-
ter. In the numerical analysis, the cohesive zone model was applied 
in order to define the adhesives; however, elastic isotropic and orth-
otropic material behaviors were employed for the metal and com-
posite adherends, respectively. Eventually, it is determined that the 
strength of a mixed adhesive lap joint consisting of a single adhe-
sive and its thermoplastic reinforced state is better than a lap joint 
made with the mono-adhesive alone. Although literature suggests 
that mixed adhesive overlaps can be formed using at least two dif-
ferent adhesives (one ductile and one brittle), this study demon-
strated that a mixed adhesive zone can be created using a single 
adhesive and thermoplastic reinforcement.

1.  Introduction

The metal-composite single lap joints are increasing with the applications in areas 
such as the field of aviation, defense, and automotive industries, etc. Among the 
other joining methods, the adhesive bonding method is preferred over the other 
techniques due to factors such as the ability to join different materials, uniform 
stress distribution, and reduction of weight [1–4]. Among the techniques proposed 
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in the literature to enhance the adhesive joints’ strength, the method of developing 
mixed bond overlap is gaining popularity for single lap joints. Ramezani et  al. [5] 
investigated the effects of various parameters, such as the ratio of flexible adhesive 
at the lap end to the total lap length, on the strength of a mixed-bond area lap 
joint, which was analyzed using the digital image correlation (DIC) technique. They 
also conducted a numerical analysis to analyze the effect of the length ratio on the 
strain distribution along the bond line. They reported that the effect of the lap 
length ratio on the adhesive peel strain increased as the adhesive thickness increased 
and decreased as the stiffness of the plate increased. Bavi et  al. [6] optimized the 
single and double lap geometry in mixed adhesive bondline using a modified version 
of bees and genetic algorithms. They identified the application of a yield criterion 
on the adherend and the geometric constraints on the lap length as constraints for 
optimization. They reported that the algorithms provided a more accurate approx-
imation of the failure load in mixed adhesive single- and double-lap joints compared 
to the Volkersen solution. Oz and Ozer [7] investigated the von Mises stress variation 
in a single-lap joint with a bi-adhesive bond line. They configured the bi-adhesive 
bond line to have a rigid adhesive in the middle section and ductile adhesives at 
the edges. Their study involved an analytical approach (Zhao closed-form) and a 
finite element method. They concluded that an appropriate bond length ratio should 
be used to achieve high bond strength. Machado et  al. [8] investigated the strength 
of the composite single lap joint with a mixed adhesive bond line under quasi-static 
and impact loads. The experiment was conducted under low (−30 °C) and high 
(80 °C) temperatures. They concluded that a mixed bond line improves the perfor-
mance under both static and impact conditions. The behavior of single lap joints 
with mono- and bi-adhesive overlap under various loadings is documented in the 
literature [9–16].

Numerical analyses of single-lap adhesive joints under various loading conditions 
are quite common in the literature. However, only a few numerical analyses have 
been reported on lap joints with mixed adhesive bond lines. Pires et  al. [17] con-
ducted studies into the tensile strength of a single-lap joint with a biadhesive bond 
line. In a biadhesive joint, the adhesive at the joint edges is more flexible, while at 
the center of the lap, it is less ductile. They found that the biadhesive single lap 
joints gave higher shear strength compared to joints using one adhesive along the 
complete length of the joint. Carvalho et  al. [18] investigated the strength of a 
single-lap joint manufactured from AW 6082-T651 aluminum adherents. They applied 
a brittle-ductile combination of adhesives in the overlap area, namely brittle adhesive 
in the middle and ductile adhesive at the edges. They studied the peel and shear 
stress variation in the bi-adhesive bond line by numerical analysis using the cohesive 
zone method. The outcomes revealed that the lap joints with a bi-adhesive bond 
line showed higher damage tolerance than those made from a single adhesive. Ozer 
and Oz [19] conducted an investigation on the EDP yield criterion for a single-lap 
joint model with a hybrid bond line. Nonlinear finite element analyses of single 
and bi-adhesive joints were performed by using the EDP material model. The results 
of their investigation showed that when the overlap length ratios are correctly chosen 
and suitable adhesives are used along the overlap length, the strength of bi-adhesive 
joints can be increased remarkably compared to that of single adhesive joints.  
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G.P. Marques et  al. [20] investigated the effect of adhesive selection on the strength 
of single-lap adhesive joints using hybrid (bonded and welded) techniques with 
different overlap lengths (LO). They compared experimental results with finite ele-
ment model results. In their finite element analysis, they identified the area where 
adhesive was applied to the lap joint using the Cohesive Zone Model (CZM). As a 
result, they stated that single-lap joints with a hybrid bonding region showed strength 
improvements compared to lap joints containing mono-adhesive. Recent developments 
have also explored modified Hashin–Puck formulations for improved damage pre-
diction in composite laminates and advanced cohesive zone concepts incorporating 
graded traction–separation laws for enhanced interface modeling [21–26].

There is restricted literature available to fully explain the mechanical and micro-
structural properties that influence joint performance in mixed adhesive systems 
with thermoplastic particle reinforcement. Previous research has not sufficiently 
addressed the combined effects of thermoplastic reinforcement within mixed adhesive 
architectures, leaving gaps in understanding their influence on load transfer, damage 
evolution, and failure behavior. Moreover, this research suggests that it is possible 
to create single lap joints with a mixed adhesive by using a single adhesive system 
with thermoplastic reinforcement, which would be an easier and functionally viable 
option. The present work aims to address these limitations by evaluating the mechan-
ical response, microstructure characteristics of the manufactured adhesive joint, and 
joint performance analysis. Furthermore, they will advance the development of hybrid 
adhesive joints and applications in engineering structures.

2.  Materials and methods

2.1.  Materials and production

This section will describe the materials that comprise the structure of the single-lap 
joint and describe the fabrication of the lap joint. For the adherends in the single-lap 
joint, titanium (Ti) and Boron (B)-rich A356 aluminum plate and plain-woven glass 
reinforced composite laminate were used. The aluminum to be used in the experiments 
was fabricated by remelting scrap aluminum. Scrap pieces were melted in a 10 kW 
electrical resistance furnace, and the temperature of the molten metal was measured 
continuously using a thermocouple. At a temperature of 720 °C, the A356 alloy was 
melted according to predetermined casting conditions. For grain refinement, titanium 
(Ti) and boron (B) were added to the melt at a ratio of 0.01% of the total mass. 
Then the molten alloy was poured into the sand mold. During casting, it is crucial 
to purify the melt by removing inclusions from it. Therefore, a rotary degassing system 
was utilized. A graphite lance was plunged into the melt and rotated at a predeter-
mined speed to create a vortex. Nitrogen gas was injected throughout the melt through 
the special impeller head, and the generated bubbles helped to carry the impurities 
up toward the top. During this time, the flow rate of nitrogen and impeller rotation 
speed were maintained at 5 L/min and 300 rpm, respectively. The Reduced Pressure 
Test (RPT) apparatus was utilized to assess the efficiency of the degassing process. 
This vacuum solidification technique increases the visibility of entrapped gases and 
inclusions, thus enabling their assessment. After the solidification of the metal in the 
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mold, the aluminum adherends were taken out and then machined into the required 
dimensions to assemble the lap joint (Section A in Figure 1).

Composite laminate was manufactured using the VARTM technique. In the com-
posite laminate, glass fiber was used as the reinforcement material, and Araldite 
LY1564/Aradur epoxy adhesive with an approximate viscosity of 320 MPa·s was used 
as the matrix material. Furthermore, the reinforcement material and matrix were 
produced using equivalent volume fraction. In VARTM, sealing tapes were placed 
around the mold at the start of the VARTM process, while a release film was laid 
onto the tool surface. Then the dried reinforcement layers were stacked on top of the 
release film one after another. A flow distribution medium was applied to ensure that 
the epoxy resin and hardener could proceed uniformly through the structure. The 
spiral hoses were attached to the ends of the resin inlet line and the vacuum line. 
Air inside the vacuum bag was sucked away through the hose connected with the 
vacuum pump, but the mixture of resin and curing agent was simultaneously sucked 
into the laminate through the spiral resin inlet. This process continued until the 
epoxy–hardener mixture fully saturated all layers. Once the impregnation process was 
completed, the layup was placed on top of a heated plate at 100 °C for one hour, 
allowing the resin to cure. Composite materials were made in eight-layer laminates 
in an alternating warp and weft orientation. Once cured, 8-layer 2 mm thick composite 
laminates were cut to the required lap-joint dimensions (Section B in Figure 1).

Araldite 2015 and Araldite Av138M epoxy adhesive manufactured by Huntsman 
Corporation were mixed with a high-hardness heat-resistant co-polyester thermo-
plastic (Copes) produced by Schaetti®. The mixing was done using a vacuum-assisted 
mixing setup. The physical properties of thermoplastic material are available in 
literature [27]. In general, during adhesive preparation, the addition of hardeners 
and additives causes air bubbles to form in it. Air bubbles are a common imper-
fection known to decrease the quality and strength of the bonded joint. To avoid 
this problem, the entire mixing process was conducted under vacuum conditions. 
It was ensured that the entrapped air in the adhesive mixture was removed effec-
tively during the process. Vacuum mixing setup components include a vacuum 
chamber, plastic mixing container, DC motor, mixing blade, potentiometer for 
speed control, vacuum gauge, filter, valve and vacuum pump. This pump can 
generate a vacuum with a pressure of 850 mbar. The valve is located between 
pump and vacuum tank to maintain a constant vacuum. Adhesives are mixed in 
controlled rotational speed under a vacuum environment, and the rotational speed 
is precisely set using a potentiometer available in the setup (Section C in Figure 1).

Single-lap joints were manufactured using the 3D printer with a custom mold that 
was designed especially for the dimensions of the lap joint, so as not to allow any 
lateral shifting in the axial direction during the curing process of the lap joint. Both 
fixing pins and a vise were utilized to provide proper alignment (Section D in Figure 1).

2.2.  Material characterization

This section will explore how Copes thermoplastic particles incorporated into adhesives 
affect the mechanical properties of the adhesives, their transition to the polymer phase, 
and their distribution in adhesives. In the current work, Copes-modified epoxy 
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adhesives were cured at two different temperatures: at the thermoplastic material 
melting point of 120 °C and at room temperature. Scanning Electron Microscopy 
(SEM) analyses were conducted during the initial phase of our characterization to 

Figure 1.  The manufacturing process of the single lap joint.
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study the distribution of Copes particles at RT and after polymerization upon melting 
at 120 °C, in both Araldite 2015 and Araldite AV138M adhesives. Samples were coated 
with a gold/palladium (Au/Pd) layer before SEM analysis through a sputter coater, 
which helped with the electrical conductivity of the surface. The thickness of the 
coating was between 5 and 10 nm, done in an argon atmosphere of ~0.05–0.1 mbar 
with a sputtering current of 20–30 mA for 60–90 s. A conductive coating helps charge 
build-up at the surface with high magnification. This is useful because the probe 
cannot burn or darken the surface due to the deposition of damaging energy on the 
surface. Imaging at a magnification of 1,000× was undertaken for assessing interfacial 
characteristics. SEM images of both adhesives reinforced with COPES are presented 
at room temperature and 120 °C in Figure 2.

Figure 2 shows that the Copes thermoplastic particles were clearly dispersed 
within both adhesives at RT. For the adhesive cured at 120 °C, which is considered 
the melting point of the Copes thermoplastic particles, these particles were seen to 
melt and polymerize. The bond structure that formed during polymerization also 
appeared clearly in the SEM image for the Araldite 2015 epoxy adhesive. In the 
SEM images for both adhesives, thermoplastic particles clearly visible in the RT 
were seen to melt at 120 °C. It should be noted that thermoset epoxy adhesives 
usually have a void within their grain boundaries [30]. Those voids also appeared 
in the SEM analyses carried out as a part of this study.

Figure 2. SE M images of both adhesives reinforced with COPES are presented at RT and 120 °C.
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This study also focused on the effect of Copes thermoplastic particles on the 
mechanical properties of epoxy adhesives cured at RT and 120 °C. For this purpose, 
tensile tests were carried out in an INSTRON 5982 universal testing machine at a 
loading rate of 1 mm/min. Tests were conducted both at RT and 120 °C by taking 
advantage of the closed-loop control system of the testing machine. Moreover, with 
the help of a video extensometer compatible with the testing equipment, it was 
possible to characterize the linear elastic mechanical properties of the adhesive. 
Experimental stress- strain curves of both reinforced and unreinforced adhesives 
tested at RT and 120 °C are illustrated in Figures 3 and 4.

In Figures 3 and 4, it is observed that the stress-strain curve at RT as well as at 
120 °C reveals the effect of Copes on the strain and stress of both adhesives. 
Moreover, the effect of the addition of Copes on the brittle adhesive Av138m epoxy 

Figure 3. S tress-strain curve for Araldite 2015 adhesive at RT and 120 °C.
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adhesive is noticed, as there is a considerable increment in the strain of that adhe-
sive. Thus, it could be concluded that the incorporation of Copes into adhesives 
causes an increase in the ductility of the adhesives. The mechanical properties 
derived from the adhesives, as a result of tensile tests conducted at room temperature 
(RT) and 120 °C, are shown in Tables 1 and 2.

Tables 1 and 2 show that the 20% reinforcement of Copes reduced the tensile 
strength of the adhesives with an increase in failure strains at both RT and 120 °C. 

Figure 4. S tress-strain curve for Araldite Av138M adhesive at RT and 120 °C.
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In addition, it was observed that the modulus of elasticity decreased with the addi-
tion of Copes in both adhesives. It should be stated here that different percentages 
of the Copes were incorporated into the adhesive; however, higher changes were 
achieved with 20% addition.

In this material characterization study, we conducted a thorough investigation into 
the distribution of Copes thermoplastic particles within the adhesive, as well as their 
polymerization behavior at the melting point. Additionally, we assessed the impact of 
these particles on the mechanical properties of the adhesives. The findings indicate 
that the adhesives demonstrate compatibility with the Copes thermoplastic particles.

2.3.  Mechanical properties of the adherends

The mechanical properties of adherends used for forming the single lap joint were 
determined using a coupon universal testing machine. Tensile tests were performed 

Table 1.  Mechanical properties of the unreinforced/reinforced adhesive at RT [28].
Adhesives Properties Unreinforced adhesive Reinforced adhesive

Elasticity modulus 
(MPa)

1750 ± 35.75 991 ± 44.35

Araldite 2015 Ultimate tensile 
strength (MPa)

20.3 ± 2.25 15.5 ± 2.55

Failure strain (%) 4.18 ± 0.25 6.45 ± 0.37

Elasticity modulus 
(MPa)

4204.91 ± 72.55 3379.97 ± 48.05

Araldite Av138M Ultimate tensile 
strength (MPa)

41.25 ± 4.15 32.90 ± 3.55

Failure strain (%) 0.96 ± 0.04 1.15 ± 0.12

Table 2.  Mechanical properties of the unreinforced/reinforced adhesive at 120 °C.
Adhesives Properties Unreinforced adhesive Reinforced adhesive

Elasticity modulus 
(MPa)

1556 ± 40.15 867.72 ± 39.22

Araldite 2015 Ultimate tensile 
strength (MPa)

16.27 ± 1.85 10.1 ± 1.45

Failure strain (%) 6.11 ± 0.33 16.05 ± 1.17

Elasticity modulus 
(MPa)

4425 ± 45.55 3614.25 ± 32.25

Araldite Av138M Ultimate tensile 
strength (MPa)

40.24 ± 3.05 31.60 ± 2.75

Failure strain (%) 0.92 ± 0.025 1.35 ± 0.15
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at a loading rate of 1 mm/min using a device with a 50-kN load cell and exten-
someter. The details of the tests performed to assess the mechanical behavior of the 
materials are available in the authors’ previous study [18,19]. The mechanical prop-
erties of the adherends are presented in Tables 3 and 4.

3.  Experimental study

In the experimental approach, tensile tests of metal composite lap joints at room 
temperature and 120 °C were performed on an INSTRON 5982 dual-column universal 
testing machine with a video extensometer. The maximum load capacity of the device 
is 100 kN, and the load cell accuracy is approximately 0.5%. In all experiments, the 
loading rate was determined as 1 mm/min. In the experimental approach, 
metal-composite lap joints were formed using different adhesives. Accordingly, single 
lap joints were created using neat Araldite 2015 epoxy (AL-GFRE-2015), an lap joint 
was created with Araldite 2015 epoxy adhesive reinforced with 20% copolyester 
(AL-GFRE-CO2015), an lap joint was created using neat Araldite AV138M epoxy 
(AL-GFRE-138M), an lap joint was created with Araldite AV138M epoxy adhesive 
reinforced with 20% copolyester (AL-GFRE-CO138M), an lap joint was created with 
a mixed overlap region where 138 M brittle adhesive was used in the middle and 
2015 ductile adhesive was used at the edges (AL-GFRE-2015-138M-2015). A lap joint 
where 138 M brittle adhesive was used in the middle and 2015 ductile adhesive 
reinforced with 20% copolyester was used at the edges (AL-GFRE-CO2015-138M-CO2015), 
and finally, a single lap joint was formed with 138-M brittle adhesive in the middle 
section and 138 M adhesive reinforced with 20% copolyester at the edges 
(AL-GFRE-CO138M-138M-CO138M). The hybrid samples were prepared by consid-
ering the effects of both flexible and rigid adhesive lengths in the form of a mixed 
adhesion region. As a result, relevant studies from the literature were reviewed to 
evaluate different ratios of flexible adhesive length to rigid adhesive length [31]. The 

Table 3.  Mechanical properties of the aluminum materials [28].
Properties A356 A356-TiB

Elasticity modulus (MPa) 69850 ± 2150 71350 ± 1750
Ultimate tensile strength 

(MPa)
100.5 ± 4.6 118.2 ± 3.15

Yield strength (MPa) 82.75 ± 3.75 88.5 ± 3.15
Failure strain (%) 2.5 ± 0.25 2.75 ± 0.35

Table 4.  Mechanical properties of the composite laminate [28,29].
Properties GFRE

Elasticity modulus (MPa) 35000 ± 1250
Ultimate tensile strength (MPa) 590 ± 30
Poisson ratio 0.3 ± 0.03
Failure strain (%) 2.29 ± 0.18
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most suitable ratio for these adhesives was identified and applied in the experiments. 
Additionally, it is noted that silicone tape or fishing line is commonly used in the 
literature to separate adhesive zones. However, since this study involves experiments 
conducted at 120 °C, fire-resistant aluminum strip tapes were utilized to ensure 
high-temperature resistance. Three sets of each single lap joint were created and 
tested. Samples were prepared in various configurations at different temperatures, 
following the ASTM D 1002 standard. MATLAB’s Moving Average method was used 
to obtain the average results of the test data. Figure 5 presents the experimental 
setup, along with an image of a single lap joint featuring a mixed adhesive region.

4.  Numerical study

In the numerical study, the single lap joints are created with the dimensions used in 
the experimental approach. An orthotropic elastic material was utilized for the com-
posıte adherends, while an isotropic elastic material model was assigned to the metallic 
substrate. In experimental studies, no permanent deformation was observed under 
any of the conditions examined for both composite laminates and aluminum plates. 
As a result, plastic behavior was not included in the numerical model, and all com-
ponents were modeled assuming elastic material properties. Existing literature supports 
the practice of treating the adherends that constitute lap joints as elastic when inves-
tigating their numerical behavior following tensile tests [32]. The orthotropic elastic 
material model, the global coordinate, and the material coordinate system were used 
together for modeling the adherends. Three coordinate systems were determined 
between the nodes and perpendicular to each other. For the orientations in the com-
posite material to be defined correctly to the finite element program, the material 
coordinate system should be used [33]. Moreover, normal and tangential deformations 
occur on the adhesive layer under tensile loading. Therefore, the mixed-mode cohesive 
zone model is applied for modeling the adhesive. Stress expressions using quadratic 
stress criteria in the mixed-mode cohesive zone model can be defined as [34]
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where δ
om i,

 is the damage onset displacement, δ
um i,

 is the ultimate failure displacement, 
and i ıs the mode number. β

i
 represents the mode ratio and is shown as follows [34]:

	 β
δ
δi

i

I

= 	 (4)

The cohesive parameters used in the mixed-mode cohesive zone model are 
indicated in Figure 6. The cohesive parameters of the adhesives have been pre-
sented in related studies [35,36]. The stress–strain graphs shown in Figures 3 
and 4 were used to determine the cohesive parameters of thermoplastic reinforced 
adhesives.

4.1.  Implementation of the numerical model

A numerical model was developed using the explicit finite element code LS-DYNA. 
The geometry describing the experimental configuration was modeled. The composite 
parts were described by using the orthotropic model, whereas the metallic substrates 
were described using the isotropic elastic model. The adherends in the single-lap 
joint were meshed using eight-node solid elements, whereas the adhesive layer was 
meshed using the eight-node mixed-mode interface model (MAT 138), which is 
available in the LS-DYNA code. For the application of boundary conditions, the single 
lap joints are constrained in translation along all directions except the coordinate 
axis on which the load is applied, while the x-axis rotation was prevented indirectly. 
In simulating the overlap region, contact among the three adhesive layers was defined. 
A two-way surface-to-surface contact element was applied, whereas the contact nodal 

Figure 5.  Tensile test device and a single lap joint featuring a mixed adhesive region.
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points were defined by using tied nodes to surface contact method. To increase the 
numerical efficiency of the contact interfaces, the mesh was refined. The refined mesh 
describes the attempt to increase the numerical efficiency by reducing the penetration 
errors and by improving the convergence properties [37]. Additionally, the contact 
between the adhesive and the adherends was described by using eight-node cohesive 
elements. The loading rate applied to the single-lap joint was utilized through the 
prescribed-motion command. The boundary conditions corresponding to the experi-
mental configuration were applied. In explicit analyses, the numerical description of 
the termination time has a great influence on the time-dependent simulations. Hence, 
the termination time was selected appropriately to simulate the experimentally observed 
deformation and results. In finite element analysis, the effect of temperature during 
the tensile test simulation can be displayed using the initial command within the 
program. It is important to note that using the initial command alone is not sufficient 
to observe the effect of temperature. The thermal solver located in the control section 
of the program must be activated. In the present study, the temperature-dependent 
mechanical behavior of the adhesive was explicitly considered through an experimental 
approach. Both the neat and copolyester-reinforced adhesive systems were character-
ized at elevated temperature (120 °C) via mechanical testing (Tables 1 and 2). The 
obtained properties were directly implemented into the numerical model, particularly 
within the nonlinear cohesive zone modeling framework, where accurate representation 
of damage initiation and evolution is critically governed by adhesive behavior. To 
achieve the sensitivity of the mesh and ensure the accuracy of the calculation results, 
the cohesive layer mesh contains a total of 6090 nodes and 3750 elements. The mesh 
of the adherends contains 11,934 nodes and 7500 elements, as shown in Figure 7.

5.  Results and discussion

This section explains and compares the experimental and numerical results. Initially, 
the load–displacement graphs obtained from experiments at room temperature and 
120°C are shown in Figures 8 and 9.

Figure 6.  Mixed-mode cohesive zone model [29].
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As shown in Figures 8 and 9, the strength of single lap joints with a mixed 
overlap region in two different temperature environments was found to be higher 
than that of single lap joints with mono-adhesive. However, the addition of rein-
forcement with Copes resulted in an increase in the values of displacement and a 
decrease in the values of load in single lap joints with mono-adhesive. In addition, 
the strength of the single lap joint with a mixed adhesive overlap containing Copes 
thermoplastic additives was found to be higher than that of the unadded state at 
both temperature values (see SP5 and SP6 values in Table 5). The reinforcement 
with Copes resulted in an increase in the ductile behavior of single lap joints and 
an increase in the amount of energy absorbed by the joints. The strength of single 
lap joints was reduced when the temperature reached 120 °C. This reduction occurs 
because epoxy adhesives lose their strength at high temperatures due to factors such 
as polymer chain degradation, thermal expansion mismatch, and weakening of the 
interface [38]. Furthermore, it was observed that an increase in the displacement 
values of all single lap joints occurred due to the melting of the Copes polymer at 
120 °C. At this temperature, single lap joints exhibited low energy absorption values. 
It has been reported that this could be attributed to the facilitation of dislocation 
movements or the weakening of bonding forces within the adhesive’s microstructure 
[39]. The strength and mechanical properties of a lap joint are affected by the 
integration and homogeneous distribution of thermoplastic particles within the 
adhesive. The microscale bonding structures formed during polymerization in Figure 
2 were found to hinder crack propagation and increase energy absorption. As a 
result, a considerable enhancement occurs, particularly in fracture toughness and 
impact resistance. Moreover, SEM figures indicate that the regular, agglomeration-free 
distribution of thermoplastic particles minimizes stress concentrations, allowing more 
balanced load transfer. This plays a role in the creation of cohesive damage in lap 
joints. To clarify the comments regarding Figures 8 and 9, the maximum load and 

Figure 7. F inite element model of the single lap joint having a mixed overlap region.
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displacement values at different temperature environments and the absorption energy 
values formed by the load and displacement curves are presented in Table 5.

Finally, the new finding of the current research is that the strength and absorption 
energy of a mixed adhesive lap joint consisting of a single adhesive and its ther-
moplastic reinforced state is better than a lap joint made with the mono-adhesive 
alone (see SP3 and SP7 values in Table 5). This observation is consistent across 

Figure 8. L oad–displacement curve at room temperature.

Figure 9. L oad–displacement curves at 120 °C.
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both temperature conditions analyzed in the study. Although literature suggests that 
mixed adhesive overlaps can be formed using at least two different adhesives (one 
ductile and one brittle), this study demonstrated that a mixed adhesive zone can 
be created using a single adhesive and thermoplastic reinforcement.

After conducting experiments at two distinct temperature conditions, it was 
observed that cohesive damage occurred on the surfaces of all adherends in the 
single lap joints. Cohesive failure is a damage mechanism that occurs when the load 
is directly transmitted to the adhesive. It can be said that the reliability of the results 
obtained from lap joints is directly proportional to the cohesive failures obtained. 
Cohesive failure can occur for various reasons following loading conditions. In 
particular, for this study, the polymerization and uniform distribution of the ther-
moplastic particles used contributed to the direct transmission of the load, as 
observed in SEM analyses and confirmed by the cohesive failures obtained through 
experimental approaches. Figure 10 presents the images of the cohesive damage 
recorded at the end of the experiments. However, for the sake of brevity, we have 
not included images of cohesive damage for all experimental specimens. It is import-
ant to note that similar damage patterns were observed across all specimens.

In this study, the results from the experimental approach were compared with 
those derived from the finite element model. The finite element analysis was carried 
out under boundary conditions that closely matched those employed in the exper-
imental setup, enabling us to ascertain the maximum load values before failure. The 
maximum value of the reaction force–displacement curve was used to obtain the 
maximum load. The ASCII output from LS-DYNA (RCFORC) at a certain time was 
used. Figure 11 provides a visual comparison of the maximum loads obtained from 
both the experimental and finite element analyses.

As shown in Figure 11, the highest margin of error between the maximum load 
values obtained from the experimental approach and the finite element approximation 
was determined to be approximately 6% for both temperature values. Based on this 
result, it can be said that the results converged. This validates both the accuracy of 
the finite element model and the experimental results. Additionally, the experimental 

Table 5. E xperimental results obtained for all single lap joints from two different temperature 
environments.

Temperature Sample Maximum load (N)
Maximum displacement 

(mm)
Absorbed energy 

(Nmm)

SP1 4851 ± 158 0.66 ± 0.08 1828 ± 99
Room temperature SP2 4495 ± 183 0.85 ± 0.06 2153 ± 125

SP3 4423 ± 227 0.49 ± 0.04 1186 ± 112
SP4 4015 ± 249 0.59 ± 0.08 1257 ± 154
SP5 5513 ± 198 0.87 ± 0.1 3613 ± 166
SP6 5264 ± 266 0.82 ± 0.7 2199 ± 189
SP7 4965 ± 183 0.63 ± 0.9 1623 ± 86
SP1 3344 ± 225 0.85 ± 0.06 1370 ± 188
SP2 3062 ± 187 0.95 ± 0.11 1390 ± 201
SP3 2970 ± 205 0.6 ± 0.05 1028 ± 105

120 °C SP4 2763 ± 179 0.82 ± 0.07 1126 ± 113
SP5 4040 ± 255 1.04 ± 0.09 2225 ± 175
SP6 3810 ± 210 0.84 ± 0.05 1801 ± 190
SP7 3530 ± 195 0.77 ± 0.06 1328 ± 125

SP1: AL-GFRE-2015, SP2: AL-GFRE-CO2015, SP3: AL-GFRE-138M, SP4: AL-GFRE-CO138M, SP5: AL-GFRE-CO2015-138M-CO2015, 
SP6: AL-GFRE-2015-138M-2015, SP7: AL-GFRE-CO138M-138M-CO138M ± standard deviation.
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and finite element damage view of the single lap joint before it reaches complete 
failure was illustrated in Figure 11(c). In the experimental case, the crack propagation 
in the overlap region of the single lap joint and the bending occurring in the adher-
ends of the lap joint were very similar to those observed in the finite element model. 
The main reason is that the adhesive was modeled using a non-linear cohesive element 
in the finite element model. At this point, the authors emphasize that the contact 
between the adhesive and the adherend in the single-lap joint should be established 
absolutely with a cohesive element. In some studies, this contact has been established 
via a contact element. However, the contact element prevents observation of crack 
propagation and adherend bending since it causes the adherend and adhesive to behave 
as a whole. This creates a significant difference between the damage obtained in the 
experimental approach and the damage obtained from the finite element analysis.

In finite element analysis, the shear stresses acting on the adhesive element were 
analyzed separately for all single lap joints at two different temperatures. The graphs 
of shear stresses are presented in Figure 12.

As shown in Figure 12, the highest shear stress was obtained from the single lap 
joints that had a mixed adhesive line for both different temperatures. However, 
similar to the maximum load behavior, a decrease in maximum shear stresses occurs 
with the addition of Copes thermoplastic material. When the shear stress behavior 

Figure 10. C ohesive damage occurs in single lap joints under varying temperatures.
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of lap joints created using mono-adhesive was examined, it was observed that the 
maximum stresses were at the extreme points at the tip of the overlap region and 
then decreased. In single lap joints using a mixed adhesive region, the maximum 
shear stress was observed as a peak in the area of the overlap length where the 
adhesive exhibits ductility. In contrast, the regions with brittle adhesive remained 
at lower stresses. For lap joints with a mixed adhesive region, the maximum shear 
stress did not occur at the ends of the overlap length, which differs from the 
behavior seen in mono-adhesive cases. Similar behaviors were obtained for the mono 
and mixed adhesive cases of lap joints at 120 °C. However, the shear stress values 
obtained at 120 °C were lower than those obtained at room temperature. This is 
due to polymer chain degradation and weakening of the interface. Additionally, 
examining the shear stress distribution along the mixed adhesion line reveals that 
the load is distributed more uniformly across the adhesion line than concentrated 
only at the ends. Distributing the stress over a wider area directly increases the 
overall load-carrying capacity of the joint. Furthermore, in a mixed-bonding line, 
stress concentration at the ends of the lap joint is dampened by plastic deformation. 
This ensures that damage begins as a controlled deformation rather than immediate 
deboning. Finally, it should be noted that the shear stress behavior of the lap joints 
has been determined in accordance with the literature [19].

The potential influence of hourglass deformation was carefully considered in the 
numerical analyses. Reduced integration elements were employed together with appro-
priate hourglass control to prevent non-physical deformation modes. The reliability 
of the results was verified by monitoring the ratio of hourglass energy to internal 
energy, which remained below the commonly accepted threshold throughout the 
simulations.

Figure 11.  The comparison of the results: (a) room temperature, (b) 120 °C, and (c) comparison of 
the deformation.
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6.  Conclusion

This study primarily examines the strength of a single lap joint having a mixed 
adhesive overlap region consisting of a single adhesive and its thermoplastic rein-
forced state under varying temperatures. The primary contribution of this study is 
to demonstrate that a mixed adhesive configuration made of a single adhesive and 
thermoplastic reinforcement performs better mechanically than a conventional 
mono-adhesive joint. Past studies often report mixed adhesive systems obtained by 
combining two separate adhesives, which are usually one ductile and one brittle. 
However, the present work illustrates that similar performance can be achieved by 
reinforcing one adhesive with a thermoplastic phase. The quantitative findings sup-
porting the results of this study are listed below.

•	 At room temperature, the maximum load capacity of a single-lap joint made 
with Mono 2015 epoxy adhesive is 8% higher than that of a lap joint reinforced 
with copolyester. In comparison, a lap joint utilizing Mono 138M adhesive 
exhibited a 9% incline in load capacity, rather than that of a lap joint reinforced 
with copolyester. Furthermore, the incorporation of copolyester reinforcement 

Figure 12.  The shear stresses acting on the adhesive element at two different temperatures.
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provides a significant increase in absorbed energy, with the 2015 epoxy adhesive 
joint showing an 18% enhancement, while the 138M adhesive joint achieved 
a 6% increase. Moreover, the lap joint with the mixed adhesion line produced 
with the 2015 epoxy adhesive and copolyester reinforcement recorded the 
highest load capacity of all lap joints tested. It was observed that this joint had 
a load capacity that was 5% greater than that of lap joints with mixed adhesion 
lines made with mono 2015 adhesive. Also, it was 10% higher than those made 
with copolyester-reinforced 138M adhesive.

•	 At 120 0C, the maximum load capacity of a single-lap joint using Mono 2015 
epoxy adhesive exceeds that of a lap joint reinforced with copolyester by 9%. 
In contrast, a lap joint employing Mono 138M adhesive showed a 7% increase 
in load capacity, compared to a lap joint supported by copolyester. Moreover, 
the addition of copolyester reinforcement results in a rise in absorbed energy, 
with the 2015 epoxy adhesive bond exhibiting an 2% improvement, while the 
138M adhesive bond reached a 10% boost. Additionally, the lap joint featuring 
the mixed adhesion line created with the 2015 epoxy adhesive and copolyester 
reinforcement exhibited the greatest load capacity among all tested lap joints. 
This joint demonstrated a load capacity that exceeded lap joints with mixed 
adhesion lines created with mono 2015 adhesive by 6%. Additionally, it was 
14% greater than those produced with copolyester-reinforced 138M 
adhesive.

•	 In the numerical analysis results, the highest shear stress among all lap 
joints was obtained in the lap joint with a mixed adhesive line incorporating 
copolyester-reinforced 2015 epoxy adhesive. At room temperature, there was 
a 38% difference between the closest value, while at 120 °C, the difference 
is approximately 30%. Furthermore, at room temperature, the highest dif-
ference in maximum loads obtained from experimental and numerical anal-
ysis was from the AL-GFRE-CO2015-138M-CO2015 with 8.5%, while the 
lowest difference was obtained from the AL-GFRE-CO138M with 2.7%. At 
120 °C, the highest difference was obtained from the AL-GFRE-2015with 
7.9%, and the lowest difference was obtained from the AL-GFRE-138M with 
1.88%.

•	 Consequently, it can be said that the improved performance of a 
thermoplastic-reinforced epoxy system indicates good potential for aerospace, 
marine, and automotive applications in bonded joints under thermal and 
mechanical loading. In particular, for the aerospace applications, such adhesion 
systems display lightweight and high thermal resistance, which enhances joint 
durability and structural integrity under service conditions.
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