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Abstract

:

The effects of joint geometry parameters, such as adherend thickness (1.76, 3.52 mm), joint width (10, 20, 30 mm), and overlap length (10, 20 mm), on the behavior of single-lap joints (SLJs) under tensile loading are investigated in this study. Peak force, joint stiffness, shear stress, and normal stress are the investigated properties. SLJs are manufactured with carbon fiber composite adherends and two different types of adhesives, polyurethane and epoxy, which present a flexible and rigid mechanical response. The results showed that increasing all 3 geometric parameters (L, W, T) leads to a significant increase in the load capacity of polyurethane joints (on average, 88.4, 101.5, and 16.9%, respectively). For epoxy joints, these increases were 47.7, 100, and 46%, respectively. According to these results, W is the parameter with the most influence on the load capacity of the joints. However, it was observed that an increase in joint width has no significant effect on adhesive shear and a substrate’s normal stresses. Epoxy SLJs behave approximately elastically until failure, while polyurethane SLJ load-displacement curves include an initial linear elastic part followed by a more ductile behavior before the failure. Joint stiffness is affected by all the parameters for both adhesive types, except for overlap length, which led to a negligible effect on epoxy joints. Moreover, the damage surfaces for both types of joints are analyzed and the internal stresses (shear and peel) are assessed by using the analytical model of Bigwood and Crocombe.
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1. Introduction


Lightweight materials have been widely adopted in the transportation industry, resulting in lower fuel consumption and, as a result, lower vehicle emissions, which are increasingly controlled by governments [1]. An adopted strategy, used in the aerospace and automotive industries, is the use of composite materials and adhesive joining to reduce structural weight while maintaining mechanical performance. In this scenario, traditional joining techniques (e.g., bolts and screws) are rarely employed, since they can significantly modify the mechanical performance of these materials due to induced discontinuity. On the other hand, adhesives offer a better stress distribution in joints without requiring composite perforation [2,3,4,5]. In this sense, both polyurethane-based adhesives and epoxy-based adhesives have found use in a variety of sectors including the automobile industry. Polyurethane adhesives are well known for their damping ability, capacity to withstand larger deformations, and ability to attach components with comparatively wider clearances [6,7,8,9,10]. Epoxy adhesives are also widely used for structural applications because of their ability to efficiently transfer loads and join dissimilar materials, as well as their enhanced fatigue properties, and possession of high resistance against impact [11,12,13,14,15].



SLJs are the most extensively studied adhesively bonded joints [16,17,18,19]. The benefit of single-lap adhesive joints lies in their ability to offer improved structural performance, weight reduction, corrosion resistance, design flexibility, and enhanced aesthetics in a wide range of industrial applications. Their mechanical behavior, performance, and failure mechanisms have been the subject of numerous research studies and industrial applications. For instance, studies have focused on the mechanical performance and failure analysis of SLJs bonded with normal or smart epoxy adhesive [20,21,22]. Although there are international standards that define the geometry and testing conditions for various materials [23], different geometries and boundary conditions are used to take into account the effective working condition of the adhesive joints. These parameters include substrate materials, adhesive type [24], overlap length [25], adhesive thickness [26,27], joint width [18], fillets at the edges [28,29,30], and surface treatment [31,32], and play roles in a joint which are difficult to predict.



The most investigated parameters in SLJs are the joint length and adhesive thickness. In general, it has been established that increasing the overlap length and adhesive thickness causes the joint’s ultimate load to increase and decrease, respectively [31,33,34,35]. Cui et al. [31] found out that in SLJs with aluminum alloy substrates, larger adhesive thickness decreased the joint strength, except for an overlap length of 20mm, with which the strength increased, at first, and then decreased. Moreover, increasing overlap length increased the joint strength up to a limited value. Cui et al. introduced a parameter named ẟ (C/(L/2)) to discuss this result. C is the minimum length residual of adhesive on one adherend and L is the joint overlap length. They showed that when the overlap length was short (ẟ close to 1), the peak load could be increased by increasing the overlap length. Adams and Peppiatt [36] linked the reduction in joint strength, caused by increased adhesive thickness, to the existence of more microcracks and voids in a thicker adhesive. Alternative studies [13,31], on the other hand, linked this decrease to a larger bending moment as a result of the eccentric loads inherent in the SLJ testing arrangement.



The width of the SLJ and adherend thickness, on the other hand, have received less attention in the literature. The results of Kadioglu et al. [35] on the effects of adherend thickness showed that thicker adherends enhance the load capacity of joints under bending loads. According to Aydin et al. [17], thicker adherends in SLJs with metallic substrates caused a greater transfer of shear stress from the edges to the middle of the joint. Additionally, the failure surface was more cohesively pronounced in joints with thicker adherends. Reis et al. [37] studied the effect of substrate stiffness on the performance of adhesively bonded joints. They illustrated that adhesive joints manufactured with stiffer adherends reduce specimen rotation while subjected to tensile loading and thereby increase joint strength. Gultekin et al. [18] conducted a study on the effect of width on SLJ behavior. They demonstrated that raising the metallic adherend width increased a joint’s ability to support more load. The load capacity of the joint increased more by increasing the adherend thickness rather than the overlap length. Martinez et al. [38] came to the same conclusions.



In the literature, the number of works that extensively studied the effects of bonding area geometry on SLJs with composite substrates are limited [26,28,39], especially in relation to adherend thickness and width. In this study, the mechanical behavior of carbon fiber composite SLJs bonded with both polyurethane and epoxy adhesives is investigated. To the best of the author’s knowledge, there is no comparative study in the literature reporting the effect of the bonding area on the mechanical properties of adhesive joints made with CFRP and a rigid and flexible adhesive. A large campaign of tests was performed to assess how effective bonding geometry, including length (L), bond width (W), and substrate thickness (T), is on the quasistatic performance of SLJs. Moreover, the differences between the behavior of epoxy and polyurethane SLJ are discussed. Finally, the failure surfaces are discussed.




2. Elastic Analysis of the Adhesives


D.A. Bigwood and A.D. Crocombe [40] developed a general elastic model which can analyze the internal stresses of adhesives in adhesively bonded joints. This approach considers every joint as an adherend–adhesive sandwich with different combinations of loading (tensile shear, moment) applied at the ends of the overlap (Figure 1). This analytical model was built by considering the following assumptions: the longitudinal direct stress in the adhesive is negligible compared to the adherend stress; the adherends are in a condition of plane stress in the x-z plane, which is analyzed as flat plates under bending; normal stresses through the thickness (σy) are neglected; and a plane strain in the x-y plane is assumed, as proposed by Goland and Reissner [41].



Bigwood and Crocombe obtained two coupled differential equations of third- and fourth-order, respectively, in shear (τxy) and transverse (σy) stresses. By further manipulation and variable separation, they succeeded in deriving two uncoupled seventh- and sixth-order differential equations as follows:


     d 7   τ  x y     d  x 7    −  k 1     d 5   τ  x y     d  x 5    +  k 3     d 3   τ  x y     d  x 3    −  k 5    d  τ  x y     d x   = 0  



(1)






     d 6   σ y    d  x 6    −  k 1     d 4   σ y    d  x 4    +  k 3     d 2   σ y    d  x 2    −  k 5   σ y  = 0  



(2)




where k5 = (k1 k3 − k2 k4) and k1, …, k4 are coefficients which can be calculated based on the mechanical and geometrical properties of both adhesive and substrates. Furthermore, the general form solution of these two equations is as follows:


      τ  x y   =    C 1  cosh    m 1  x   +  C 2  sinh    m 1  x   +  C 3  cosh    n 1  x   cosh    n 2  x   +       C 4  cosh    n 1  x   sin    n 2  x   +  C 5  sinh    n 1  x   cos    n 2  x   +  C 6  sinh    n 1  x   sin    n 2  x   +  C 7      



(3)






      σ y  =    D 1  cosh    m 1  x   +  D 2  sinh    m 1  x   +  D 3  cosh    n 1  x   cosh    n 2  x   +       D 4  cosh    n 1  x   sin    n 2  x   +  D 5  sinh    n 1  x   cos    n 2  x   +  D 6  sinh    n 1  x   sin    n 2  x       



(4)




where m1, n1, and n2 are argument multipliers and C1, …, C7, and D1, …, D7 are the equation constants. The procedure to obtain these parameters is provided in detail in [40].




3. Materials and Specimen Manufacturing


3.1. Materials


3.1.1. Bulk Adhesive and Tensile Test


The adhesives used in this research were ADEKIT A 236/H 6236, a polyurethane-based adhesive, and SIKAPOWER-1277, an epoxy-based adhesive. These adhesives are produced by Sika (CH) company. According to the Technical Data Sheet, ADEKIT A 236/H 6236 can be employed in a wide range of applications and industries including transportation, marine, automotive, and aerospace. Moreover, it is compatible with different materials, such as composites, especially for bonding large parts, metals, and plywood. SIKAPOWER-1277 is designed for high strength and impact-resistant bonding of metallic substrates, such as steel and aluminum, as well as of composite substrates, such as GFRP and CFRP laminates. Dogbone specimens (Figure 2a) of these two adhesives were manufactured and tested, according to the standard ISO 527-3:2018 [42], using a Teflon die (Figure 2b). The polyurethane dogbone specimens were post-cured in a curing oven at 70 °C for 16 h to respect the material datasheet provided by the producer company. Finally, the tensile tests were carried out by means of a Zwick/Roell (Z050) machine equipped with a laser extensometer. The tensile tests were performed at a constant crosshead velocity of 5 mm/min.




3.1.2. Substrates


Substrates, on the other hand, were produced from a carbon fiber/epoxy prepreg woven with the commercial name XPREG XC130. The mechanical properties of this composite material are reported in the work of Ciampaglia et al. [43] and Benelli et al. [9]. They were experimentally assessed and are reported in Table 1.





3.2. SLJ Specimen Manufacturing and Testing Activity


Single-lap joints were manufactured and performed to observe the effects of overlap length (L1 = 10 mm, L2 = 20 mm), adherend thickness (T1 = 1.76 mm, T2 = 3.52 mm), and joint width (W1 = 10 mm, W2 = 20 mm, W3 = 30 mm). Figure 3 is a representative image of the single-lap joints sizes adopted in this work and details the width, overlap length, and substrate thicknesses adopted for both polyurethane and epoxy adhesive joints. The specimens are also named based on these three parameters. For example, E-L1W2T3 refers to the epoxy adhesive (E) specimen with the overlap length L1, joint width W2, and adherend thickness T3. P-L1W2T3 refers to the polyurethane adhesive (P) specimen with the same dimensions. In the design of the SLJs, the thickness of the adhesives was considered tPA = 1.1 ± 0.1 mm for polyurethane adhesive, and tEA = 0.33 ± 0.05 mm for epoxy adhesive. Additionally, the length between the beginning of the bonding area and the end of the SLJ was considered to be a fixed length of 85 mm from each side of the specimen. Three repetitions were tested for each combination. Thus, a total of 72 specimens were manufactured for each adhesive. All the adopted configurations are summarized in Table 2.



The consolidated thickness of each carbon fiber prepreg was 0.44 mm. Therefore, to obtain the desired adherend thicknesses, laminates were produced with a different number of layers (4, 8 layers). Then, they were vacuumed by using the vacuum bag technique. According to the producer, a temperature ramp with different rates, starting from 20 °C and rising 120 °C, was set to the oven to cure the laminate. The duration of the total process of curing in the oven was 7.5 h.



Afterwards, laminates were cut by using a waterjet to manufacture the SLJs with the planned dimensions. The strength of the adhesive joints can be highly affected using surface preparation [45]. Therefore, the bonding area was treated using sandpaper (P500) and then cleaned with acetone as suggested by the producer. Finally, using a Teflon mold, the joints were aligned and manufactured. This procedure is shown in Figure 4. To possess good control of the thickness throughout the overlap length, a weight was applied on the upper substrate from the beginning or middle of the substrate (not jointed area) up to the end of the joint area (bonded area) and by inserting a spacer that allows for obtaining the designed thickness. The specimens with epoxy adhesive were ready to be tested after the remaining 24 h at room temperature (23 °C). However, after preparing the joints with the polyurethane adhesive, they were kept at room temperature (23 °C) for the first 24 h and then put in the oven at 70 °C for 16 h. When the curing process was finished, the excess adhesives were removed as they may increase joint stiffness and strength.



Tests were performed using an Instron (US) 8801 servo-hydraulic machine at a crosshead velocity of 5 mm/min. Additionally, 2 tabs of 25 mm were applied in the clamping area, as shown in Figure 3, to prevent misalignment. Strength of each joint was computed by using the ratio between the maximum load and the bonding area (overlap length multiplied by the width). The actual dimensions of the joints were measured after the preparation of the samples.





4. Result and Discussion


4.1. Tensile Tests on Dogbone Specimens


At least five dogbone (Figure 5) specimens were tested for each adhesive. The stress–strain curves of the proper specimens are shown in Figure 6. The polyurethane adhesive demonstrates a bilinear behavior; i.e., after the primary elastic part, the material behaves linearly again, with a smaller slope, up to the point of fracture. On the other hand, epoxy adhesive demonstrates an elastic–perfectly plastic behavior; i.e., it reaches a plateau after the first elastic part. The mechanical properties extracted from this figure are provided in Table 3.




4.2. SLJ Force-Displacement and Joint Stiffness


Three samples of each configuration reported in Table 2 were tested, and the results for each adhesive are described its related section. In general, each configuration presents good repeatability for both polyurethane and epoxy SLJs. The general shape of the force-displacement curves shows that the polyurethane adhesive joints tend to have a short elastic part followed by a more ductile behavior before failure. On the other hand, the epoxy adhesive joints exhibit a linear behavior up to the point of failure. With an increase in the substrate thickness, both joints demonstrated a more ductile behavior before rupture.



4.2.1. Polyurethane


Figure 7a,b show all the load-displacement curves of the experimental plan. Figure 7a,b illustrate that, generally, the displacement at maximum load does not change considerably as the substrate thickness is increased. However, increasing the overlap length resulted in a small increase in displacement at maximum load for both T1 and T2. Furthermore, considering L1 overlap for the two different chosen thicknesses, the width had no significant influence on the ultimate displacement. On the other hand, the ultimate displacement presented little variation by examining the L2 overlap. Particularly, in SLJs produced with larger widths, the displacement rose by 5%.



Figure 8a,b show a summary of the results and the influence of L, W, and T on the peak force and joint stiffnesses (the slope of the initial linear part of the load-displacement curve) of SLJs prepared with polyurethane adhesive. These results illustrate that the three factors have a significant effect on peak force and joint stiffness. Peak force and joint stiffness increase as the bonding area increases. The behaviors are almost identical for joints with the same bonding area (L1W2T1 and L2W1T1, L1W2T2 and L2W1T2) at a given substrate thickness. The only difference is that the joints with a larger width present a slightly higher stiffness. L1W1T1 has the lowest peak force and stiffness, whereas L2W3T2 presents the highest values. Figure 7a,b and Figure 8a,b display that L and W have a greater effect on the load capacity of the joints than T. However, W has more effect on joint stiffness than L and T.



The reported values show that by increasing the joint width in SLJ prepared with T2, the peak forces increased by 101% and 181%, respectively, for L1W2T2 and L1W3T2 compared to L1W1T2. When compared to L2W1T2, these increases were 112 and 210% for L2W2T2 and L2W3T2, respectively. Moreover, by keeping the joint width and substrate thickness constant, the peak force rose by 76, 86, and 95%, respectively, when comparing L2W1T2 to L1W1T2, L2W2T2 to L1W2T2, and L2W3T2 to L2W3T2. Finally, the peak force rose 27% when comparing L1W2T2 to L1W2T1, whereas it increased 16% when comparing L2W2T2 to L2W2T1.



A similar comparison was carried out for joint stiffness. The results show that for L1W2T2 and L1W3T2 (constant thickness), respectively, an increase in joint width increased the stiffness by 93% and 162% when compared to L1W1T2. The increases were 73 and 161% for L2W2T2 and L2W3T2, respectively, when comparing the values to L2W1T2. The increase in the stiffness when keeping the joint width and substrate thickness constant were 60, 43, and 59%, respectively, when comparing L2W1T2 to L1W1T2, L2W2T2 to L1W2T2, and L2W3T2 to L2W3T2. Finally, the stiffness rose by 57% when comparing L1W2T2 to L1W2T1 and by 35% when comparing L2W2T2 to L2W2T1. The summary of these results is provided in Table 4. These data are the average of all amounts for an assumed 100% increase in each considered parameter (L, W, and T). In addition to the effect of L, W, and T on peak force and joint stiffness, the effect of these parameters on other properties (shear stress in adhesive and normal stress in substrates, for both types of adhesives) are provided in Table 4.




4.2.2. Epoxy


In general, Figure 9a,b illustrate that by increasing the thickness of the substrates and joint width, the displacement at maximum load did not change significantly, whereas increasing the overlap length led to a rise of 15% and 10% in the displacement at maximum load for specimens T1 and T2, respectively.



Based on the results shown in Figure 10a,b, similarly to polyurethane SLJs, all three parameters (L, W, and T) are significantly influential on the peak force of epoxy joints: the larger the bonding area, the greater the peak force. The joint width and substrate thickness are more influential for joint stiffness. Contrarily, the overlap length has a negligible effect on joint stiffness. At a fixed substrate thickness, in joints with the same bonding area (L1W2T1 and L2W1T1, L1W2T2 and L2W1T2), the peak load and stiffness are greater for the joints with larger widths. Similarly to polyurethane joints, L1W1T1 presents the minimum peak force and stiffness, while the maximum values are demonstrated with the joint configuration L2W3T2. Figure 9a,b and Figure 10a,b show that L and W influence the load capacity more than T. However, the effect of W on joint stiffness is greater than the effects of L and T.



In particular, in the specimens with the substrate thickness T2, the peak force increased by 105% and 195%, respectively, for L1W2T2 and L1W3T2 compared to L1W1T2. The increases were 89% and 183%, respectively, for L2W2T2 and L2W3T2 when compared to L2W1T2. On the other hand, by fixing both joint width and substrate thickness, the peak force increased by 46, 35, and 40% when comparing L2W1T2 to L1W1T2, L2W2T2 to L1W2T2 and L2W3T2 to L2W3T2, respectively. Finally, comparing L1W2T2 to L1W2T1, the peak force increase was 51% while, comparing L2W2T2 to L2W2T1, the peak force increased by 36%.



The same comparison for joint stiffness was carried out. The results showed that by increasing the joint width, the stiffness increased by 92% and 156%, respectively, for L1W2T2 and L1W3T2 compared to L1W1T2. The increases were 77 and 141%, respectively, for L2W2T2 and L2W3T2 when compared to L2W1T2. When considering both joint width and substrate thickness as fixed, comparing L2W1T2 to L1W1T2, L2W2T2 to L1W2T2, and L2W3T2 to L2W3T2, the stiffness increased by 16, 7, and 9%, respectively. Finally, comparing L1W2T2 to L1W2T1, the stiffness increased 67% while, comparing L2W2T2 to L2W2T1, the stiffness increased 66%. The results, based on the average values, are summarized in Table 4.





4.3. Adhesive Shear and Substrate Normal Stresses


Figure 11a–c and d show the average values of the shear stresses and normal stresses for all the investigated configurations. The shear stress is the force over the bonding area while the normal stress is the force over the cross-sectional area of the substrate thickness. These values were investigated to understand whether there is an influence, related to strength, of substrate size on the mechanical response of the joints. Figure 11a–d illustrate that by changing the width of the joint, shear stress (force/bonding area) tends to remain approximately constant for every overlap length. Therefore, the percentages will be based on the average values related to all three widths. At fixed substrate thickness, by increasing the overlap length from L1 to L2, a decrease in shear stress was observed. For the substrates with thickness T1, this reduction was 4% and 26%, respectively, for polyurethane and epoxy joints. For substrates with thickness T2, the reduction was 10 and 28%, respectively, for polyurethane and epoxy joints. This is a consequence of the increase in peel stress at the edges of the joint, which becomes larger when the overlap length is increased. Furthermore, increasing the substrate thickness increases the shear stress. To illustrate this statistically, for polyurethane joints, increasing the substrate thickness from T1 to T2 resulted in an increase in sheer stress of 21% and 14%, respectively, for L1 and L2. This increase, in epoxy joints, was 45 and 41%, respectively, for L1 and L2. When the thickness of the composite substrate increases, its stiffness increases as well. Therefore, it will be less susceptible to being bent, and the joint demonstrates a higher shear load. T is the most influencing parameter, followed by L, while W has negligible effects on shear stress. By analyzing the shear stress values, it was understood that the behavior of epoxy adhesive joints was more influenced by joint dimensions; i.e., increasing the overlap length and substrate thickness resulted in greater changes in shear stress for epoxy adhesive joints compared to polyurethane adhesive joints. This could be due to the higher Young’s modulus and the stiffness of the epoxy adhesive in comparison with the polyurethane adhesive.



Figure 11 shows that, like shear stress, the normal stress in the substrate (force/substrate cross-sectional area) remains approximately constant for every overlap length when the joint width is changed. This is valid for both polyurethane and epoxy joints. When the width increases, the cross-sectional area of the substrate also changes. Having approximately constant normal stress in joints with different widths means that the load capacity of the joints changes approximately at the same rate as the width changes. Therefore, the ratio of force over the cross-sectional area remains unchanged. Contrary to shear stress, by increasing the overlap length, the normal stress increases. In terms of polyurethane joints, at fixed substrate thickness, increasing the overlap length from L1 to L2 increased the normal stress by 120%, and 91%, respectively, for T1 and T2. For epoxy joints, these increases were 59% and 43%, respectively, for T1 and T2. By increasing the joint length, only the bonding area increased, which resulted in increasing the load capacity, while the cross-sectional area was the same. Thus, the normal stress increased. Again, in contrast with shear stress, at the same width and overlap length, substrates with lesser thickness undergo larger normal stress. In polyurethane joints, by increasing the substrate thickness from T1 to T2, the normal stress is reduced by 19% and 30%, respectively, for L1 and L2. Similarly, in epoxy joints, this reduction is 26% and 34%, respectively, for L1 and L2. Based on the results, L is the most influential parameter, T is an influential parameter, and W is not an influential parameter on normal stress in the substrates of a composite SLJ. Table 4 shows a summary of the effect of all parameters on the mechanical behavior of the joints based on the average values.




4.4. Internal Adhesive Stress Analysis


Using the Bigwood–Crocombe model, the shear and peel stresses for different joints were obtained; these are provided in Figure 12. This model can predict the stresses in the elastic zone. For this reason, the curves are evaluated at 20% of the peak load for each sample where both substrates and adhesive are in the elastic range. The input forces in this 2D model are provided as force/width. As expected, considering a fixed overlap length and substrate thickness, the difference in this division (20% of peak load/width) for different widths was negligibly small. This means that the effect of width is not significant for the shear and peel stresses at a proportional 20% of peak load by considering the different configurations. Therefore, the average values for three different widths were considered for this analysis, and this is the reason why the legend of Figure 12 reports the normalized value of W.



Based on this model, Figure 12a,b show that for polyurethane joints, by increasing the substrate thickness, the maximum peel stress reduces, while by increasing the overlap length, the maximum peel stress increases. It can be seen that for both the overlap lengths, the joint with a thicker substrate has a smoother and less curvy peel stress distribution. This could be due to the larger stiffness of the thicker substrate, which prevents bending of the substrate. Another point to be mentioned is that by increasing the substrate thickness, the max shear stress increases and its distribution becomes smoother.



For epoxy adhesive joints (Figure 12c,d), it can be seen that both maximum shear and maximum peel increased with an increase in the overlap length. Moreover, by increasing the substrate thickness, maximum peel stress reduced slightly in larger overlap lengths and remained approximately unchanged in smaller overlap lengths. Simultaneously, when increasing the substrate thickness, max shear stress increased for both overlap lengths.



The following results can be summarized for both polyurethane and epoxy adhesive joints by comparing the obtained curve: a decrease in shear stress and an increase in peel stress can be observed by increasing the overlap length. Furthermore, increasing the substrate thickness results in an increase in shear stress and a decrease in peel stress. The results related to the shear stress are consistent with the experimental results mentioned in Section 4.3. A decrease in peel stress induces the adhesive joint to work more in shear stress.



Another point to be mentioned is that the peel stress at the edges has a positive value, while it is negative, or tends to be zero, in the middle of the joint. This effect is more obvious in joints with a greater length. For example, in Figure 12c, specimen E_L1WT2 demonstrates a nearly parabolic behavior with tension at the edges and compression in the middle. For larger overlap lengths and thinner substrates (E_L2WT1), the maximum compression occurs approximately symmetrically at points between the two edges and the middle of the joint. At the same time, the amount of compression in the middle of the joint shows a tendency to decrease and reach an almost peel stress-free state. One possible reason for this phenomenon is the flexibility of the substrate. As the thickness decreases and the length increases, the curvatures and rotations in the substrates caused by the bending moment can occur closer to the edges. As the Young’s modulus and ultimate stress of the epoxy adhesive is larger than the polyurethane adhesive, the substrates in epoxy joints undergo more bending, and this fact can be easily seen in the peel stress diagrams.



Finally, it is worth noting, as mentioned in [40], that this analytical model has some limitations, especially at peak values, and the results obtained in this section could be useful for a preliminary design stage. For a more precise analysis, 3D finite element methods could be more reliable.




4.5. Failure Surfaces


The failure surfaces were visually inspected after the tests, and different types of damages, including adhesive, cohesive, thin layer cohesive, and mixed mode, were observed (Figure 13). Moreover, it was observed that, as a general behavior, when the thickness of the substrates increases, the failure tends to show more cohesive behavior, although a thin layer of adhesive is always present on one of the substrates. This might be due to the thickness of the substrate, which increases its stiffness such that the adhesive experiences greater shear load.





5. Conclusions


This paper aims to observe the effect of different joint geometry parameters (adherend thickness, joint width, overlap length) on the mechanical behavior of composite SLJs, with both epoxy and polyurethanes adhesives, subjected to tensile load. The following conclusions were drawn:




	
Polyurethane SLJ demonstrated an elastic-plastic behavior before the rupture, while epoxy SLJs showed an approximately linear elastic behavior up to the point of rupture.



	
The peak load and joint stiffness in epoxy SLJs were larger (on average, 18 and 40%, respectively) than in the same joint with polyurethane adhesive. However, the displacement at maximum load in polyurethane SLJs was approximately 100% greater in comparison with the same epoxy SLJs.



	
In polyurethane SLJs, an increase in all three geometric parameters (T, W, L) increases both joint stiffness and peak load. The joint width and length showed a more significant impact.



	
L, W, and T are more significantly influential on the peak force in epoxy SLJs. W is more influential than L and L is more influential than T on the load capacity of the joints. On the other hand, W and T are of greater importance for joint stiffness. However, the overlap length has a negligible effect on joint stiffness. Moreover, at each substrate thickness, joints with the same W showed approximately equal stiffness.



	
According to these results, T is the most effective (positive) parameter, followed by L (which is (negatively) affective), and W has negligible effects on shear stress. The shear stress of epoxy SLJs is more prone to change by changing the joint dimensions in comparison with polyurethane SLJs.



	
L is the most influential parameter, T is an influential parameter, and W is not an influential parameter on normal stress in the substrates of a composite SLJ.



	
Keeping the thickness of the substrates constant, an increase in overlap length resulted in a reduction in shear stress and an increase in normal stress. In addition, for all the geometrical configurations, increasing the adherend thickness increases the shear stress and decreases the normal stress.



	
According to the Bigwood–Crocombe model, based on the average values at 20% peak load, for both adhesives, increasing the overlap length leads to a decrease in shear stress and an increase in peel stress. Furthermore, increasing the substrate thickness results in an increase in shear stress and a decrease in peel stress.



	
As the Young’s modulus and ultimate stress of the epoxy adhesive is larger than that of the polyurethane adhesive, the substrates in epoxy joints undergo more bending, and this fact can be easily seen in the peel stress diagrams.
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Figure 1. The general adherend–adhesive sandwich considered by Bigwood–Crocombe [40]. 
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Figure 2. (a) Adhesive bulk specimens; (b) dogbone Teflon mold. 
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Figure 3. SLJ geometry [44]. 
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Figure 4. Manufacturing of specimens: (a) vacuuming the prepregs; (b) plates of composites with different thicknesses; (c) SLJs’ alignment in the fixture; (d) manufactured SLJs. 
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Figure 5. Adhesive dogbone failure surfaces: (a) polyurethane (ADEKIT A 236/H 6236); (b) epoxy (SIKAPOWER-1277). 
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Figure 6. Adhesives tensile tests: (a) polyurethane (ADEKIT A 236/H 6236); (b) Epoxy (SIKAPOWER-1277). 
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Figure 7. Load-displacement curves of polyurethane SLJs including their repetitions: (a) T1; (b) T2. 
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Figure 8. Peak force and joint stiffness of polyurethane SLJs: (a) T1; (b) T2. 
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Figure 9. Load-displacement curves of epoxy SLJs, including their repetitions: (a) T1; (b) T2. 
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Figure 10. Peak force and joint stiffness of epoxy SLJs: (a) T1; (b) T2. 
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Figure 11. Shear stress in the adhesive and normal stress in the substrates for all the specimens: (a) Polyurethane T1; (b) Polyurethane T2; (c) Epoxy T1; (d) Epoxy T2. 
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Figure 12. Adhesive internal stresses: (a) polyurethane peel stress; (b) polyurethane shear stress; (c) epoxy peel stress; (d) epoxy shear stress. 
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Figure 13. Failure surfaces of the specimens after the test. 
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Table 1. Mechanical properties of the carbon fiber composite material [9,43].
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	Parameters
	Mean Value
	STD





	Density(kg/m3)
	1450
	



	Poisson’s ratio
	0.12
	



	Longitudinal modulus (MPa)
	58,000
	340



	Transverse modulus (MPa)
	58,000
	340



	Longitudinal tensile strength (MPa)
	440
	16



	Longitudinal tensile ultimate strain
	0.0072
	



	Longitudinal compressive strength (MPa)
	453
	36



	Longitudinal compressive ultimate strain
	0.096
	



	Transverse tensile strength (MPa)
	440
	16



	Transverse compressive strength (MPa)
	453
	36



	In-plane shear modulus (MPa)
	3900
	



	In-plane shear strength (MPa)
	72
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Table 2. SLJ design of experiments.
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Parameters

	
T1 (1.76 mm)

	
T2 (3.52 mm)






	
L1 (10 mm)

	
W1 (10 mm)

	
E-L1W1T1 P-L1W1T1

	
E-L1W1T2 P-L1W1T2




	
W2 (20 mm)

	
E-L1W2T1 P-L1W2T1

	
E-L1W2T2 P-L1W2T2




	
W3 (30 mm)

	
E-L1W3T1 P-L1W3T1

	
E-L1W3T2 P-L1W3T2




	
L2 (20 mm)

	
W1 (10 mm)

	
E-L2W1T1 P-L2W1T1

	
E-L2W1T2 P-L2W1T2




	
W2 (20 mm)

	
E-L2W2T1 P-L2W2T1

	
E-L2W2T2 P-L2W2T2




	
W3 (30 mm)

	
E-L2W3T1 P-L2W3T1

	
E-L2W3T2 P-L2W3T2
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Table 3. Mechanical properties of adhesives.
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	Property
	Polyurethane (ADEKIT A 236/H 6236)
	Epoxy (SIKAPOWER-1277)





	E (MPa)
	278
	2500



	SIG ultimate (MPa)
	13
	35



	Elongation (%)
	22
	4.1
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Table 4. The average effect of each parameter on the mechanical properties of SLJ joints.
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Adhesive Type

	
Studied

Parameter

	
Parameter

Increased by (%)

	
Peak Force (%)

	
Joint Stiffness (%)

	
Shear Stress (%)

	
Normal Stress in Substrates (%)






	
Polyurethane

	
L

	
100

	
88.4

	
59.4

	
−7

	
105.7




	
W

	
100

	
101.5

	
84.3

	
±1.5

	
±3




	
T

	
100

	
16.9

	
47.2

	
17.5

	
24.8




	
Epoxy

	
L

	
100

	
47.7

	
10.4

	
−27.4

	
51.2




	
W

	
100

	
100

	
83.7

	
±2

	
±1




	
T

	
100

	
46

	
65.7

	
43.7

	
29.8
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