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Abstract

:

It is very important to understand the damage mechanisms as well as the mechanical response of T-joints involving different materials on the base plate. For this purpose, two configurations were studied. In one, the joint is composed of a base plate and a T-element, both in Al 6063-T5, while in the other one, the aluminum base plate was replaced by a glass fiber composite. Finally, each configuration was divided into two batches, where in one, the elements were bonded with a stiff adhesive (Araldite® AV 4076-1/HY 4076) while in the other, a more ductile adhesive (Araldite® AW 106/HV 953 U) was used. The static and fatigue strength of all configurations was evaluated in bending. In all cases, the damage occurred at the end of the T-element, where a crack appeared and propagated toward the interior of the T-joint. The bending strength is highest for joints involving aluminum and the ductile adhesive, which is 2.8 times higher than the same configuration involving composite base plates and 1.7 times higher than that using the stiff adhesive. Finally, the highest fatigue lives were obtained for T-joints involving Al 6063-T5 base plates, and regardless of the base plate material, the ductile adhesive promoted the highest fatigue strength.
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1. Introduction


Compared to traditional joining methods (bolted, riveted or welded joints), adhesive joints have significant advantages due to the absence of fretting between materials, better fatigue response, and easier adaptation to complex shapes, among others. In addition to these advantages, adhesives are also increasingly reliable and durable. Therefore, it is not surprising that adhesive joints are increasingly being adopted by different industrial sectors [1].



In this context, and depending on the specific application or loading mode, designers have a wide variety of joint architectures at their disposal, where the single lap joints are the most used due to their simplicity and low cost [2,3]. However, they are responsible for promoting high shear and peeling stresses despite the various strategies that can be adopted to minimize them. Some examples include changing the strength and modulus of the adhesives and adherends [4,5,6,7], the thickness of adhesives and adherends [4,5,6], the overlap length [2,6], and adding fillets to the overlapped edges [8]. While these strategies increase the efficiency of single-lap joints, they cannot change the preferred loading mode for which they were designed. Therefore, to overcome this problem, T-joints are used to transfer bending, compressive, shear, and tensile loads between the leg panel and the base panel [9].



In terms of industrial applications, they can be used in the aircraft, automotive and marine sectors. In the first one, Johnson and Kardomateas [10] studied an adhesively bonded insert type T-joint for use in a composite space frame due to its high specific stiffness and large bond area. In this study, a finite element analysis was performed to obtain the stress distribution along the joint. Regarding naval applications, the University of Southampton developed extensive work on T-joint design and performance in which, for example, Shenoi and Violette [11] studied the influence of T-joint geometry on the ability to transfer out-of-plane loads in small boats. They concluded that geometry and material have a significant influence on the T-joint strength, but the radius of the fillet and the thickness of the overlaminate are the most determining parameters. Finally, in terms of aeronautic applications, T-joints are very favorable due to their structural efficiency, simplicity, and lightness. In this context, Moreno et al. [12] proposed a system to take advantage of the energy that could be dissipated by the structural bonded joints.



However, complete knowledge of joint strength and damage mechanisms is required to allow widespread use. From the different studies available in the literature [13,14,15,16], it is possible to conclude that the failure initiates in regions where high stresses occur, so it is important to find these critical points for specific design solutions and geometric parameters. For example, Shenoi and Hawkins [17] observed that although the geometry and material influence the strength and failure modes of T-joints, the fillet radius and the thickness of the overlaminate are determining parameters. On the other hand, the gap between the panels and the edge preparation of the T-piece showed less expressiveness. According to Dodkins et al. [18], there are two critical variables for T-joints: the thickness of the overlamination and the fillet radius. While in the first case, its increase affects the performance of the joint, in the case of the fillet, it allows the joint to support higher loads. However, Shenoi et al. [19] found that the influence of key variables is very dependent on the loading mode. Moreover, the effect of geometric parameters on stiffness, strength, and failure region is also significantly dependent on loading mode [15,16,20]. Finally, Chaves et al. [21] compared the strength of adhesive T-joints with screwed ones and observed that the adhesive joints have a similar or better mechanical performance than conventional screwed T-joints. However, they also noted that the strength of adhesive T-joints could be further improved by using spew fillets at the ends of the overlap.



According to Zhan et al. [22], the joint’s dimensions, the size of the adherend and adhesive bondline, as well as the mechanical properties of the constituents (adherend and adhesive) significantly affect the strength of the T-joints. Therefore, based on these considerations, they studied experimentally and numerically the effect of different geometries subjected to a tensile load, concluding that the geometry of the bondline has a strong effect on the stress distributions, stress concentrations, and load-bearing capacity. Furthermore, it was also observed that the displacement of the Y axis tends to decrease with the increase in the average bondline area, while the average failure load increases with the increase in the average bonding area. Finally, the asymmetry of the stringer can cause unequal Von Mises equivalent stress distributions, higher Von Mises equivalent stresses, and deflection deformations. Ferreira et al. [23], using the finite element method (FEM) and cohesive zone models (CZM), studied the mechanical performance of different T-stiffener configurations under peel loads. For this purpose, authors considered the following geometrical parameters: flat adherend thickness (tP), stiffener thickness (t0), overlap length (LO), and curved deltoid radius (R). They found a significant effect of all the parameters on both the stress distribution and maximum load. For example, the maximum load increased by around 94.1% when tp was increased from 1 to 4 mm, decreased by about 27.3% when t0 changed from 0.5 mm to 2.5 mm, increased by around 94.1% when L0 was increased from 10 to 20 mm, and increased by around 135.4% when R was increased from 1 to 3 mm.



In T-joints, the stiffener can be a single part or composed of two L-shaped elements joined by co-curing or a structural adhesive. Using the last configuration (two L-shaped elements), Ma et al. [24] numerically (using the extended finite element method combined with cohesive zone model) and experimentally studied the damage mechanisms of carbon fiber reinforced polymer (CFRP) T-stiffeners subjected to pull-off loads. Contrary to what is reported in the literature, in which the final failure begins with the debonding in the radius region and then spreads to the stringer-skin interface, these authors observed a crack that begins in the filler region and near the fillet apex due to the stress concentration in this region. Subsequently, the crack propagates vertically, generating a debonding between the two L-shaped elements (stringer/stringer) but also towards the skin. Finally, when the crack reaches the skin, it promotes debonding at the stringer-skin interface, which moves towards both ends until the final rupture. The authors also found that the crack in the filler region started at the location of the maximum principal strain and that the large strain concentration region was limited to the filler region and the composite laminates. Therefore, improving the mechanical performance of T-joints can be achieved by reducing the stress concentration at the critical points of the joint and/or distributing the stresses more evenly along the bondline, among other solutions reported by Ravindran et al. al. [25]. In the first case, for example, Carvalho et al. [26] proposed the dual-adhesive joining technique, in which flexible adhesives are used in regions of high stress and stiff adhesives in regions of low stress. Different adhesive ratios were considered, namely 12.5/75/12.5 mm and 33.3/33.3/33.3 mm, and a numerical study was developed using the CZM technique (cohesive zone modeling) in the ABAQUS® software (ABAQUS 2017, Dassault Systèmes. RI, USA). These authors observed that failure occurred at the bondline and in the transition zone between adhesives, with the maximum load not only changing position but also decreasing in magnitude. In this context, improvements in the strength of the T-joints were obtained compared to those using only one adhesive, although more significant for the 33.3/33.3/33.3 mm ratio. With regard to the more uniform distribution of stresses along the bondline, Morano et al. [27] very recently suggested an alternative approach that does not compromise the integrity of the skin and is based on the use of corrugated stiffeners. Compared to the conventional configuration (flat stiffeners), the corrugated ones promoted improvements of around 65% in terms of pull-out strength and about 416% for the absorbed energy. The authors observed that the modified stiffeners promoted a redistribution of the stress along the bondline, with a consequent reduction in peak stresses at the free edge.



In terms of fatigue life, literature does not present many studies on this subject. Shenoi et al. [9], for example, noted that for higher load values, the fatigue strength significantly depends on the fillet radius (larger radii promote longer fatigue lives), but when the load decreases, this effect is lost, and the fatigue strength decreases in both cases to a fatigue threshold. The damage accumulation was assessed in terms of global stiffness loss, and three different regimes were observed. Initially, the stiffness decreased very rapidly during the first 20% of the fatigue life, followed by an almost linear regime up to 80% of the fatigue life, after which a very rapid degradation occurred again until the final collapse. In another study, Read and Shenoi [28] observed that the fatigue life increases both with the increase of the fillet radius if the overlaminate thickness (number of layers) is kept constant and with the increase of the overlaminate thickness if the fillet radius remains constant. Studies developed by Marcadon et al. [29] showed that fatigue life is strongly influenced by frequency due to the viscous behavior of the different materials, especially for higher load levels. Loureiro et al. [30] studied T-joints and compared the fatigue strength of two different adhesives (an epoxy adhesive and a polyurethane adhesive). They observed that the slope of both fatigue curves and the dispersion of the data are very similar. Although elastomeric adhesives have better fatigue behavior, this phenomenon was explained by heating the adhesive during the fatigue tests (greater for the elastomeric adhesive than for the epoxy). Finally, more recently, Cullinan et al. [31] studied T-joints repaired by cyanoacrylate adhesive systems and found that the fatigue life was lower than that obtained in control (unrepaired) samples.



Therefore, from the available literature, it is very important to understand the damage mechanisms and the mechanical response of adhesive T-joints to expand their application in the most diverse industrial sectors. If this subject is already reasonably understood for static loads, in terms of fatigue life, it is still limited to a very small number of studies, which does not allow for well-consolidated knowledge. For this purpose, the present study intends to analyze the fatigue performance of adhesive T-joints involving aluminum adherends and adherends that combine aluminum and glass fiber-reinforced composites.




2. Materials and Methods


Figure 1 shows the T-joint geometry and respective dimensions used in this study. The first configuration analyzed used only aluminum elements and, for this purpose, 150 × 30 × 3 mm3 Al 6063-T5 bars (Supplied by Alu-Stock, Madrid, Spain) were used as the base plate and T-elements of Al 6063-T5 with 30 × 30 × 2 mm3 as the stiffener. The nominal chemical composition and average tensile properties of this alloy are summarized in Table 1 and Table 2, respectively.



The second configuration used composites in the base plates and stiffeners similar to the first configuration. Composite laminates were previously produced by hand lay-up using a Sicomin SR 8100 epoxy resin with SD 8824 hardener (both supplied by Sicomin, Chateauneuf les Martigues, France) and eighteen layers of bidirectional glass fiber fabric (taffeta with 195 g/m2). Details regarding the mechanical/physical properties of the resin and manufacturing process can be found in [33]. Finally, the 150 × 30 × 3 mm3 base plates were cut from 330 × 330 × 3 mm3 composite plates. The maximum error observed in the thickness of the base plates was 0.35 mm for the composite ones and 0.04 mm for the aluminum ones.



Subsequently, two batches of samples were produced. In one of them, the base plates and T-stiffeners were bonded with the adhesive “Araldite® (Lausanne, Suisse) AV 4076–1 resin/HY 4076 hardener”, while in the other one, the adhesive “Araldite® AW 106 resin/HV 953 U hardener” was used. The main mechanical properties of these adhesives are reported in [34,35]. These two-part paste adhesives were selected because the first one (Araldite® AV 4076-1/HY 4076) is a very stiff and brittle epoxy, and the last one (Araldite® AW 106/HV 953 U) is flexible/ductile. Before bonding, all surfaces to be joined (both base plates and T-stiffeners) were abrasively prepared with P220 silicon carbide paper and then cleaned with dry air and alcohol. This methodology was successfully applied in several previous studies [2,36,37,38,39], where the passive mechanical method used does not actively alter the chemical nature of the surface but only cleans the substrate and removes weak boundary layers in the form of contamination. Finally, to ensure a constant bondline thickness, all specimens were subjected to constant pressure during the adhesive curing process, and for this purpose, black metal dovetail clips were used. As reported in Figure 2 (a representative roughness profile), a pressure of 0.11 MPa applied to the specimens leads to an average bondline thickness of 85 μm without significant dispersion. Based on studies available in the literature [39,40,41], this value was obtained/measured after testing using a Mitutoyo (Kawasaki, Japan) SURFTEST SJ-500 surface measuring system.



The curing process was carried out at 40 °C for 16 h. According to Serra et al. [42], these parameters do not maximize the mechanical properties of the adhesives, but they were the most appropriate considering the Tg (glass transition temperature) of the resin used in the composite laminates. Therefore, for comparability of results between specimens with different base plates, a temperature of 40 °C was used for all batches analyzed.



These specimens are used to study the effect of materials (at the level of base plates) and adhesive type on the mechanical performance of T-joints. For this purpose, static three-point bending (3PB) tests are carried out at room temperature on a Shimadzu universal testing machine, model Autograph AGS-X (Shimadzu, Kyoto, Japan), equipped with a 100 kN load cell. As can be seen in Figure 3, the span used in the 3PB tests was 100 mm, with a displacement rate of 5 mm/min, and for each condition, three specimens were tested. Regarding the fatigue tests, they were carried out in an E 10000 Instron Electropulse (Norwood, MA, USA) uniaxial fatigue testing machine equipped with a 10 kN load cell and controlled by a computer with data acquisition. These tests were performed at room temperature, under a constant amplitude sinusoidal waveform loading, a stress ratio (R) of 0.05, and a frequency of 10 Hz. The load levels used in this study were selected to obtain fatigue lives between 103 and 106 cycles, and similar to the static tests, the load was also applied according to the schematic representation shown in Figure 3. Finally, the failure surface morphologies were also analyzed in detail using different techniques and equipment, such as a Mitutoyo SURFTEST SJ-500 surface measuring system, a Hirox (Hackensack, NJ, USA) RH 2000 microscope, and a Hitachi (Tokyo, Japan) Scanning Electron Microscopes SU3800.




3. Results and Discussion


The static response of the different T-joints was analyzed by 3PB tests according to Figure 3, and the results are shown in Figure 4. As reported by Loureiro et al. [30], due to non-uniform shear stresses and significant peel stresses that occur in this geometry, it is preferable to indicate the load rather than the stress. Therefore, this analysis avoids extremely misleading average shear stresses.



It is possible to observe that, for all the configurations studied (involving different base plate materials and adhesive types), the load increases linearly up to a maximum value, from which it starts to decrease until it reaches values close to those of the load displacement curve of the base plate material. Subsequently, the load-displacement curves practically overlap those of the base plates. It is also noticeable that the first peak load strongly depends on the adhesive type used in the T-joints as well as the material of the base plates. In fact, ductile adhesives can deform plastically and provide higher elongations than brittle adhesives before their collapse. Consequently, the highest peak loads observed for the ductile adhesive can be explained by the lower stress concentrations at the ends of the adhesive edges and better redistribution of stresses as the load increases [43,44]. On the other hand, regardless of the adhesive, peak loads are higher for T-joints involving Al 6063-T5 base plates because a higher stiffness of the adherends promotes a more uniform distribution of stresses in the adhesive [7]. In this context, the material that is less stiff determines the strength of the joint [7], and different failure mechanisms can be expected. Finally, for both adhesives, the second peak load is strictly related to the maximum load value observed for the base material. After the second peak load, the load always decreases more or less rapidly depending on the type of base material.



From Figure 4, it is also possible to obtain the main static properties, which are summarized in Table 3 in terms of average values and respective standard deviation. Stiffness was defined as the slope in the linear region of the load-displacement response, and the displacements are the values obtained for the different peak loads.



It is possible to observe that Al 6063-T5 base plates have the highest maximum load (about 2.4 times higher) and stiffness (about 5.1 times higher) and the lowest displacement at maximum load (about 13.8% lower) compared to the values obtained for the composite base plates. Regarding the adhesive joints, and regardless of the adhesive used, it is clearly noticeable that the second peak of load practically coincides with the maximum load value observed for each type of material used in the base plate. The dispersion is very small and, as can be seen in the results and in Figure 3, after a certain value, the curves of the base materials almost overlap with those of the T-joints. Finally, the effect of the T-element on the mechanical performance of the adhesive joints is significant only up to the first peak, proving to be dependent on the base plate material and type of adhesive used, after which the joint strength is similar to that of the base plate. The highest load peaks are obtained with the ductile adhesive (AW 106), where the values obtained for T-joints involving Al 6063-T5 base plates are 2.8 times greater than those involving composite base plates. On the other hand, the opposite is observed for displacement, where the maximum values are 1.6 times greater for T-joints involving composite base plates. However, comparing the adhesive type for joints with composite base plates, the ductile one accounts for 70.4% higher peak loads, while in terms of displacement, it is around 65.7%. For joints with Al 6063-T5 base plates, these values are 72.3% and 89.5% respectively. Lastly, regardless of the adhesive type and base plate material, it is quite evident that the bending stiffness values of the T-joints are much higher than those observed for the base plates (81.5% for composites and 74.1% for Al 6063-T5) due to the reinforcing effect introduced by the T-element, but very similar to each other despite the adhesives being different. For example, for T-joints involving composite base plates, the average bending stiffness is around 79.5 N/mm, while for those involving Al 6063-T5, it is about 393 N/mm. In the last case (T-joints involving Al 6063-T5 base plates), the stiff adhesive promotes a small difference of 3.3% in relation to the ductile one, but this value is statistically insignificant in relation to the observed dispersion. Therefore, the stiffness introduced by the T-element is clearly more important than the effect of the adhesive type, which would be expected given the bondline thickness. To complement the results described above, the failure surface morphologies were also analyzed and are shown in Figure 5.



A first analysis of Figure 5 shows that there are two failure modes, one for T-joints with composite base plates and another for those involving Al 6063-T5 base plates. In the first case, although Figure 5a shows only the damage morphology for T-joints with ductile adhesive, it is also representative of those involving the stiff adhesive. Therefore, for these joints, the failure is typically adhesive, with all the adhesive (whether ductile or stiff) remaining in the T-element (see Figure 5a). On the other hand, all T-joints involving Al 6063-T5 base plates revealed a mixed adhesive/cohesive failure mode (see Figure 5b,c). Adhesive failure (represented in Figure 5 by the letter “A”) occurs when the forces exerted on the joint are greater than those between the adherend and adhesive, while cohesive failures (represented in Figure 5 by the letter “C”) occur when the bond between molecules within the adhesive fails due to the greater external force. In this context, cohesive failure occurs when the maximum adhesive strain exceeds its limit [45].



To confirm the occurrence of mixed adhesive/cohesive failure mode, the authors used different techniques to assess the damage in different failure regions. Figure 6, for example, shows the roughness profile along a line (L) covering different failure modes and for a T-joint involving the Al 6063-T5 base plate and the ductile adhesive (Figure 5b). From the roughness profile shown in Figure 6, it is possible to identify three distinct regions: Region 1, which corresponds to an adhesive failure but with the adhesive layer completely on the T-element; Region 2, where the adhesive failure is also identified but with the adhesive layer completely over the base plate; and Region 3 where a cohesive failure occurs. In this case, a part of the adhesive remains on the T-element (about one-third of the thickness) and the rest on the base plate (the remaining two-thirds). As reported above, this defect is due to the strain having exceeded the maximum strain of the adhesive or, in other words, the external force is greater than the internal forces between molecules of the adhesive [45].



Subsequently, because Figure 5b,c shows darker regions, especially at the level of base plates, they were analyzed to determine what type of damage would be underlying them. In this context, Figure 7 shows the analysis developed by digital microscopy (Hirox RH 2000 microscope) of a T-joint involving the Al 6063-T5 base plate and the stiff adhesive (Figure 5b), where it is evident that the darker regions are very thin films of adhesive.



Although this technique is not as informative as the previous one because it does not allow thicknesses to be assessed, it clearly shows the existence of a thin film of adhesive on the base plate, with the remainder on the other adherend (i.e., adhered to the T-element). In this context, despite its simplicity, it proved the presence of adhesive traces in the adherend and, consequently, the existence of a cohesive failure. However, to deepen this analysis even further, scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) were used to obtain more precise and magnified images of the fracture surface, as well as to identify its elemental chemical composition. Figure 8 shows, in this case, the results obtained from the SEM/EDS analysis for a specific region of Figure 5b.



This region A was selected because it apparently represents an adhesive failure, with one part of the adhesive on the base plate and the other part on the T-element. However, in detail, Figure 8a shows the existence of two regions, where the darker one represents the adhesive while the lighter one represents the surface of the T-element with eventual traces of adhesive. To prove this evidence, Figure 8b shows the analysis of the elemental chemical composition carried out along area A represented in Figure 8a. From this figure (Figure 8b), it can be observed that the darker region of Figure 8a is essentially constituted by hydrogen (H) and oxygen (O), chemical elements typical of the adhesive, while the lighter one is dominated by Al (aluminum), an element that underlies the chemical composition of the 6063-T5 aluminum alloy (>96.9%, according to Table 1) of the T-element. In addition to this chemical element, (Al), H (hydrogen), and O (oxygen) are also present, which confirms the presence of adhesive traces on the surface of the T-element. This evidence proves that an optical microscopy analysis similar to that carried out in Figure 7, based on light and a combination of lenses to magnify an image, is not entirely effective for assessing failure modes in adhesive joints. In fact, it does not allow for detection with complete assertiveness of the existence of adhesive traces on fracture surfaces because many of them can be confused with roughness or other defects in the adherends (see Figure 7 and Figure 8a,b). Therefore, what initially appeared to be an adhesive failure region, this technique showed the existence of adhesive traces, changing the failure mode to mixed but with a larger predominance of the adhesive mode. On the other hand, when compared with the roughness analysis that supports Figure 6, the latter also does not clarify that in regions 1 and 2, there are adhesive traces on both adherends. Consequently, this technique should be used together with SEM/EDS to have a complete analysis of the damage mechanism. Finally, Figure 8c shows the elemental chemical composition between two points and along a trajectory (points 1 to 2 shown in Figure 8b). It can be seen that point 1 is on the adhesive due to the strong predominance of carbon (C), and point 2 is on the adherend where Al (aluminum) predominates, confirming the analysis reported above.



Based on the representativeness of the failure modes presented in Figure 5 and the various techniques that promoted the discussion supported by Figure 6, Figure 7 and Figure 8, the areas related to the adhesive and cohesive failures were obtained using the ImageJ software (a graphic design tool dedicated to analyzing images). From this assessment, it was possible to observe that while in T-joints with the ductile adhesive, the cohesive area represents about 48.3% of the total bonded area, this value is only 3.8% lower for those involving the stiff adhesive. Another piece of evidence that can be taken from this study is the fact that adhesion between adhesives and aluminum is higher than between adhesives and composite. In fact, it would be possible to increase the adhesion using the various surface treatments suggested in the literature, but the authors chose not to adopt them in order to bring the study as close as possible to the reality of some industries where assemblies are made along the production line and from a mass production perspective [46]. However, according to Loureiro et al. [30], these conditions promote a higher scatter of failure loads.



To conclude this study and understand the typical profile of the curves shown in Figure 4, the bending tests were monitored by a high-speed video camera to assess the damage as a function of load. Figure 9 shows some damages for specific load values, and although the image sequence was obtained for a T-joint involving only aluminum and the stiff adhesive, it is representative of all other configurations. Therefore, based on the repeatability observed for all configurations, it can be noted that the load increases almost linearly up to a certain value that depends on the base plate material and the adhesive used (representative point—A). Subsequently, when the load reaches its first maximum (B), a crack appears at the end of the T-element between the adhesive and adherend (adhesive failure) or within the adhesive (cohesive failure). As reported above, adhesive failure occurs when the forces exerted on the joint are greater than those between adherend/adhesive, and cohesive failures occur when the maximum adhesive strain exceeds its limit [37]. Subsequently, after the first load peak (B), the load decreases more or less abruptly due to the propagation of the crack towards the interior of the reinforcement element until it reaches a value that coincides with the load-displacement curve of the base plate (D). For this load value (D), the damage has already reached half the length of the T-element. Thereafter, the damage propagation is negligible, and the load-displacement curves of the T-joints practically overlap with those of the base plate material (E). In this case, the load increases until it reaches a second peak load, which coincides with the maximum load of the base plate material. Therefore, for this geometry and loading, the structural integrity of the T-joints as a whole is only guaranteed up to the first peak load, after which it is ensured only by the base plate.



These results are in line with those observed by Hirulkar et al. [47], where the same behavior (significant load drop) was observed and explained by the appearance of cracks at the end of the overlap. Compared to the in-plane loading, the bending that is imposed here is responsible for a significant deflection in the joint, and consequently, higher peel stress concentrations occur [48,49]. In this case, the simultaneous action of tensile peel and shear stresses is responsible for the first cracks that appear at the end of the T-element (B) [42,50].



Regarding the fatigue response of the different T-joints, the results are shown in Figure 10 in terms of load versus the number of cycles to failure on a logarithmic scale for both adhesives and materials. The typical representation for a fatigue analysis (SN curves) was adopted, but instead of stress, loading was implemented due to the non-uniform nature of shear stresses and the existence of significant debonding stresses in these joints [30]. As already mentioned, these results were obtained for different constant amplitude loads, whose values were selected to obtain fatigue lives between 103 and 106 cycles. Moreover, it was ensured that all of them were lower than the first peak load observed in the static curves (Table 3) to guarantee the structural integrity of the adhesive joints at the beginning of each test and the existence of a load value common to all configurations for comparability of the results (in this case 150 N). Based on the static analysis performed around Figure 9 (damage initiation and its propagation), the fatigue failure criterion adopted considered the instant when the crack reaches half the length of the T-element (see Figure 9). However, because this methodology incorporates some subjectivity or the crack front may not be detectable by optical methods, it was necessary to adopt a more accurate methodology. Therefore, from the results collected by the data acquisition system, it is possible to plot, for example, the maximum load versus number of cycles and the maximum displacement versus number of cycles curves, as shown in Figure 10a. Although these curves were obtained for the T-joint involving Al 6063-T5 base plates, the ductile adhesive (AW 106), and a maximum load of 350 N, they are representative of all the others.



In this context, because the load is constant, the fatigue failure criterion considers the number of cycles obtained for the first plateau point (Nf), from which the displacement is controlled by the stiffness of the base plate. Consequently, based on this methodology, the load versus number of cycles curves for the different configurations are shown in Figure 10b,c, where the mean curve fitted to the experimental results is also superimposed.



From these figures, it is possible to observe that, when comparing T-joints involving composite base plates and the same load value (150 N), the ductile adhesive (AW 106) promotes fatigue lives about 280 times longer than those observed for the stiff adhesive (AV 4076–1). The slope of the fatigue curves shows some convergence for very long lives (Figure 10b), although T-joints involving the ductile adhesive always denote higher fatigue strength. On the other hand, regarding the T-joints involving Al 6063-T5 base plates (Figure 10c), it is noted that the curves converge for the 150 N load and with very close fatigue lives, i.e., the adhesive type has no effect on the fatigue strength for this load level. This behavior is very similar to that noticed for T-joints involving composite base plates, but with much greater convergence and fatigue lives about 871 and 3 times longer than those observed with brittle and ductile adhesive, respectively. Furthermore, increasing the load leads to greater differences in fatigue lives between the T-joints with the different adhesives used, reaching around 6.6 times for the 300 N load (see Figure 10c). Therefore, it is evident from Figure 10b,c that the ductile adhesive is responsible for longer fatigue lives due to higher percentages of elongation before failure and lower stress concentrations [43,51].



According to the bibliography, stiff adhesives experience higher stress concentrations and early failure compared to ductile ones [43]. For example, Temiz [52] observed that the use of ductile adhesives decreases the stress concentrations at the overlap ends and, consequently, increases the strength as well as delays the beginning of the failure due to their high strain to failure [44]. Moreover, the slow rate of stiffness degradation in a ductile adhesive allows the redistribution of stresses within it, whereas in a brittle one, after the damage initiation, uncontrolled crack growth leads to a more catastrophic failure. In addition to this, the lower strength of a ductile adhesive is compensated for its higher fracture toughness.



Therefore, if the stress and strain fields are more advantageous for T-joints using ductile adhesive and, consequently, responsible for longer fatigue lives, the adhesion between adhesives and adherends, as well as the stiffness of the adherends, cannot be neglected in the fatigue resistance of the joints. In the first case, it is well documented in the literature that an adhesive joint with low adhesion strength between constituents can fail unpredictably and cause adhesive failure [53,54], which is clearly visible in this study for adhesive joints involving composite base plates (Figure 5a). The adhesive always adheres to the T-element, and the fatigue lives are much shorter than those observed in joints with aluminum base plates, as mentioned above. On the other hand, regarding the adhesive joints involving Al 6063-T5 base plates, Reis et al. [7] report that increasing the stiffness of the adherends promotes a more uniform distribution of stresses in the adhesive and the less stiff material determines the strength of the joint. In this context, and because the composite used in the base plate is less stiff (43.8 N/mm) than Al 6063-T5 (225.7 N/mm), it justifies the longer fatigue lives observed for these T-joints.



Finally, in terms of damage mechanisms observed for the cyclic loads, they were similar to those observed in the static response. Therefore, to avoid the repetition of images, the authors chose not to display them. Nevertheless, as can be seen in Figure 9 and for all the configurations studied, the crack started at the edge of the T-element and propagated towards its center with the application of the cyclic load due to the mixed-mode stress on the adhesive layer. The peeling stresses (σy) predominate over the smaller stresses τxy, whose distribution has peaks at both edges of the adhesive layer and which will be higher for the stiff adhesive. More detailed analysis also revealed that, in the T-joints involving composite base plates, the crack propagation occurred between the adhesive and the base plate due to the poor adhesive/composite adhesion strength, while in those involving Al 6063-T5 base plates, the failure mode was mixed (mixed adhesive/cohesive failure). In the latter case, and in places where cohesive failure occurs, the adhesion between adhesive/aluminum is very high and even exceeds the values of the applied load or the internal forces between the adhesive molecules [45].



In order to complement this damage analysis, the literature is consensual that residual stiffness is an adequate methodology to assess fatigue damage [41]. The damage initiation and propagation cause changes in stiffness that can be monitored non-destructively, and for this purpose, the corresponding load and displacement values were also collected during the fatigue tests. Therefore, Figure 11 plots E/E0 versus N/Nf, where E is the stiffness modulus (N/mm) at any given moment of the test, E0 is the initial value of E (N/mm), N is the current number of cycles, and Nf is the number of cycles to failure. It is possible to observe that the damage accumulation previously discussed for all configurations can be corroborated by the global stiffness loss observed in Figure 11 and simultaneously confirms the findings of Shenoi et al. [22]. However, the profile of the stiffness loss curves contradicts what is described in the literature [22] and shows to be very dependent on the applied load and materials involved in the T-joints (adhesives and adherends).



In terms of T-joints involving composite base plates, for example, the stiff adhesive is responsible for curves in which the stiffness decreases almost linearly until about 60–70% of fatigue life, followed by a rapid degradation that culminates in a slower decrease until the adopted failure criterion is reached. These three regimes are repeated for the different load values, but the slope of the curve in the quasi-linear regime increases with increasing applied load. Therefore, this type of profile shows that the damage starts and propagates rapidly, leading to shorter lives. On the other hand, when these T-joints involve the ductile adhesive, the first regime is characterized by an almost unchanged stiffness (more or less constant plateau) until a sharp loss of stiffness occurs, followed by a slower decrease until the adopted failure criterion is reached (third regime). It is noticeable that, for the lowest loads (200 N and 150 N), the second regime started between 40% and 60% of the fatigue life, while for the highest load (250 N), the curve is similar to those observed for the stiff adhesive. Therefore, longer primary regimes promote slower damage propagation and longer fatigue lives.



Finally, for T-joints involving the aluminum base plates, the curves show a very similar profile for both adhesives used and are characterized by three regimes similar to those observed for the lowest loads shown in Figure 4a. In this context, analogous to what was observed before, the extension of the primary regime is also a determining factor in fatigue life. For the stiff adhesive, it is around 40% of the fatigue life, while for the ductile one, it represents between 30% and 60% of the fatigue life. Subsequently, the second regime is smoother than that observed for the brittle adhesive, revealing slower damage propagation and, consequently, longer fatigue lives.




4. Conclusions


The main goal of this study was to analyze the damage mechanisms as well as the mechanical behavior of T-joints involving different adhesives and base plate materials. For this purpose, four configurations involving base plates of Al 6063-T5 and fiberglass composite with a T-element of Al 6063-T5 were studied, which were bonded with a stiff adhesive (Araldite® AV 4076-1/HY 4076) and a more ductile one (Araldite® AW 106/HV 953 U).



In terms of static response, load-displacement curve profiles common to all configurations were found, in which the load increases up to a certain value and, subsequently, decreases until it reaches the load-displacement curve of the respective base plate. This is explained by the initiation of a crack that begins at the edge of the T-element and propagates more or less rapidly into its interior, depending on the failure surface morphology. T-joints with aluminum base plates experienced mixed adhesive/cohesive failure, while those with composite base plates experienced an adhesive failure. Finally, after decreasing, the curves practically overlap those of the base plate material, reaching a new peak load that coincides with the maximum load obtained for the base plate material. Consequently, the first highest peak loads are obtained with the ductile adhesive (AW 106), where the values obtained for T-joints involving Al 6063-T5 base plates are 2.8 times higher than those involving composite base plates.



Regarding fatigue strength, for both base plate materials, it was observed that the ductile adhesive promotes higher fatigue lives due to higher elongation percentages before failure and lower stress concentrations. For example, the fatigue life of aluminum-based T-joints is around 871 and 3 times longer than that of joints using composite base plates and brittle and ductile adhesive, respectively. Finally, damage accumulation can be corroborated by the stiffness loss curves, where three regimes were found to exist. Longer first regimens and less abrupt second regimens promoted longer fatigue lives.
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Figure 1. T-joint geometry and respective dimensions (in mm). 
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Figure 2. Typical roughness profile (R = roughness size; lm = evaluated length). 
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Figure 3. Apparatus and load mode used in static and fatigue testing. 
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Figure 4. Flexural load-displacement curves for (a) T-joints involving base plates in the composite and (b) T-joints involving base plates in aluminum. 
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Figure 5. Typical failure morphologies for T-joints involving: (a) Composite base plates and ductile adhesive; (b) Al 6063-T5 base plates and ductile adhesive; (c) Al 6063-T5 base plates and stiff adhesive. (A = adhesive failure, C = cohesive failure). 
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Figure 6. Roughness profile along the indicated line (lm) for a T-joint involving aluminum base plate and ductile adhesive (R = roughness size; lm = evaluated length). 
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Figure 7. Analysis developed by digital microscopy of a T-joint involving the Al 6063-T5 base plate and the stiff adhesive. 
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Figure 8. SEM-EDS analysis showing: (a) Fracture surface; (b) elemental chemical composition map; (c) distribution of elemental chemical composition between two points. 
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Figure 9. Damage evolution observed for T-joints involving only aluminum and a stiff adhesive. 
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Figure 10. (a) Maximum load versus the number of cycles and maximum displacement versus the number of cycles; (b) fatigue life curves for T-joints involving composite base plates; (c) fatigue life curves for T-joints involving aluminum base plates. 
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Figure 11. E/E0 against the normalized number of cycles N/Nf for T-joints involving: (a) Composite base plate and ductile adhesive; (b) composite base plate and stiff adhesive; (c) Al 6063-T5 base plate and ductile adhesive; (d) Al 6063-T5 base plate and stiff adhesive. 
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Table 1. Chemical composition (wt.%) of aluminum alloy 6063-T5 [32].
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	Si
	Fe
	Cu
	Mn
	Mg
	Cr
	Zn
	Ti
	Al





	0.3–0.6
	0.35
	0.1
	0.1
	0.4–0.85
	0.1
	0.1
	0.1
	>96.9










 





Table 2. Principal mechanical properties of aluminum alloy 6063-T5 [32].
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	Elastic Limit (MPa)
	UTS (MPa)
	Elongation (%)
	Young Modulus (GPa)
	Hardness Brinell





	145
	187
	≈12
	68.9
	60










 





Table 3. Main static properties obtained for the different T-joints studied.
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Base Plate Material

	
Adhesive

	
First Peak

	
Second Peak




	
Load [N]

	
Disp. [mm]

	
Stiffness [N/mm]

	
Load [kN]

	
Disp. [mm]






	
Composite plate

	
-

	
498.7 (±49.8)

	
18.1 (±2.31)

	
43.8 (±5.3)

	
-

	
-




	
Al 6063-T5 plate

	
-

	
1213 (±11.0)

	
15.6 (±0.20)

	
225.7 (±2.0)

	
-

	
-




	
Composite

	
AW 106

	
389.6 (±7.3)

	
5.8 (±0.49)

	
79.5 (±4.5)

	
519.1 (±50.5)

	
17.5 (±0.85)




	
AV 4076-1

	
228.6 (±7.4)

	
3.5 (±0.14)

	
79.4 (±10.4)

	
491.8 (±49.8)

	
18.8 (±0.82)




	
Al 6063-T5

	
AW 106

	
1080.1 (±65.5)

	
3.6 (±0.51)

	
386.3 (±13.2)

	
1204.5 (±32.8)

	
15.8 (±0.20)




	
AV 4076-1

	
626.7 (±25.2)

	
1.9 (±0.13)

	
399.6 (±6.3)

	
1200.9 (±22.3)

	
15.5 (±0.55)








(±SD)—Standard deviation values.
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