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Abstract

:

The effects of the adhesive thickness and overlap of a polyurethane adhesive have been studied by using different substrate configurations. Single lap joint (SLJ) specimens have been tested with homologous substrates, carbon fibre-reinforced plastics and painted metal substrates. Furthermore, a configuration with dissimilar substrates has been included in the experimental campaign. Both types of these adhesive and substrates are used in the automotive industry. The bonding procedure has been carried out without a surface treatment in order to quantify the shear strength and stiffness when surface treatments are not used on the substrates, reproducing typical mass production conditions. Three different ageing cycles have been used to evaluate the effects on SLJ specimens. A finite element model that uses cohesive modelling has been built and optimised to assess the differences between the different adopted SLJ configurations.






Keywords:


single lap joints; polyurethane adhesive; finite element model; cohesive model; ageing cycles












1. Introduction


In recent years, the use of composite materials is also spreading in mass production vehicles, especially in luxury cars where the requests for safety and comfort equipment are increasing drastically. Of course, this contributes negatively to the total weight of the vehicles, and thus, increases fuel consumption and vehicle emission. This tendency is promoting lightweight design even in the mass production of vehicles by replacing many components with reinforced plastics, such as crash absorbers, spoilers, side mouldings and roofs [1,2,3,4,5]. A drawback of the adoption of composite materials is that traditional mechanical fasteners (i.e., bolts, rivets and screws) are not easily adaptable, since holes are detrimental for the mechanical properties of composite materials and the presence of the holes in the composite should be properly designed or integrated to avoid premature failure [6]. For these reasons, adhesive bonding is preferred when composite materials have to be joined [7].



In recent years, the use of polyurethane adhesives as structural adhesives has been widely increased due to their resistance to dynamic load and their capacity to withstand larger deformations [7]. Nowadays, polyurethane adhesive is the most used adhesive, together with acrylics and epoxies, due to the increased resistance of the new proposed formulations [8].



Furthermore, polyurethane adhesives present a larger viscosity before curing that allows to assemble components or specimens with larger clearances, since the adhesive does not pour without proper tool or the application of pressure. Thus, once cured, these adhesives present sealant properties that are needed for materials that can present large clearances, such as thermoplastic composite components [9]. Although they present the aforementioned advantages, many substrate materials need to be pretreated in order to establish strong bonds with the adhesives. Pereira et al. [10] studied the effect of five different surface pretreatments (two different etching with sodium dichromate–sulphuric acid and caustic solution, Tucker’s reagent, abrasive polishing and wiping solvent) on the mechanical properties of SLJ tests. The analysed pretreatments allowed to obtain surface roughness between 18.6 and 5.6 µm. The decrease in the surface roughness led to an increase in the shear strength. The etching with sodium dichromate–sulphuric acid led to a decrease of the surface roughness of 5.6 µm and the highest ultimate shear load (~7800 N). Prolongo et al. [11] studied the effects of mechanical abrasive cleaning, alkaline cleaning and two complex sulfuric acid-based solutions on the ultimate shear strength of SLJ prepared with aluminium alloy. They showed that the etch with sulfuric acid-based solution led to the highest increase in the shear strength. Stammen et al. [12] and Ciardiello et al. [13] proposed a methodology to use plasma treatment to adhesively bond polypropylene-based materials with a polyurethane adhesive. Stammen et al. [12] showed that by using air and pyrosil as gas carriers to plasma-treat the aluminium substrates, the maximum shear strength can be increased by at least 2.5 times than the adhesive joints prepared by simply degreasing the substrate surface. Ciardiello et al. [13] showed that by using nitrogen as a gas carrier, a polyurethane adhesive can be used to adhesively bond polypropylene substrates without pretreatment. Zain et al. [14] showed that a decrease in the contact angle of aluminium substrates can be achieved by using an alkaline etching, dipping in warm water followed by treating with silane solution. The tests carried out on adhesive joints prepared with polyurethane adhesive showed that the shear strength can be increased by at least five times by using the surface treatment compared to joints bonded with untreated specimens. Although surface treatments can increase the mechanical performances of adhesive joints, these treatments cannot be easily adopted for specific applications where the assemblies are made along the production line in mass production due to the time production. In fact, many adhesive producers are studying specific formulations that can be used without pretreatments.



In this work, a polyurethane adhesive is used to prepare adhesive joints made of carbon fibre-reinforced plastic (CFRP) specimens, painted steel specimens and the relative dissimilar joints (CFRP/Steel). An extensive experimental campaign was carried out to assess the mechanical properties of SLJ specimens made with similar and dissimilar substrates considering three different thicknesses and two overlaps. Three different ageing cycles [13,15] used in the automotive industries were adopted to assess the effect of extreme environmental conditions on the adhesive joints. A finite element model (FEM) that uses cohesive zone modelling has been calibrated to find the cohesive parameters based on the obtained experimental results.




2. Materials and Methods


2.1. Materials and Experimental Methodology


Steel and CFRP substrates are both adopted in the automotive industry. A DD11 steel was used in this work as a metal substrate. The substrates were painted with a cataphoresis cycle designed by the automotive industry for this material. The composite substrates were obtained from a laminate that was fabricated with a specific stacking sequence optimised for painting the composite laminates without aesthetic defects. For this reason, the composite laminate is stacked with four layers of prepreg provided by Impregnatex Compositi (Italy) with different tow sizes. The prepregs are balanced twill fabrics that present different areal weights and fibres within a tow. They are laminated with the following sequence: GG630T (12 K, 630 gsm), GG204T (3 K, 204 gsm), DYF15 180P (15 K, 180 gsm) and finally GG204T (3 K, 204 gsm). The mechanical properties of the two substrates are reported in Table 1. The thickness of the steel and CFRP substrates are, respectively, 2.2 mm and 1.3 mm. The substrates present a length of 100 mm and a width of 20 mm. The size of the substrates guarantees no plastic deformation in the substrates during SLJ tests.



The substrates were adhesively bon”ed b’ using a bi-component polyurethane adhesive, Betaforce 2850L by Du Pont (Wilmington, DE, USA). The adhesive properties are also presented in Table 1 and have been assessed by using a Zwick Roell-Z005 (Ulm, Germany) testing machine in displacement control, 2 mm/min. On the other hand, the mechanical properties of the substrates are provided by the datasheet.



The SLJ tests were performed at a speed of 2 mm/min with an Instron (United States) 8801 testing machine. Tabs of different thicknesses were adopted to geometrically avoid the misalignment with the grips of the testing machine. Both similar and dissimilar SLJ were prepared and tested with only metal steel substrates (named here MS) and CFRP substrates (named CS) and their combinations. The SLJ tests were prepared with the following configurations CS-CS, MS-MS, and MS-CS. For each material pair configuration, three adhesive thicknesses were adopted, 1.5 mm (advised by the producer), 3 mm and 4 mm, and two different overlaps, 12 and 24 mm. The adoption of the larger thickness aims to understand the drop of the shear properties when this adhesive is used for larger clearances. At least three replications were carried out for each joint configuration.



SLJ specimens prepared by using a thickness of 1.5 mm and the two overlaps, 12 and 24 mm, for the three adopted configurations, CS-CS, MS-MS and CS-MS, have been aged with three different ageing cycles. These ageing cycles were also used by Ciardiello et al. [13,15] in previous works, and as reported in [16], they are used to study the effects of long exposure to extreme environmental conditions on the mechanical properties of adhesive joints. The following ageing cycles are carried out:




	
Cycle A: Exposure at 90 °C without control of the relative humidity (RH) for 500 h.



	
Cycle B: Exposure at 40 °C with RH set at 98% for 500 h.



	
Cycle C: Exposure at 80 °C without RH for 24 h; exposure at 40°C with RH set at 98% for 24 h; exposure at −40 °C for 24 h.








Aging cycles are carried out by using two different chambers (Votsch VT4020 and Votsch Heraeus HC0020). The aim of the ageing treatment is to assess whether cycles A, B or C can significantly affect the mechanical properties of the adhesive joints. As reported by Belingardi et al. [16], mechanical tests after ageing are always carried out in the automotive industry on adhesive joints since they can modify the mechanical behaviour of the adhesive joints in some cases. In the present work, the ageing cycles have been carried out since the surface of the substrates was not pretreated. Thus, a possible effect of the ageing on the surfaces had to be considered.




2.2. Finite Element Model


The mechanical models of SLJ with two different overlaps, 12 and 24 mm, have been simulated in the configuration with an adhesive thickness of 1.5 mm. The software used for the simulations is LS-Dyna. The numerical activity aimed to assess the mechanical properties of the SLJ and to study the drop of mechanical properties for the SLJ prepared with composite substrates which is illustrated in Section 3.1. The substrates have been modelled as four-nodes Belytshcko-Tsai shell elements. Eight-node solid elements are used to model the adhesive. The integration points of MS and CS substrates through the adhesive thickness are three and four respectively (as the number of layers of the composite laminate). The cohesive formulation of the adhesive solid element uses four integration points that are placed at the midpoint of the element surface. The substrates present a mesh of 2 mm that is refined to 1 mm approaching the overlap area of the SLJ specimens. Figure 1a displays the FEM model of the SLJ specimen. Figure 1b,c display the cohesive material model that has been adopted and the six points that have been used to normalise the force-displacement curve based on the experimental trends that have been observed. Geometrically, one extremity of the SLJ specimen was constrained and a motion law was applied to the other substrate. This motion law is set as an initial ramp followed by a constant value of the speed, as in [17]. The MS substrates are modelled as elastic, while the CS substrates are modelled with an orthotropic model, as in [1]. Due to the intrinsic nature of SLJ specimens, a mixed mode (mode I and mode II) failure is induced. For this reason, a cohesive material model that takes into account both failure modes is chosen, namely *MAT_GENERAL_COHESIVE [18,19]. The main peculiarities of this material model are shear and peel stress and their relative energy release rate that are defined with user-defined points; the shear stress and the energy release rate can be handled as design variables. Six normalised points on the normalised force-displacement experimental curve were chosen to replicate the mechanical behaviour of the adhesive joint: the origin, the load at 20%, the load at 80%, the load at 100%, the load at 50% of the drop after the maximum peak load was reached and the ultimate displacement.



Using a methodology already used by the authors [1] and the main experimental results obtained by Banea et al. [20] and Leal et al. [21] that found that the ratio between the energy release rate in mode II, GIIC, is in the order of four times the energy release rate in mode I, GIC, for these types of adhesives, the following strategy was adopted. The experimental force-displacement curves of the tests carried out on SLJ made with 12 mm overlap were adopted to impose the material behaviour. Together with the ratio between GIC and GIIC, the shear stress S (Figure 1b) and the GIIC were considered to approximate the mechanical behaviour of the adhesive layer. On the other hand, the peel stress T is assumed to be double the maximum shear stress, in agreement with the Tresca criterion.



A surrogate model optimisation has been carried out on SLJ specimens produced with 12 mm overlap. The optimisation procedure can be summarised as reported below:
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Then, the same parameters were adopted to simulate the SLJ prepared with the 24 mm overlap in order to understand whether the mechanical model is able to replicate the experimental behaviour of the 24 mm overlap joints as well by using the same cohesive parameters. The optimisation model works on the experimental and numerical results related to the force (Equation (1)) and absorbed energy (Equation (2)). The optimisation aims to minimise the difference in absorbed energy of SLJ test between the experimental (ENexp) and numerical (ENnum) simulations. Furthermore, a constraint between the maximum experimental (Fmax,exp) and numerical force (Fmax,num) was adopted. Both maximum force and absorbed energy were surrogated using the approximation method of Kriging [22]. The surrogated surfaces were constructed by considering 20 samples that are stochastically disposed in the design domain in addition to the four corners samples. The optimisation is run with the algorithm COBYALA [23]. Table 2 reports the limit domains for the three different adhesive joint configurations MS-MS, CS-CS and MS-CS.





3. Results and Discussions


The results of the mechanical tests are reported in this section. Since different graphs are presented, the following nomenclature will be used in the present work: MS refers to the steel metal substrates, while CS refers to the CFRP substrates. Furthermore, the value of the overlap and thickness is reported in the nomenclature. For example, MS-MS_24_1.5 refers to the adhesive joints prepared with only steel substrate with an overlap length of 24 mm and a thickness of 1.5 mm. The letter A, B or C will be added at the end of the label for the adhesive joints exposed at the ageing cycles A, B or C, as illustrated in Section 2.



3.1. Single Lap Joint Tests


The load-displacement curves obtained by using SLJ tests are reported in Figure 2. In particular, Figure 2a reports the load-displacement curves of configuration that uses metal substrates for the two different overlap lengths and the three different adhesive thicknesses. Figure 2b,c report the curves obtained by using the same sizes of the SLJ (two overlap lengths and three thicknesses), but they are related to the configurations that use only composite substrates and metal-composite substrates respectively. Figure 2a–c show that the highest loads and displacements are obtained by testing SLJ prepared with metal substrates. On the other hand, the lowest loads and displacements are obtained by the tests of SLJ prepared with the composite substrates. Intermediate load values are obtained for the SLJ prepared with dissimilar, metal and composite, substrates for all the considered configurations. In general, Figure 2a–c illustrate that the highest loads are obtained for the configurations that use an adhesive thickness of 1.5 mm, while the SLJ prepared with 3 and 4 mm present very close maximum loads and similar displacements. However, the loads of the SLJ prepared with 3 mm are slightly higher than those prepared with 4 mm thickness.



Figure 3 reports the summary of the shear strengths and stiffnesses obtained by SLJ tests for all the configurations presented in Figure 2. The MS-MS configuration presents the highest strength as shown in Figure 2 for the three adhesive thicknesses. The CS-CS configuration presents the lowest shear strengths while the dissimilar configuration, MS-CS, presents intermediate values of shear strengths for all three adhesive thicknesses. The shear strength values shown in Figure 3a–c show that there is no significant difference between the two adopted overlaps, except for the configuration MS-CS for the SLJ specimens prepared with 3 and 4 mm adhesive thicknesses. However, the error bars show that there is no significant difference. Furthermore, Figure 3a,b reveal a drop in the shear strength by doubling the thickness of the SLJ specimens. The drop in shear strength doubling the adhesive thickness from 1.5 to 3 mm is about 46% for the SLJ prepared with 12 mm overlap. Of course, the 24 mm overlap has a similar trend since the values are quite superimposed. In contrast with this described drop, there is no significant difference between the shear strengths obtained by the SLJ tests prepared with 3 and 4 mm. Only the ultimate displacement is significantly changing between SLJ prepared with 3 and 4 mm adhesive thickness, as illustrated in Figure 1b,c. Although the two substrates present two different Young’s moduli, the drop in the shear strength is not justified by the different stiffnesses of the two specimens. The reason for the drop can be found in the mixed adhesive and cohesive failure modes, which is shown in Section 3.2 at the interface of CS substrates. Da Silva et al. [24] reported a decrease of the maximum shear strength between 17% and 26% percent by increasing the thickness of the adhesive layers for three different epoxy adhesives from 0.2 to 1 mm (five times the initial thickness). On the other hand, the values obtained in the present work for the SLJ specimens prepared with 12 mm overlap report a decrease of about 45% for both MS-MS, CS-CS and MS-CS configurations. Thus, a decrease of 45% is obtained by increasing the adhesive layer thickness from 1.5 to 4 mm (2.7 times the initial thickness). Figure 3 reports the values of the stiffness as well. The stiffness has been computed by using the tendency line in the first linear trend of the load-displacement curve. Figure 3a reports that the joint stiffnesses vary significantly with the three different adopted configurations. This is due to the different stiffnesses of the substrate configuration and adhesive thicknesses, as shown in the graphs presented in Figure 3. Figure 3a–c illustrate that a reduction of stiffness is obtained for the configuration CS-CS and MS-CS compared to the configuration MS-MS for a specific adhesive thickness. The drop in stiffness of the CS-CS and MS-CS configuration compared to the baseline, MS-MS configuration, is reported in Figure 3d. Figure 3d shows that SLJ prepared with 12 and 24 mm overlaps present similar trends for all the SLJ prepared with different adhesive thicknesses. SLJ prepared with 1.5 mm thickness presents a drop close to 50% for the configuration CS-CS and 37% for the configuration MS-CS, which means higher stiffness for the configuration prepared with the dissimilar materials. Figure 3d illustrates a drop of 38% (CS-CS) and 22% (MS-CS) compared to the configuration MS-MS for the SLJ prepared with an adhesive thickness of 3 mm. Finally, a drop of 36% (CS-CS) and 12% (MS-CS) compared to the configuration MS-MS is shown for SLJ prepared with 4 mm thickness. This means that by increasing the adhesive thickness of SLJ, the stiffness decreases significantly as reported, while the drop of stiffness for higher thickness is lower compared to SLJ prepared with an adhesive thickness of 1.5 mm. A combination table of the reported values was built to show the configuration that presents similar results. Table 3 and Table 4 present a summary of the configurations that show similar shear strength and stiffness, respectively. The values were considered similar when both shear strength and stiffness present a value that is at most ±10% from the considered value.




3.2. Fracture Surfaces


Figure 4a–c illustrate the representative failure surfaces obtained for the different configurations, a higher magnification of the CS-CS failure surface and an optical microscope image that shows the adhesive spots that have been depicted on CS specimens, respectively. Figure 4a shows that MS-MS configuration exhibits a fully cohesive failure (the SLJ samples fail through the adhesive) for both adhesive joints prepared with both 12 and 24 mm overlaps. The adhesive joints prepared with composite specimens and with dissimilar substrates macroscopically present a cohesive failure as well. However, a mixed adhesive/cohesive failure mode can be detected in Figure 4b,c by observing the small brighter spots using a microscope. In particular, Figure 4b presents some clearer areas that are zones of the visible surface of the CFRP substrate. As shown in Section 3.1, this led to a lower value of the shear strength. Figure 4c shows also that the adhesive failure spots are not always uniformly spread on the whole surface but are limited to the right part of the substrate in this specific case. However, the inspection of all the substrates involved in the experimental campaign showed that the spots can be present in different parts of the substrates. As a proof of this behaviour, CS-CS_12 mm and CS_CS_24 mm shown in Figure 4a present these spots on the left side and the top part. On the other hand, MS-CS_12 mm and MS-CS_24 mm show that these areas are on the right and top part of the specimens, respectively.




3.3. Numerical Model


In this section, the results of the optimisation process are used to simulate the mechanical behaviour of the adhesive joints. Figure 5a shows the result of the optimisation process obtained on the MS-MS specimens made with 12 mm overlap. Figure 5b displays the three experimental curves obtained for the MS-MS configuration (12 mm overlap) and the good agreement with the numerical curve. Figure 5c shows the experimental curves of SLJ tests carried out on MS-MS configuration that uses an overlap of 24 mm and the relative numerical curve that has been obtained by using the optimised cohesive parameters obtained from the 12 mm overlap configuration. Figure 5c shows that there is a very good agreement with the initial trend and with the maximum force. The model can also detect the change in the slope observed at 1000 N. On the other hand, the ultimate load is slightly underestimated. The table of Figure 5d reports the values obtained in numerical and experimental results for the MS-MS curve made with 24 mm overlap that shows that the absorbed energy is underestimated as well, mainly due to the lower ultimate displacement as well as the slightly lower maximum force that is obtained from the simulation compared to the experimental test.



Figure 6 shows the results obtained on the SLJ configuration made with composite substrates CS-CS. Figure 6a displays a table with the results of the optimisation procedure that has been used to simulate the SLJ made with 12 mm overlap. It is worth noticing that the value of the shear strength for the CS-CS configuration is reduced by 45%, similar to the experimental results. Figure 6b shows the comparison between experimental and numerical curves related to the CS-CS configuration made with 12 mm overlap. A very good agreement is found for the initial trend, the maximum load, slightly higher in the numerical simulation, and the final displacement. The results illustrated in Figure 6c display that a very good agreement is also found for 24 mm overlap configuration. Finally, the table reported in Figure 6d shows that the numerical and experimental results of the absorbed energy and maximum load, are very close to each other, confirming the good agreement of the FEM analysis.



Similar results have been obtained for the configuration MS-CS. The table reported in Figure 7a shows the optimised parameters for the configuration MS-CS. It is worth noting that the value of the shear stress is an intermediate value between the configurations MS-MS and CS-CS, closer to the CS-CS configuration due to the similar obtained failure surface. Figure 7b displays a good agreement between numerical and experimental curves for the configuration made with 12 mm overlap. A good agreement is still presented in Figure 7c for the CS-CS configuration made with 24 mm overlap. The use of the 12 mm overlap parameters led to correct numerical curves both for the initial trend, force and maximum displacements as well as for the SLJ made with 24 mm overlap. The maximum obtained load from numerical simulations and experiments led to a very similar value, while the absorbed energy is slightly lower for the numerical model, as shown in the Table of Figure 7d.



The numerical modelling activity showed that the cohesive parameters that fits well with the SLJ test results for the specific configurations varies significantly among the three different configurations MS-MS, CS-CS and MS-CS. The numerical activity has been used to demonstrate that the mixed adhesive failure obtained with the SLJ specimens made with composite laminates led to a significant drop in the cohesive parameters. The drop of the cohesive parameters has been depicted for the SLJ configurations prepared with the composite materials, CS-CS and MS-CS, which have been compared to the MS-MS configuration since the failure surfaces exhibit a cohesive type. The drop of the parameters S, GIIC, EN and Fmax for the CS-CS configuration compared to MS-MS is, respectively, 45%, 50%, 50% and 45%, similar to the experimental mechanical result. On the other hand, the MS-CS configuration displays a drop of S, GIIC, EN and Fmax of 32%, 34%, 36% and 34%, respectively, compared to MS-MS configuration. Again, these results are very close to the experimental results. The experimental activity together with the numerical simulation proves that the mixed adhesive/cohesive failure led to lower values of the cohesive properties.




3.4. Ageing Cycles


The results of the ageing cycles presented in Section 2.1 are reported in this section. As reported in Section 2.1, the SLJ tests have been carried out for three different ageing cycles on the configuration MS-CS prepared with both 12 and 24 mm overlaps and with a thickness of 1.5 mm, which is the advised datasheet thickness. Figure 8 presents the load-displacement curves of the MS-CS configuration with an overlap of 12 mm before and after the ageing cycle (a), the load-displacement curves for the configuration with an overlap of 24 mm before and after the ageing cycle (b) and the summary of the results with the shear strengths and stiffnesses (c). Figure 8a,b show that the load-displacement curve of SLJ prepared with both 12 and 24 mm overlaps present the same initial trend. For both graphs, the maximum load is slightly higher for the SLJ tests after the ageing A, which is the cycle that conditioned the SLJ at 90 °C. On the other hand, the maximum load illustrates that the SLJ tests after the ageing B led to slightly lower loads while cycle C is not influencing the load-displacement curve. Figure 8c reports the summary of the results related to the ageing cycles. The comparison between the unaged SLJ and SLJ aged with cycle A show that there is a slight increase in the shear strength although it is not significant by looking at the presented error bars. On the other hand, SLJ conditioned with cycle B exhibit a slight decrease in the shear strength. This slight drop was also reported by Ciardiello et al. [13] for the same adhesive and an ageing cycle that presents high relative humidity. The drop is 25% for the SLJ prepared with 12 mm overlap and 15% for the SLJ prepared with 24 mm overlap. Finally, the stiffnesses reported in Figure 8c show that their values do not vary after the ageing cycles.





4. Conclusions


The effects of 12 and 24 mm overlap together with three different adhesive thick-nesses 1.5, 3.0 and 4.0 mm have been studied with regard to different substrate configurations. These configurations are made only with painted steel and composite substrates. Furthermore, a dissimilar configuration with both steel and composite material has been studied. The SLJ specimens have been prepared by not using surface pretreatment in order to assess the mechanical performances of the adhesive joints without the treatment that is usually required when polyurethane adhesive is used. The following main conclusion has been reported and discussed in Section 3:




	
The SLJ showed that the adhesive joints with the composite substrate presented a mixed adhesive/cohesive failure surface that led to a detrimental effect on the mechanical properties of the SLJ. The shear strength presents a drop of 45% and 30%, respectively, for CS-CS and MS-CS configurations compared to MS-MS SLJ.



	
The analysis carried out by FEM modelling showed that the different failure surfaces led to different cohesive parameters. Thus, the drop in shear strength does not depend on the different substrate stiffnesses but is related to the different failure modes. The stiffnesses vary with the adhesive overlap and thickness.



	
Lap shear tests carried out on the aged adhesive joints showed that the adhesive presents a good mechanical response to both the hot cycle (ageing A) and mixed cycle (ageing C). On the other hand, the mechanical properties after the humid cycle (ageing B) are lower. This drop in shear strength is related to a decrease in the mechanical properties of the adhesive itself, since the failure surfaces do not change after ageing.
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Figure 1. (a) SLJ in LS-Dyna environment (12 mm overlap); (b) material model; (c) normalised point chosen for the simulations. 
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Figure 2. Load-displacement curves for the configurations MS-MS (a), CS-CS (b) and MS-CS (c). 
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Figure 3. Shear strengths and stiffnesses for the configurations MS-MS (a), CS-CS (b) and MS-CS (c); decrease of stiffness for the different adhesive configurations (d). 
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Figure 4. (a) Representative failure surfaces of the MS-MS, CS-CS and MS-CS SLJ configurations; (b) higher magnification of the CS-CS substrate; (c) representative adhesive failures of the CS substrate. 
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Figure 5. MS-MS configuration: (a) Optimised parameter of SLJ test with 12 mm overlap; (b) Comparison between experimental and numerical load-displacement curves (12 mm overlap); (c) Comparison between experimental and numerical load-displacement curves (24 mm overlap); (d) Comparison between experimental and numerical parameters (24 mm overlap). 
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Figure 6. CS-CS configuration: (a) Optimised parameter of SLJ test with 12 mm overlap; (b) Comparison between experimental and numerical load-displacement curves (12 mm overlap); (c) Comparison between experimental and numerical load-displacement curves (24 mm overlap); (d) Comparison between experimental and numerical parameters (24 mm overlap). 
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[image: Processes 11 00433 g006]







[image: Processes 11 00433 g007 550] 





Figure 7. MS-CS configuration: (a) Optimised parameter of SLJ test with 12 mm overlap; (b) Comparison between experimental and numerical load-displacement curves (12 mm overlap); (c) Comparison between experimental and numerical load-displacement curves (24 mm overlap); (d) Comparison between experimental and numerical parameters (24 mm overlap). 
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Figure 8. (a) Load-displacement with and without ageing, 12 mm overlap; (b) Load-displacement with and without ageing, 24 mm overlap; (c) Summary of the results. 
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Table 1. Mechanical properties of the specimens.
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	Steel
	CFRP
	Polyurethane Adhesive





	Tensile strength [MPa]
	440
	730
	8.2



	Young’s Modulus [Mpa]
	207 × 103
	60 × 103
	20



	Maximum elongation [%]
	24.0
	1.2
	114
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Table 2. Lower and upper limits for the three different configurations.
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Lower Bound

	
Upper Bound

	
Unit






	
MS-MS




	
S

	
8.0

	
13.0

	
MPa




	
GIIC

	
16.0

	
26.0

	
N/mm




	
CS-CS




	
S

	
5.0

	
11.0

	
MPa




	
GIIC

	
10.0

	
22.0

	
N/mm




	
MS-CS




	
S

	
5.5

	
11.5

	
MPa




	
GIIC

	
10.0

	
22.0

	
N/mm
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Table 3. Configurations that present similar strength.
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12 mm

	
24 mm






	
1.5 mm

	
MS-MS

	
 [image: Processes 11 00433 i001]
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CS-CS

	

	
 [image: Processes 11 00433 i003]




	
MS-CS

	

	




	
3.0 mm

	
MS-MS

	
 [image: Processes 11 00433 i004]

	




	
CS-CS
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MS-CS
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4.0 mm

	
MS-MS

	
 [image: Processes 11 00433 i009]

	
 [image: Processes 11 00433 i010]




	
CS-CS

	
 [image: Processes 11 00433 i011]
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MS-CS

	
 [image: Processes 11 00433 i013]
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The same symbol indicates that the configurations present similar shear strength with 10% of variation included.
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Table 4. Configurations that present similar stiffness.
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12 mm

	
24 mm






	
1.5 mm

	
MS-MS

	
 [image: Processes 11 00433 i015]

	




	
CS-CS

	
 [image: Processes 11 00433 i016]

	
 [image: Processes 11 00433 i017]




	
MS-CS

	

	




	
3.0 mm

	
MS-MS

	
 [image: Processes 11 00433 i018]

	




	
CS-CS

	

	




	
MS-CS
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4.0 mm

	
MS-MS

	
 [image: Processes 11 00433 i021]

	
 [image: Processes 11 00433 i022]




	
CS-CS

	

	
 [image: Processes 11 00433 i023]




	
MS-CS

	
 [image: Processes 11 00433 i024]

	








The same symbol indicates that the configurations present similar stiffness with 10% of variation included.
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