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Abstract 
 
The efficient and economic structures are high in demand in various firms due to the requirement of lightweight, a feasible 
joining of similar/dissimilar materials, safety and high durability. Adhesively bonded multi-material joints are coming into use in 
various structural applications due to the potential utilization of the merits of individual constituents. This research work provides 
the importance of adhesively bonded joints with different material combinations, which in turn were investigated experimentally. 
The present paper involves joining of tin as metal and glass fiber reinforced polymer (GFRP) as composite resulting in 
combinations as GFRP-GFRP, GFRP-Metal, and Metal-Metal Single lap joints (SLJs). The experimental results indicated that 
GFRP-GFRP SLJ exhibited the highest lap joint efficiency, followed by GFRP-Metal and Metal-Metal SLJs. The fracture 
surfaces of SLJs revealed that there was a combination of cohesive and adhesive failures. 
[Copyright information to be updated in production process] 
 
Keywords: Single lap joint (SLJ); Adhesive; Fiber reinforced polymer (FRP) adherend; Metal adherend; 
Mechanical properties; Failure modes. 
 

 
Highlights 
 

 Mechanical properties of the adhesively bonded multi-material single lap joints (SLJs) were evaluated 
experimentally in terms of joint efficiency. 

 The response of toughness in adhesively bonded similar and dissimilar SLJs 
 Various failure modes were observed for adhesively bonded SLJs due to difference in adherend material 

composition  
 
1. Introduction 
 
Since last few years, adhesive joining technology has played a prominent role, because adhesives provide potential 
benefits like excellent mechanical properties, weight saving, structural integrity, low-stress concentration, good 
corrosion resistance and excellent resistance to damping forces towards the various sectors like aerospace, 
automotive, marine and especially in structural applications [1][2][3][4]. With adhesive, joining complex structures 
and truncated shapes is easy and economical. Additionally, adhesives are capable enough to join similar and 
dissimilar materials example, steel-aluminum/composite [5][6]. With respect to traditional joining methods like 
welding, rivets, bolts, and nuts, the adhesive joining method provides many benefits such as reduced weight, 
uniform stress transfer, inexpensive, and easy fabrication [7][8][9]. The greatest challenge includes the joining of the 
dissimilar materials, and some study is required to understand its behaviour in order to ensure proper joint 
efficiency.  
 
Owing to their extensive advantages like high strength to weight ratio, long durability, low density, excellent fatigue 
properties, fibrous polymeric composite materials are widely accepted in various firms [10][11][12]. However, the 
mechanical properties of fibrous polymeric composites are diminished when they are exposed to harsh environments 
[13]. On the other hand, metal does not get degraded when used in different solvents and adverse conditions [4]. 
Hence it becomes advantageous for joining composite and metals to diminish their demerits. Therefore, these types 
of multi-material are increasingly being utilized in the automotive sector and hence are developed at the large scales. 
 

                                                           
 



Additionally, epoxy adhesive offers excellent adhesion, good corrosion resistance, better mechanical properties due 
to its higher cross-linkages and is also widely accepted in wind turbine blade manufacturing process, spar web, 
printed circuit boards, etc. The proper material selection and fabrication process act as essential tools to meet the 
global requirements in the case of structural applications. Therefore, the efficient and durable structures will be 
produced through appropriate design criteria and multi-material combinations. The studies related to joint efficiency 
is being reported by many researchers. Seong et al. reported the failure study on carbon composite/aluminium Single 
lap joint (SLJ) [14]. They revealed that composite/aluminium SLJ exhibits lower strength compared to metal/metal 
SLJ. Rudawska investigated hybrid joint strength by experimenting with aluminium sheet-composites and titanium 
sheet-composites [15]. Their group verified the experimental results with numerical simulation. They obtained 
different joint strength with different adherend materials, and among different SLJs, aluminium/aluminium joints 
turned out to be the best joint.  
 
The present study is focused on describing the importance of adhesive joining technology and how it plays a vital 
role in various sectors. Initially, to study the effect of the multi-material combination on adhesively bonded single 
lap joint efficiency, various adherend used were, tin as metal and glass/epoxy as composite. This leads to a 
combination of adherends like metal-metal, metal-composite, and composite-composite. These multi-materials were 
joined with epoxy adhesive. The mechanical properties which relate to joint efficiencies like lap shear strength, 
shear stiffness, toughness behaviour, and failure modes of these multi-material joints were evaluated. 
  

2. Experimental approach 
 
2.1. Materials 
 
The materials used in adhesively bonded single lap joints (SLJs) and its important properties are mentioned in   
Table 1. 
 
2.1.1 Adherends 
 
In this research work, two different adherends types were used, one is Fiber Reinforced Polymer (FRP) composite 
adherend, which is fabricated by hand lay-up technique, and other is Metallic Tin sheet purchased from the material 
distributor. For fabricating FRP composite, 3 layers of woven E-glass fiber as reinforcement, Bisphenol A 
Diglycidyl ether (epoxy L12) as matrix resin, and triethylenetetramine as hardener was used. The constituent 
material i.e. epoxy and E-glass fiber were maintained as a 1:1 ratio, and the catalyst used was 10 wt% of epoxy 
resin. And the fabricated laminate was kept under a pressure of 10 bar in hot press machine at 60°C for a curing time 
of 20 min. The GE adherends were prepared with the dimensions 100 x 25 x 0.8 mm3 using a diamond cutter. 
Further, to provide better cross-links and to remove any moisture content in the samples, GE adherends were kept in 
the oven for the post-curing process, which was maintained at 140°C for 6 hours [16]. 
 
2.1.2. Adhesive 
 
Bisphenol A Diglycidyl ether (Epoxy L12) was used as the structural adhesive in this research work, which is 
supplied by Atul Industries -India.  
 
 
 
Table 1 Important properties of constituents 

Property 
Material 

Epoxy resin E – Glass fiber Tin sheet 

Tensile strength (MPa) 50-60 3100-3800 220 

Tensile modulus (GPa) 4.4-4.6 76-78 41.6 

Thermal Exp.  
Co-efficient 10-6 m/(mK) 

64-68 5.4 20-23 

Density (g/cm3) 1.16 2.62 7.26 

 
2.2. Single Lap Joint specimen preparation 
 
The FRP and Metal adherends which were prepared for single lap joint (SLJ) had the dimensions of 100 x 25 x 0.8 
mm3 and 100 x 25 x 0.5 mm3, respectively. To provide better alignment during the tensile (Lap shear) test, 



alignment tabs were used. And prior to the joining of adherends, using 80 girt silicon carbide paper, the lap surface 
area of the adherend was polished to remove the glossy nature and to provide surface roughness for the adherends. 
Further, according to the ASTM D2093 standard, the surfaces of the adherends were cleaned with acetone. Fig.1 
shows the dimensions of the adhesively bonded lap joint as per the ASTM D5868 standard. And the adhesive layer 
thickness was maintained as 0.2 mm, which was obtained with the help of shims.  
 

 
Fig. 1. Schematic representation of adhesively bonded Single lap joint 

 

 
2.3. Single Lap Joint test (SLJ) 
 
Determination of the efficiency of the adhesively bonded SLJ is done by the lap shear (Tensile) test, which was 
carried out using the UTM machine Instron 5967 under a constant loading rate of 1mm/min at room temperature. 
The experimental matrix is mentioned in Table 2. The lap shear strength was obtained by the equation (1). 
 

                                        Shear strength (τ) =  = 
∗

 

 
Where, F is the maximum load, A, b and l is the shear/overlap area, overlap width and overlap length, respectively. 
Fig. 2(a) shows the experimental set-up for lap joint efficiency test conducted in Instron 5957 and Fig. 2(b) shows 
the general types of failure modes incurred during the SLJ test.            

 
Fig. 2. (a) Experimental set-up used for lap joint efficiency test using Instron 5967 (b) general types of failure modes 

 
Table 2 Experimental matrix 

Si. No. 
Test condition 

                   SLJ Type 
Temperature (°C) Loading rate (mm/min) 

(1) 



1 25 1 GFRP-GFRP 

2 25 1 GFRP-Metal 

3 25 1 Metal-Metal 

 
 
 
3. Results & Discussions 
 
3.1. Single lap joint efficiency test results 
 
Fig. 3 represents the SLJ efficiency test results of adhesively bonded GFRP-GFRP, GFRP-Metal and Metal-Metal 
SLJs. Shear stress-displacement (τ-δ) curves of the experimented SLJs specimens are shown in (Fig. 3(a)). The 
average maximum load recorded in the lap shear test by GFRP-GFRP, GFRP-Metal and Metal-Metal were             
4280 ± 25 N, 3810 ± 60 N and 2860 ± 38 N, respectively (Fig. 3(c)). From Fig. 3(b) it can be noticed that        
GFRP-Metal SLJ exhibits 6.09 ± 0.10 MPa lap shear strength value. The reason is that, generally, the multi-material 
joints exhibit lower joint efficiency compared to similar material joints due to stiffness variation in adherend 
materials and non-symmetrical stress distribution [17]. In the case of similar material joint, the maximum lap shear 
strength of 6.84 ± 0.08 MPa was obtained for GFRP-GFRP SLJ because both the materials (adherends and adhesive) 
used in adhesively bonded SLJ are polymeric in nature and related material composition [18]. This can be attributed 
to GFRP adherend and epoxy adhesive, which results into maximum load and lap shear strength. In case of       
Metal-Metal SLJ, though this joint has similar adherend materials, and also, metal adherend having highest stiffness 
compared to the GFRP adherend, this Metal-Metal SLJ recorded low joint efficiency 4.57 ± 0.06 MPa because of 
the incompatibility between the metal adherend and adhesive [17], which is shown in (Fig. 3(b)). 
 
The slope of the curve in the elastic region gives the shear stiffness value. The maximum shear stiffness was 
obtained in Metal- Metal SLJ followed by GFRP-GFRP and GFRP-Metal SLJs as 4.48 MPa/mm, 3.50 MPa/mm, 
and 1.77 MPa/mm, respectively (Fig. 3(d)). The variation in shear stiffness of the adhesively bonded SLJs occurs 
since shear stiffness is roughly proportional to the material combination like similar joints, dissimilar joints, 
adherend material properties and geometry of the joint [19].    
 

 
Fig. 3. (a) Shear stress-displacement (τ-δ) curves, the effect of material combination on the lap shear strength (b) failure load (c) shear stiffness 
(d) of multi-material SLJs 

3.2. Toughness behaviour of GFRP-GFRP/Metal-Metal/ Metal-GFRP specimens 



 

 
Fig. 4. (a) Toughness of adhesively bonded SLJs, Area covered by shear stress v/s displacement curve of (b) GFRP-GFRP (c) GFRP-Metal        
           (d) Metal-Metal 
  

Fig. 4 depicts the toughness behaviour of the experimented SLJs. The toughness of the adhesively bonded SLJs was 
evaluated using the area under the shear stress (MPa)–displacement (mm) curve. Fig. 4(b), 4(c) and 4(d) represent 
the shear stress-displacement curve of adhesively bonded GFRP-GFRP, GFRP-Metal and Metal-Metal SLJs, 
respectively. The joining of dissimilar materials results into unequal stress distribution due to the difference in the 
load absorbed by the different material composition of adhesively bonded SLJ during the test. Therefore this may be 
the cause for GFRP-Metal SLJ to exhibit the maximum toughness, followed by GFRP-GFRP and          Metal-Metal 
SLJs shown in Fig. 4(a). 
 
 

3.3 Failure modes of joints 
 
According to the ASTM D5573 standard [20], Fig. 5 shows macrographs of one of the failure modes of the 
adhesively bonded similar and dissimilar adherend SLJs. 
 



 
Fig. 5. Macrographs of one of the failure modes in (a) GFRP-GFRP SLJ (b) GFRP-Metal SLJ (c) Metal-Metal SLJ 

 

Table 3 Obtained failure modes of various adhesively bonded SLJs  

Si. No SLJ Type Specimen Number Failure Mode 

1 GFRP-GFRP 

1 Cohesive 

2 Cohesive 
3 Cohesive 

4 Cohesive 

5 Cohesive 

2 GFRP-Metal 

1 Cohesive 

2 Cohesive 

3 Thin layer cohesive 

4 Cohesive 
5 Thin layer cohesive 

3 Metal-Metal 

1 Adhesive 

2 Adhesive 
3 Adhesive 

4 Adhesive 

5 Thin layer cohesive 

 
Table 3 reveals the experimentally observed failure modes in adhesively bonded SLJs. When the adhesively bonded 
SLJ is subjected to shear loading, the failure occurred in SLJ and revealed various failure modes that rely on 
material combinations, geometry, etc. In GFRP-GFRP SLJ, prominent failure mode is cohesive, which is the 
separation within the adhesive. In GFRP-Metal SLJ, cohesive and thin layer cohesive failure modes were observed. 
Thin layer cohesive failure is the similar type of cohesive failure, and this failure is very close to the adhesive-
substrate interface. In the case of Metal-Metal SLJ, the prominent failure mode was adhesive failure and followed by 
thin layer cohesive failure. 
 
4. Conclusions 
 
This study presents an experimental investigation about the mechanical characterization on adhesively bonded 
multi-material single lap joints under room temperature at 1mm/min loading rate. Major conclusions are as follows;  
 Adhesively bonded single lap joints of dissimilar adherends were compared with similar adherends for various 

mechanical characterizations. 
 The GFRP – GFRP SLJ exhibited the highest lap shear strength. 
 The maximum load underwent by the GFRP – GFRP SLJ was the highest due to related material composition.  
 Dissimilar adherends, i.e., GFRP – Metal SLJ recorded moderate lap shear strength and load absorbed, and the 

toughness was the highest for GFRP – Metal SLJ.  



 The failure modes of different SLJs were visually evaluated. Among different SLJs, GFRP-GFRP, GFRP-Metal 
failed almost cohesively while Metal-Metal failed adhesively.  

 
Acknowledgement 
 
The authors are heartfelt to acknowledge the National Institute of Technology Rourkela, India, Science and 
Engineering Research Board (ECR/2018/001241) and Council of Scientific and Industrial Research New Delhi 
(22(0735)/17/EMR-II) for providing funding and necessary research facilities for conducting this research work. 
Also, Mr. Rajesh Patnaik is highly appreciated for technical support during the research work. 
 
References 
 

[1] K. Maloney, N. Fleck, Toughening strategies in adhesive joints, Int. J. Solids Struct. 158 (2019) 66–75. 
https://doi.org/10.1016/j.ijsolstr.2018.08.028. 

[2] C.W. Feng, C.W. Keong, Y.P. Hsueh, Y.Y. Wang, H.J. Sue, Modeling of long-term creep behavior of 
structural epoxy adhesives, Int. J. Adhes. Adhes. 25 (2005) 427–436. 
https://doi.org/10.1016/j.ijadhadh.2004.11.009. 

[3] C. Alia, J.M. Arenas, J.C. Suárez, P. Pinilla, Mechanical behavior of polyurethane adhesive joints used in 
laminated materials for marine structures, Ocean Eng. 113 (2016) 64–74. 
https://doi.org/10.1016/j.oceaneng.2015.12.044. 

[4] M.D. Banea, M. Rosioara, R.J.C. Carbas, L.F.M. da Silva, Multi-material adhesive joints for automotive 
industry, Compos. Part B Eng. 151 (2018) 71–77. https://doi.org/10.1016/j.compositesb.2018.06.009. 

[5] A. Kinloch, Adhesion and adhesives: science and technology, 2012.  
[6] A.L. Loureiro, L.F.M. Da Silva, C. Sato, M.A.V. Figueiredo, Comparison of the mechanical behaviour 

between stiff and flexible adhesive joints for the automotive industry, J. Adhes. 86 (2010) 765–787. 
https://doi.org/10.1080/00218464.2010.482440. 

[7] P. Silva, T. Valente, M. Azenha, J. Sena-Cruz, J. Barros, Viscoelastic response of an epoxy adhesive for 
construction since its early ages: Experiments and modelling, Compos. Part B Eng. 116 (2017) 266–277. 
https://doi.org/10.1016/j.compositesb.2016.10.047. 

[8] D. Ungureanu, N. Țăranu, V. Lupășteanu, D.N. Isopescu, G. Oprișan, P. Mihai, Experimental and 
numerical investigation of adhesively bonded single lap and thick adherents joints between pultruded 
GFRP composite profiles, Compos. Part B Eng. 146 (2018) 49–59. 
https://doi.org/10.1016/j.compositesb.2018.03.041. 

[9] M.D. Banea, L.F.M. Da Silva, Adhesively bonded joints in composite materials: An overview, Proc. Inst. 
Mech. Eng. Part L J. Mater. Des. Appl. 223 (2009) 1–18. https://doi.org/10.1243/14644207JMDA219. 

[10] C.E. Bakis, L.C. Bank, V.L. Brown, E. Cosenza, J.F. Davalos, J.J. Lesko, A. Machida, S.H. Rizkalla, T.C. 
Triantafillou, Fiber-reinforced polymer composites for construction - State-of-the-art review, J. Compos. 
Constr. 6 (2002) 73–87. https://doi.org/10.1061/(ASCE)1090-0268(2002)6:2(73). 

[11] C. Kuttner, A. Hanisch, H. Schmalz, M. Eder, H. Schlaad, I. Burgert, A. Fery, Influence of the polymeric 
interphase design on the interfacial properties of (fiber-reinforced) composites, ACS Appl. Mater. 
Interfaces. 5 (2013) 2469–2478. https://doi.org/10.1021/am302694h. 

[12] L.C. Hollaway, A review of the present and future utilisation of FRP composites in the civil infrastructure 
with reference to their important in-service properties, Constr. Build. Mater. 24 (2010) 2419–2445. 
https://doi.org/10.1016/j.conbuildmat.2010.04.062. 

[13] B.C. Ray, D. Rathore, Durability and integrity studies of environmentally conditioned interfaces in fibrous 
polymeric composites: Critical concepts and comments, Adv. Colloid Interface Sci. 209 (2014) 68–83. 
https://doi.org/10.1016/j.cis.2013.12.014. 

[14] M.S. Seong, T.H. Kim, K.H. Nguyen, J.H. Kweon, J.H. Choi, A parametric study on the failure of bonded 
single-lap joints of carbon composite and aluminum, Compos. Struct. 86 (2008) 135–145. 
https://doi.org/10.1016/j.compstruct.2008.03.026. 

[15] A. Rudawska, Adhesive joint strength of hybrid assemblies: Titanium sheet-composites and aluminium 
sheet-compositesExperimental and numerical verification, Int. J. Adhes. Adhes. 30 (2010) 574–582. 
https://doi.org/10.1016/j.ijadhadh.2010.05.006. 

[16] D.S. Kumar, M.J. Shukla, K.K. Mahato, D.K. Rathore, R.K. Prusty, B.C. Ray, Effect of post-curing on 
thermal and mechanical behavior of GFRP composites, IOP Conf. Ser. Mater. Sci. Eng. 75 (2015). 
https://doi.org/10.1088/1757-899X/75/1/012012. 

[17] M.D. Banea, L.F.M. da Silva, R. Carbas, R.D.S.G. Campilho, Effect of material on the mechanical 
behaviour of adhesive joints for the automotive industry, J. Adhes. Sci. Technol. 31 (2017) 663–676. 
https://doi.org/10.1080/01694243.2016.1229842. 



[18] J.M. Sousa, J.R. Correia, J.P. Firmo, S. Cabral-Fonseca, J. Gonilha, Effects of thermal cycles on 
adhesively bonded joints between pultruded GFRP adherends, Compos. Struct. 202 (2018) 518–529. 
https://doi.org/10.1016/j.compstruct.2018.02.081. 

[19] T.A.B. Fernandes, R.D.S.G. Campilho, M.D. Banea, L.F.M. Da Silva, Adhesive selection for single lap 
bonded joints: Experimentation and advanced techniques for strength prediction, J. Adhes. 91 (2015) 841–
862. https://doi.org/10.1080/00218464.2014.994703. 

[20] Standard Practice for Classifying Failure Mode in Fiber-Reinforced-Plastic (FRP), ASTM B. Stand. 99 
(2005) 1–18. https://doi.org/10.1520/D5573-99R12.2. 
 

 


