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Abstract 

Adhesive joints are being increasingly used as a good solution to assemble primary structures of metallic and 

composite materials. Hence, the analysis of the behaviour of adhesively-bonded assemblies under mixed loadings is 

a critical issue for industry. This article discusses the use of the modified Arcan device to identify the strength of 

adhesively-bonded metal/metal and metal/composite assemblies. Different assemblies have been tested and their 

failure envelopes have been determined. Moreover, analyses have also been made of the influence of some crucial 

parameters on the behaviour of the assemblies in the study such as the composite surface state, the fabric orientation, 

the humidity and the presence of grease. 

Keywords: Adhesively-bonded assemblies, Modified Arcan test, Failure mode, and Failure envelope. 

1. INTRODUCTION

Nowadays, adhesive joints are being increasingly used to assemble primary structures in almost 

all engineering applications, e.g. automotive [1], aerospace, medical prosthetics, alternative 

energy generation, civil engineering [2]and sports devices. This technique provides many 

interesting advantages for industry. These include the joining of dissimilar materials such as 

aluminium, steel, titanium, thermoplastic and thermoset composite with different configurations 

(glass or carbon fibre, ply orientations, textile/laminate/unidirectional, etc.).Conventional 

assembling methods such as riveting or bolting require the drilling of holes which induces stress 
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concentration on the composite plate and can lead to an early failure of the composite [3][4]. 

Adhesive joints provide a more uniform stress distribution with an efficient load transfer [5][6]. 

Hence, adhesively-bonded joints represent a major advance for the use of composite materials in 

various industrial applications.  

 

The design of such bonded multi-material structures requires the determination of (i) the global 

stiffness, and (ii) the failure load along with the associated failure mode. These parameters, which 

mostly depend on the loading, the nature of the substrates, the adhesive, and the interfaces, lead 

to various adhesive or cohesive types of failure (see Figure 1). 

 

Figure 1 : Representation of different failure modes and their locations in adhesively-bonded 

joints. Definition of the high and low stress gradient zones. 

 

Tests on bulk specimens permit the elastic properties of the adhesive to be determined [7][8]. 

Some standard tests (Thick Adherent Shear Test [9] or Single Lap Specimens [10]) or non-

standard tests (such as the Scarf specimen test [11]) can be used to study the failure of 
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adhesively-bonded specimens. However, most of these tests are not suitable for composite 

substrates (TAST or Scarf specimen tests are performed on very thick specimens in order to be 

representative of an industrial composite application). Moreover, due to the high presence of edge 

effects on such types of experiments [12], complex tri-axial stresses are located in the so-called 

“high stress gradient zones” (As shown in Figure 1), which lead to the onset and propagation of 

premature cracks that will pilot the global response of the joint. Since the presence of these high 

stress gradient zones and their influence on the strength of the joint are greatly influenced by the 

local geometry of the joint, the global geometry of the structure, the state of the adherend, the 

type of loading, etc., it turns out to be quite difficult to extrapolate the results obtained on such 

traditional specimens to other configurations. 

 

In order to develop a method that can be applied to a large number of bonded assemblies (for 

example in terms of geometry and loading) and be able to study the adhesion issue (interactions 

between the adhesive, the adherend and the interface) without the influence of external 

parameters such as edge effects, first of all, it is necessary to study the behaviour of bonded joints 

in a well-controlled stress state. This methodology ensures an accurate  characterisation of the 

joint behaviour that only depends on the interactions between the adherends, the adhesive and the 

interface. Eventually, it will be necessary to include the influence of edge effects, the local 

geometry and the stress concentration over the global response in order to characterise the 

behaviour, the strength and the type of failure of the adhesive joint in the final application. This 

paper thus focuses on the first case; however, as discussed in the last section of this manuscript, it 

will be necessary to develop a new methodology in order to take into account the multiaxial 

problem and the influence of external parameters such as the local geometry. 

 



4 

 

The study of the type of failure in a well-controlled stress state was performed by means of the 

modified Arcan device proposed by J.Y. Cognard [13], which has been widely used in diverse 

experimental and numerical studies of the behaviour of adhesives and bonded assemblies 

[15][16][17]. This experimental test is based on the works of Arcan [14].In order to reduce the 

influence of the edge effects (avoiding high stress gradient zones), the substrates were 

manufactured with special “beaks” all around the bonded surface of the substrates of the Arcan 

device [18]. This specific geometry drastically reduces the stress concentrations and permits a 

quasi-uniform stress state to be created (out-of-plane for tensile loadings and in-plane for shear 

loadings) with a maximum value at the centre of the adhesive joint [18]. This specimen type has 

been used to investigate the behaviour of adhesive under different loading configurations (cyclic 

[19], creep [20], load temperatures [21]) and also to study the strength of composites [22]. The 

study of the adhesion between adhesive and composites has been previously attempted. However, 

the results still remain at a very early stage [23]. 

 

The aim of the present paper is to study the behaviour up to failure of adhesively-bonded 

aluminium/composite and aluminium/metal assemblies used in automotive applications under a 

quasi-homogeneous stress state (representative of the low stress gradient zone shown in Figure 

1). Therefore, the stiffness of the adhesive and the mode of failure of such specimens subjected to 

multi-axial loadings have been determined. The paper presents the experimental procedure, the 

analysis of results concerning the strength of the adhesives and the assemblies of the study. The 

effect of different parameters such as humidity, fabric orientation and presence of grease has also 

been also investigated in this study.  
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2. EXPERIMENTAL PROCEDURE

The methodology proposed is based on the modified Arcan fixture to generate mixed 

tensile/shear loadings and compression/shear loadings on the assemblies. The load is generated 

by means of a universal tensile machine with a maximum load of 100kN. The main 

characteristics of the procedure implemented in this study are detailed below. 

2.1. Experimental set-up 

The modified Arcan device consists of two half-moon shaped pieces made of high stiffness steel. 

A bonded specimen is gripped in these two pieces (which are above and below) as shown in 

Figure 2-b. Finally, the Arcan apparatus (the two half-moon shaped pieces and the bonded 

specimen) is placed in a universal tensile machine (see Figure 2-a). The type of loading is chosen 

thanks to the angle between the axis of the tensile machine and the normal plane of the bonding 

surface (angle 𝛾 between the 𝑣-axis and the 𝑧-axis in Figure 2-c). For the needs of the current 

study, four different loading types were tested: 

 Tensile loading when 𝛾 = 0°(see Figure 2-d).

 Pure shear loading when 𝛾 = 90°(see Figure 2-e).

 Proportional tensile/shear loading when 𝛾 = 45°(see Figure 2-f).

 Proportional compression/shear loading when 𝛾 < 135° (see Figure 2-g).
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(b) Orientation angles  

 
(c) Specimen coordinate 

system 

      
(d) “Tensile” load (=0°) (e) Shear load (=90°) 

    

(a) Experimental set-up 
(f) Tensile/shear load (<45°) (g) Compression/shear load 

(<135°) 

Figure 2: Mounting of the modified Arcan fixture and different configurations to generate the various loading types. 

 

As explained in the introduction, this paper focuses on the investigation of the strength of the 

adhesive and of the competition between adhesive and cohesive failure in bonded metal/metal or 

metal/composite specimens. Figure 3 shows the two specimen configurations tested in this study. 

The specimen presented in Figure 3-a was used to study the strength of the adhesive; this 

specimen was composed of two aluminium substrates adhesively bonded. It is obvious that the 

adhesive layer defines the middle plane of the specimen. The thickness of the adhesive layer was 

equal to 0.4𝑚𝑚. This type of specimen will be noted as “the adhesive specimen” in the 
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following. Figure 3-b presents the specimen configuration to study the interaction between the 

adhesive and the cohesive failure of composite/metal and metal/metal assemblies; a thin plate 

(composite or metal) was inserted between the two substrates, creating two adhesive layers of 0.2𝑚𝑚 on each side of the plate. This was decided so as to maintain the total adhesive layer 

thickness at 0.4𝑚𝑚. For this second configuration, the composite or metal plate defines the plane 

of symmetry of the specimen. 

  
(a) (b) 

Figure 3: Specimen used to study the strength of the adhesive (a) (noted as “the adhesive specimen” in the following) 

and specimen used to study the composite/metal and the metal/metal strength (b). 

 

The post-treatment process was accomplished using the Aramis® Digital Image Correlation 

Software version 6.3.1. developed by GOM [24]. The DIC system used here is able to measure 

the relative displacement of the Arcan substrates with a minimum resolution of 1𝜇𝑚. The 

procedure thus required a speckled pattern applied on one side of the substrates. Two10x3mm 

regions defined on the upper and lower substrates were used to measure the displacements (see 

Figure 2-a). These regions were always at a distance of 2-mm from the bonded joint for all the 

specimens tested. This allowed a correct comparison between the results. Note that the relative 

displacement of the two substrates was composed of the normal displacement“ND” (which is the 

displacement along the n⃗  direction) and the tangential displacement “TD” (which is the 

displacement along the t  direction). The load applied to the specimen was recorded thanks to the 

machine load-cell. The ultimate stress was defined as the load applied by the tensile machine 
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before failure divided by the bonded area (𝑆 = 50𝑥9.5𝑚𝑚). This assumption was not entirely 

satisfactory since it did not take into account either the non-linear behaviour of the adhesive up to 

failure or the non-homogeneous 3D stress distribution over the bonded surface [18]. However, it 

was acceptable for this study, since the main objective was the determination of the failure 

envelope and not the study of the damage behaviour after failure. Some authors have determined 

a correction coefficient through elastic numerical simulations in order to estimate the real value 

of the stress on the adhesive joint [19]. A better estimation could be achieved by using inverse 

identification via FEM as proposed in [22]. 

 

Finally, the surfaces of the adhesive layer after fracture were studied by means of a Keyence® 

digital microscope with a maximal zoom of x500. 

 

2.2. Preparation of the Arcan specimens 

The surfaces of the substrates to bond were sandpapered manually with a grain size of 115𝜇𝑚 to 

guarantee a homogeneous roughness. Then, all remaining dust particles were removed by means 

of 99% pure acetone and the surfaces were blow-dried. In the case of aluminium/composite or 

aluminium/metal assemblies, the surfaces of the composite or the metal plates were only cleaned 

up with acetone and blow-dried. The adhesive was then immediately applied over the surfaces to 

bond and the specimens were placed in the thermal chamber. The curing cycle was 25 minutes of 

controlled heating up to 200°C plus 20 minutes of stabilised temperature. This cycle was 

preferred according to the datasheet of the adhesives and the requirements of the automotive 

production chain. 
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The thickness of the adhesive was controlled by means of two"spacers" placed on each side of 

the substrates as shown in Figure 4-a [19]. The substrates were maintained in this position during 

the curing process by two screws screwed with a torque screwdriver set at 2.5 𝑁𝑚. Eventually, 

the spacers were removed from the specimens just before the tests.  

  
(a) (b) 

Figure 4: Bonding system geometry (a).Photo of a real specimen with a composite plate before polymerisation (b). 

 

2.3. Materials 

The Arcan substrates were manufactured using an aluminium alloy (Al2022). Two crash 

optimised single-compound epoxy adhesives were studied: the Sikapower 498 and the 

Betamate1822. A large range of dissimilar composite and metal materials summarised in Table 1 

and Table 2 respectively were used to generate the necessary assemblies. For the sake of 

simplicity, in the following sections, the specimens noted as BM1822 and SP498 correspond to 

“adhesive specimens” bonded with Betamate1822 and Sikapower 498 respectively. A specimen 

noted as BM1822/composite or SP498/composite corresponds to a bonded aluminium/composite 

specimen bonded with Betamate1822 and Sikapower 498 respectively. Similarly, a specimen 

noted BM1822/metal or SP498/metal corresponds to a bonded aluminium/metal specimen. The 

set of assemblies tested is summarised in Table 3. 
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Index Material Morphology Fibre content 

volume 

Density 

 

Glass Transition 

temperature (°C) 

Thickness 

(mm) 

PA66 PA66 HF 

consolidated 

laminate 

5 layers, 8H 

Satin balanced 

50% glass 

fibre 

1.87 

(g/cm
3
) 

69 2.04 

Prepreg Carbon prepreg Twill 2x2 50% carbon 

fibre 

195 

(g/m
2
)* 

115-120 after 

90min 

2 

SMC-

Chopped 

Vinylester SMC 

chopped glass 

Chopped glass 

fibre (25mm) 

50% glass 

fibre 

1.96 

(g/cm
3
) 

145 2.2 

SMC-

fabric 

Vinylester SMC 

fabric glass 

2 layers, Non 

crimp fabric 

50% glass 

fibre 

1.61 

(g/cm
3
) 

145 1.8 

Table 1: Composite materials used in this study. 

 

Index Material Content 

(% ) 

Density Rigidity Tensile 

yield 

strength  

Ultimate 

tensile 

strength  

Thickness 

(mm) 

AL5182 Aluminium 

5182 

Al    95.2 

Mg   4.5 

Mn0.35 

2.65 

g/cm³ 

𝐸 = 70 𝐺𝑃𝑎 𝜗 = 0.33 

140 MPa 400 MPa 2 

Steel22MnB5 Steel 

22MnB5 

C      0.25 

Mn1.4 

Si     0.35 

 7.8 

g/cm³ 

𝐸 = 210  𝐺𝑃𝑎 𝜗 = 0.3 

300 MPa 500 MPa 2 

AL2022 Aluminium 

2022 

(substrate) 

Al93 

Cu5 

Mg  0.5 

2,78 

g/cm³ 

𝐸 = 73 𝐺𝑃𝑎 𝜗 = 0.33 

280 MPa 480 MPa -- 

Table 2: Metal materials used in this study. 

 
Index Substrate 1 Adhesive joint 1  Plate Adhesive joint 2 Substrate 2 

Adhesive assemblies: 

BM1822 AL2022 BM1822 -- -- AL2022 

SP498 AL2022 SP498 -- -- AL2022 

Aluminium/composite assemblies: 

BM1822/PA66 AL2022 BM1822 PA66 BM1822 AL2022 

BM1822/Prepreg AL2022 BM1822 Prepreg BM1822 AL2022 

BM1822/SMC-Chopped AL2022 BM1822 SMC-Chopped BM1822 AL2022 

BM1822/SMC-fabric AL2022 BM1822 SMC-fabric BM1822 AL2022 

SP498/PA66 AL2022 SP498 PA66 SP498 AL2022 

SP498/Prepreg AL2022 SP498 Prepreg SP498 AL2022 

SP498/SMC-Chopped AL2022 SP498 SMC-Chopped SP498 AL2022 

SP498/SMC-fabric AL2022 SP498 SMC-fabric SP498 AL2022 

Aluminium/metal assemblies: 

BM1822/ AL5182 AL2022 BM1822 AL5182 BM1822 AL2022 

BM1822/ Steel22MnB5 AL2022 BM1822 Steel22MnB5 BM1822 AL2022 

SP498/ AL5182 AL2022 SP498 AL5182 SP498 AL2022 

SP498/ Steel22MnB5 AL2022 SP498 Steel22MnB5 SP498 AL2022 

Table 3: Set of tested assemblies. 
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3. EXPERIMENTAL RESULTS 

Monotonic tests were performed under displacement control at a rate of 0.5 mm/min for all the 

assemblies presented in the previous section. The tests were carried out under standard laboratory 

conditions (approximately 40% air humidity and 25𝑜𝐶). In the following sessions, the 

denomination of the failure modes is based on the ASTM D-5573 technical standard  [25]. 

 

3.1. Adhesive specimens 

The first campaign focused on the investigation of the strength of the two adhesives of the study. 

Figure 5 shows the failure envelopes of the BM1822 and the SP498 adhesives under four types of 

loading: tensile (γ = 0°), shear/tensile (γ = 45°), shear (γ = 90°) and compression/shear (γ =135°). Two continuous trend lines have been plotted as a guide in the analysis of the following 

results. The plotted ultimate stress corresponds to the load applied before failure divided by the 

bonded area. Two tests per type of loading were performed and a very low dispersion of the 

ultimate stress was observed between each pair. The type of failure of both adhesives was always 

cohesive as shown in Figure 6. 

.  
Figure 5: Failure envelopes of the BM1822 and the SP498 adhesives . 
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=0° =45° =90° =135° =0° =45° =90° =135° 

        
(a) (b) 

Figure 6: Cohesive failure modes for the BM1822 adhesive (a) and the SP498 adhesive (b). 

 

The load-displacement curves of the adhesives subjected to tensile and shear loadings (=0°, 90°) 

are presented in Figure 7. As can be seen, the behaviour of adhesive specimens is quite 

reproducible since the experimental curves have a low scattering and even overlapping. This 

repeatability is ensured by a rigorous checking of several parameters during the bonding 

procedure and  the use of substrates with “beaks”, as proposed in [18][26]. It is important to say 

that a similar conclusion was also observed for the rest of the assemblies tested in this study. 

Therefore, only two specimens per configuration (orientation and assembly) were necessary to 

validate the experimental results obtained by means of the Arcan device. On the other hand, 

Figure 7 also shows that both adhesives present an “elastic” regime followed by a large non-

linear regime. This reveals a great deformation of both adhesives under shear and tensile 

loadings, which is an important aspect in crash applications. Similarly, both adhesives present a 

different behaviour under tensile and shear loadings, which is due principally to the hydrostatic 

dependence of the adhesives.  
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Tensile loading Shear loading 

(a) 

Tensile loading Shear loading 

(b) 
Figure 7: Load-displacement curves of the BM1822 (a) and SP498 adhesive (b). 

3.2. Strength and failure mode of composite/metal assemblies 

3.2.1. Basic specimen configurations 

In order to determine the failure envelopes of the eight adhesive bonding aluminium/composite 

assemblies presented in Table 3, an experimental campaign was performed under four principal 

loadings: tensile, tensile/shear, shear and compression/shear (see Section2.1). The basic 

automotive bonding procedure was followed (see Section 2.2). 

In the case of SMC Chopped and SMC Fabric assemblies, the fracture was always due to the 

delamination of the composite (see Figure 8-a-b). Hence, the out-of-plane strength of the SMC 
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composites determines the strength of the assembly. It is worth mentioning that BM1822/SMC 

(Chopped or Fabric) specimens present a failure envelope close to and even a little higher than 

the failure envelope of the BM1822 adhesive. Since the thickness was 0.2 mm for the composite 

assemblies and 0.4 mm for the adhesive specimens, this could explain why the composite 

specimens have higher strength compared to the adhesive specimens. In fact, it has already been 

shown that thinner adhesive joints lead to higher adhesive strain rates and  consequently to higher 

failure loads [27][28]. On the contrary, the failure envelopes of SP498/SMC (Chopped or Fabric) 

assemblies are lower than those of the SP498 adhesive. 

Under tensile/shear loadings, shear loadings and compression/shear loadings, the 

BM1822/Prepreg assemblies and SP498/Prepreg assemblies exhibit a thin-layer cohesive failure 

(see Figure 8-c). On the other hand, under tensile loadings, the assemblies present a light-fibre-

tear failure with a large zone of cohesive failure in the case of BM1822/Prepreg assemblies, and a 

complete delamination of the composite for SP498/Prepreg assemblies. This aspect suggests that 

the composite is the weakest link under tensile loadings and its failure load is close to the strength 

of the BM1822 adhesive. 

In the case of BM1822/PA66 and SP498/PA66 assemblies, the failure surface was always 

adhesive. The failure load of the BM1822/PA66 assembly was close to that obtained with 

BM1822 specimens. It suggests that the strength of the adhesive/composite interface is close to 

that of the BM1822 adhesive. On the other hand, the strength of the SP498/PA66 assembly was 

lower than those of the SP498 specimens. The presence of adhesive fractures under any type of 

loadings implies a poor adhesive compatibility between the polyamide 6/6 thermoplastic resin 

(composite) and the epoxy resin (adhesives). This aspect is more obvious for the SP498/PA66 

assemblies because of the significant difference between the failure envelopes. 
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a) Failure envelope 

 
BM1822/SMC-Chopped fracture 

 
SP498/SMC-Chopped fracture 

d) (a) Aluminium/SMC-Chopped assembly 

 
Failure envelope 

 
BM1822/SMC-Fabric fracture 

 
SP498/SMC-Fabric fracture 

(b) Aluminium/SMC-Fabric assembly 

 
Failure envelope 

 
BM1822/Prepreg fracture for 𝛾 = 0° 

 
SP498/Prepreg fracture for 
 𝛾 = 0° 

 
BM1822/Prepreg fracture for 𝛾 = 45° ; 90° 𝑎𝑛𝑑 135° 

 
SP498/Prepreg fracture for 𝛾 = 45° ; 90° 𝑎𝑛𝑑 135° 

(c) Aluminium/Prepreg assembly 

 
Failure envelope 

 
BM1822/PA66 fracture 

 
SP498/PA66 fracture 

(d) Aluminium/PA66 assembly  

Figure 8: Failure envelopes and failure modes of the adhesively-bonded aluminium/composite assemblies tested in 

this study. Assemblies subjected to four types of loading: tensile, shear/tensile, shear and compression/shear. 
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3.2.2. Influence of the fabric orientation over the strength of bonded composite 

assemblies 

In order to determine the influence of the fabric orientation over the strength of adhesively 

bonded metal/composite assemblies, a second campaign was performed. The assemblies analysed 

were the SP498/PA66 and the BM1822/PA66; the orientations of the outer ply were 0°, 45° and 

90°.Figure 9 presents the failure envelopes of the assemblies studied. We notice for both of them 

that the fabric orientation has a minor effect on the overall response of the assembly (very low 

discrepancy).  

  
(a) (b) 

Figure 9: Failure envelopes of BM1822/PA66 specimens (a) and SP498/PA66 specimens (b) for different fabric 

orientations. 
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particular case, the failure load of the assemblies was close to the failure load of the adhesive 

(BM1822). Therefore, at this phase angle, an interaction between the two failure modes takes 

place. It is also obvious that due to the morphology of the composite (8H satin), the behaviour of 

the assembly was orthotropic. It means that the stiffness is different for a 45° orientation as 

compared to a 0° orientation. These aspects could explain the different failure mode obtained for 

BM1822/PA66 assemblies. 
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(a) (b) 

Figure 10: Type of fracture observed in relation to the fabric orientation. Adhesive failure for BM1822/PA66 

assemblies (left) and SP498/PA66 assemblies (right) (a).Cohesive failure for BM1822/PA66 assemblies with a fabric 

orientation of 45° and subjected to tensile/shear loadings (b). 

 

3.2.3. Influence of the surface state of the composite. 

The metal/PA66 assemblies bonded with the basic procedure presented adhesive failures (see 

Figure 8). In order to ensure a cohesive fracture with a higher failure load for composite 

assemblies, the composite surfaces were manually sanded with four progressive levels of sanding 

(see Figure 11-a): 

P1.Virgin state without sanding: The composite surface is only cleaned up with acetone. 

P2. Soft manual sanding: The objective was to homogenise the surface of the composite. The 

sandpaper used had a granulation size of 115𝜇𝑚.  

P3. Intermediate manual sanding: The fibres were exposed and the resin had been removed. The 

sandpaper used had a granulation size of 530𝜇𝑚. Under this configuration, the adhesive would 

stick directly over the fibres. 

P4. Aggressive manual sanding: The outer weaves of the composite were strongly sanded and no 

piece of resin was observed. The sandpaper used had a granulation size of 530𝜇𝑚. 
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The specimens were subjected to shear Arcan loadings. Figure 11-b shows the registered load-

displacement curves of the four surface states for a BM1822/PA66 assembly. All states presented 

similar behaviour. However, P3 and P4 levels exhibited a larger non-linear regime and a higher 

failure load (about 10%). It is worth mentioning that the strength of the P4 state was slightly 

lower than that of the P3. Exposing the fibre of the composite improved the adhesion with the 

adhesive. However, an aggressive sanding could have led to a weakening of the in-plane 

mechanical properties of the composite because the outer fibres were cut and consequently the 

strength of the outer weave was reduced. 

The failure mode was also affected by the surface state of the composite. P1 and P2 levels 

presented adhesive failures, while P3 and P4 presented cohesive failures. This means that the 

ultimate strength of the adhesive was achieved, generating a failure of the assembly by a fracture 

at the adhesive joint. 

A similar campaign of manual sanding was performed on BM1822/Prepreg and SP498/Prepreg 

assemblies. In this case only P1 and P3 levels were applied over the surface of the composite (see 

Figure 11-c-d). The results also showed an improvement of the mechanical properties of the 

assemblies with a higher failure load and a bigger non-linear regimen. This aspect was more 

noticeable for SP498/Prepreg assemblies. Similarly, the failure modes changed from thin-layer 

cohesive fractures to more classic cohesive fractures with an aspect similar to those for “adhesive 

specimens" and with a failure load near the strength of the adhesives (see Figure 5).  It is worth 

noting that assemblies with SMC composites were not tested because the failure in a virgin state 

(P1) always occurred by delamination of the composite plate (see Figure 8-a-b). 
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(a) (b) 

  
(c) (d) 

Figure 11: Influence of manual sanding on the failure load and the failure mode. Different levels of manual sanding 

tested (a). Load-displacement curves of Arcan shear test of BM1822/PA66 assemblies (b), BM1822/Prepreg 

assemblies (c) and SP498/Prepreg assemblies (d). 

 

 

3.2.4. Influence of the humidity. 

It is well known that the mechanical properties of thermoplastic composites and adhesives can be 

greatly affected by the absorption of humidity [29][30]. Indeed, humidity could lead to premature 

failures in bonded thermoplastic assemblies. In order to identify the behaviour of PA66 

assemblies in humid environments representative of the service life of the car, shear Arcan tests 

were performed using BM1822/PA66 specimens conditioned at two different humidity levels: 

two specimens without humidity (RH0) and two others with 70% air humidity (RH70). The 

objective was to determine which element of the assembly (composite, adhesive or interface) was 
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mainly affected by humidity. In order to ensure a virgin state (RH0), the specimens were tested 

just after curing. The two other specimens were conditioned at 70% relative humidity at 60° 

Celsius for fifteen days. This conditioning process was based on the work of Broud in that it 

predicted a complete saturation at 70% humidity of 2-mm thick PA66 composite plates under the 

conditions established [27]. However, it is important to say that this conditioning does not ensure 

70% RH saturation either of the adhesive joint, or the interface. Figure 12 presents the 

experimental results for the two types of specimens described before. It can be observed that the 

presence of humidity leads to an early non-linear threshold at a lower failure load (about -16%) 

compared to the virgin state. It is worth noting that the curves are superposed at the linear part at 

the beginning of the test. For the assemblies with 0% humidity, the fracture was adhesive. On the 

contrary, the assemblies with 70% humidity presented a partial cohesive fracture. This 

phenomenon suggests that the strength of the adhesive is severely affected by the presence of 

humidity and not the composite or the interface.  

  
(a) (b) 

Figure 12: Influence of the humidity over the BM1822/PA66 assemblies  under shear monotonic Arcan test. Load-

displacement response of RH0 and RH70 specimens (a) and Keyence digital microscopic image of the fracture 

surface of the RH70 specimens (b). 
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3.3. Bonded aluminium/metal assemblies 

The use of adhesives to join metals could be an optimal alternative to the classic solutions such as 

bolting, riveting, welding, etc. This technique provides a high strength/lightness performance 

while allowing complex geometry pieces to be joined. This is why this section is consecrated to 

the study of aluminium/metal assemblies. The metal plates were made of aluminium 5182 and 

Steel 22MnB5. In the first case, the metal plates followed a degreasing procedure of the bonded 

surfaces in order to remove all possible pollutants and ensure optimal adhesion. However, 

according to automotive requirements where the materials are exposed to greasy environments, it 

is important to determine the influence of grease on the strength of the bonded assembly. 

Consequently, some metal plates followed a standardised degreasing-greasing process employed 

in the automotive industry. The basic bonding procedure presented in Section 2.2 was not 

respected and the greased metal plates were bonded directly to the substrates of the specimen 

without acetone cleaning. 

Figure 13 shows the comparison between the failure envelopes for greasy and non-greasy 

assemblies. The failure modes are also given. The results show that the SP498/Steel22MnB5 

specimens were strongly affected by the presence of grease on the bonded surface. Indeed, the 

failure load decreased by about 25% when the surface was greased. However, since the failure 

occurred at the substrate/adhesive interface, it cannot be possible to conclude if the 

SP498/22MnB5 assembly was affected, or not, by the presence of grease. The fracture presented 

in this case was approximately 60% cohesive and 40% adhesive. 
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For all the other assemblies, the failure was always cohesive and the strength was close to the 

adhesive strength. It means that these assemblies were independent of the presence of grease, 

ensuring a good adhesion between the adhesive and the metal plate. 
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Figure 13: Failure envelope for adhesively-bonded aluminium/metal assemblies and influence of greasy surfaces . 
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CONCLUSIONS 

The use of adhesively bonded assemblies in automotive applications requires that manufacturers 

prove that failure in every assembly and for every possible type of loading always remains 

cohesive. 

To this end, it is necessary to demonstrate the cohesive nature of the failure (i) in areas with a 

low-gradient of stress and (ii) in areas with high stress concentrations, for example, close to the 

edges. The research presented in this paper concentrated on the first case. The use of the modified 

Arcan device with specimens reducing the edge effects permitted the type of failure of several 

assemblies and for different configurations to be studied. The influence of some parameters on 

the strength of the assemblies has also been analysed. 

The methodology followed in this study enabled the behaviour of adhesively-bonded assemblies 

to be analysed. The advantages of the modified Arcan device in characterising the strength of 

bonded assemblies were also demonstrated. A wide range of different assemblies have been 

evaluated and some of their advantages/disadvantages have been discussed. 

The application of manual sandblasting seems to improve the performance of 

aluminium/composite assemblies. The explanation could be the better adhesion between the 

adhesive and the fibre of the composite. The failure mode could also change. This technique 

could be used to join “incompatible” materials such as thermoplastic composites and epoxy 

adhesives to improve the adhesion between them. 

For adhesively-bonded assemblies it is crucial to analyse not only the optimal state of the 

assembly but also the influence of some crucial parameters that could lead to an early failure of 
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the assembly. The choice of which assembly to use depends on the application and on the user 

requirements. 

The influence of the presence of grease in adhesively-bonded aluminium/metal assemblies 

depends on the nature of the adhesive and metals used. In particular, the use of the same adhesive 

tested to join a particular metal material does not also ensure good adhesion with another metal 

material. 

Thanks to the experimental results presented in this study, a set of bonded assemblies leading to 

cohesive failure has been determined, that is, with good interface strength: BM1822/Prepreg, 

SP498/Prepreg, BM1822/PA66 with manual sandblasting, BM1822/AL5182, SP498/AL5182 and 

BM1822/Steel22MnB5. However, additional lap-shear tests were also performed for these 

assemblies and for some of them the failure was adhesive (BM1822/Steel22MnB5). This aspect 

underlines that the failure can be affected by some other parameters that are inherent to the type 

of test such as the presence of edge effects or the plasticity of the substrates. Therefore, the study 

of bonded assemblies by means of the modified Arcan device with specimens reducing the edge 

effects is not enough to validate cohesive failures under any circumstance. Similarly, the simple 

use of lap-shear tests may not be a good solution either; this is because this type of test is not 

representative of the possible types of loading presented during the service life of the automobile 

(mixed tensile/compression/shear loadings). Therefore, it is necessary to propose a test permitting 

the joint to be subject to a wide range of mixed loadings enabling high gradient stress zones at the 

adhesive/adherend interface to be located. In order to achieve this goal, the use of the modified 

Arcan specimens without “beaks” or the use of scarf joints can be considered to be suitable 

solutions in order to introduce some edge effects localising the stresses at the interface, while 

enabling the adhesive joint to be subjected to multi-axial loadings as proposed in [32]. 
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