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Abstract: 
 

Composite materials are a key element in weight reduction strategies, so the analysis of the 
mechanical behavior of assemblies of composite modules is of great importance. Failure initiation in 
bonded assemblies involving composites is often associated with crack initiation in the adhesive or 
delamination of the composite plies close to the adhesive joint, caused by interlaminar or through-
thickness stresses. Thus, the analysis of the behavior of composites and their assemblies under out-
of-plane loadings is necessary in order to optimize such structures. However, few experimental 
devices are proposed in the literature and they often require thick composite specimens which are not 
representative of most industrial applications. This paper describes the use of a modified Arcan test to 
determine the behavior of composites and hybrid bonded assemblies over a wide range of tensile–
shear out-of-plane loadings. The key advantages of this fixture are the testing of thin composite plates 
and the use of an adhesive to fix samples. Moreover, an optimization of the design of the proposed 
device, based on finite element simulations, significantly limits the influence of edge effects in order to 
obtain accurate experimental results. Some test results are presented which underline the potential of 
the proposed approach. 
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1 Introduction 
 
 
Limitation of the weight of structures in all areas of transportation is essential in order 

to reduce energy consumption. However, safety constraints have to be respected, 

especially for high performance applications. Composite materials are a key element 

in weight reduction strategies, therefore assemblies of composite modules and 

connections between composite and metallic structures are of great importance. The 

use of riveted or bolted joints can reduce the strength of composite structures due to 

stress concentrations and the introduction of damage near holes. Thus, for such 

assemblies, the use of adhesive bonding has developed considerably in recent 

years. Moreover, these joining techniques avoid costly machining of holes in 

composite structures. Few standard tests are available to characterize composite 

assemblies. As a result, the lack of appropriate tests may be considered to be one of 

the factors currently limiting adhesive bonding for structural applications [1, 2]. The 

optimization of such assemblies requires a good knowledge of the mechanical 

behavior of the adhesive in an assembly and of the composite under out-ofplane 

loadings and the development of reliable numerical tools. Moreover, such hybrid 

bonded assemblies, in particular with composites, are often characterized by large 

edge effects, or stress concentrations close to the free edges of the adhesive, which 

reduce the transmitted load of the bonded assembly. These edge effects can lead to 

local damage in the adhesive or in the composite and can thus lead to an incorrect 

analysis of the mechanical behavior of tests. The experimental and numerical 

analyses of the mechanical behavior of bonded assemblies are particularly difficult, 

but the numerical analysis of the stress distribution in hybrid adhesively- 
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bonded assemblies (in the adhesive and in the composite) can lead to improvements in the 
transmitted load. Moreover, these analyses can assist in the design of experimental fixtures 
which limit the edge effects, in order to obtain more reliable data. 
Failure in bonded assemblies involving composites is often associated with crack initiation in the 
adhesive or delamination of the composite plies close to the adhesive joint caused by 
interlaminar or through-thickness stresses [2-4]. Unfortunately, few experimental devices are 
proposed in the literature to characterize the mechanical behavior of composites under out-of-
plane loadings; and those which are available often use thick composite specimens, not 
representative of the application, or require special geometries [5-8]. Through thickness testing 
for compression-tensile loadings generally require parallelepiped or waisted specimens [5, 6, 9]. 
Ring or curved beam specimens are also available but their analysis is more difficult, and failure 
may result from a combination of interlaminar tensile and shear stresses [5, 10]. An apparent 
interlaminar shear strength is often obtained using short beam shear tests, but this is very 
controversial as indentation effects below the loading point can affect the stress field [11, 12]. 
Alternatives are V-notched beam (Iosipescu test), double-notched shear, and torsion specimens 
[6, 9]. Biaxial loadings can be applied using an Arcan type device with butterfly-shaped 
specimens [13, 14]. Moreover, for such thick composite specimens, the geometry of the 
specimen, the fixing system, and damage generated by machining can result in stress 
concentrations and subsequent large uncertainties (or scatter) in the experimental results. Ideally, 
to obtain experimental results representative of industrial applications, there is a need on one 
hand to use composite plates with quite low thicknesses [15], which are easy to manufacture, and 
on the other hand to apply a large range of tensile-shear loadings. In order to address those 
conditions, a modified Arcan type device, using adhesive as the fixing system is proposed here, 
to analyze the mechanical behavior of both bonded assemblies including composites and the 
behavior of the composites themselves under out-of-plane loadings. Different numerical studies 
have been developed in order to analyze and optimize the design of such a system (geometry of 
the composite plate, geometry of the substrates, fixing system, etc). In order to obtain reliable 
experimental results, it is essential to limit the influence of edge effects. Some test results are 
presented which underline the potential of the proposed approach. 
 

2 Experimental analysis of hybrid bonded assemblies with 
composites 
 
In this section, some numerical results of the behavior of the classical single lap shear test with 
composite substrates and of the Iosipescu test with composite specimens are presented briefly, in 
order to underline the difficulties encountered in experimental analysis of the mechanical 
behavior of hybrid bonded assemblies with composites. 
 
2.1 2D simplified material models 
An accurate analysis of the mechanical behavior of bonded assemblies, i.e. the analysis of the 
stress distribution through the thickness of the adhesive joint and through the composite 
thickness, requires refined meshes, especially for structures with edge effects. Here, for the 
adhesive and the composite, in the most highly stressed zones, 20 linear elements were used for a 
thickness of 0.1 mm.  
For the 2D plane stress studies presented, unidirectional carbon-epoxy composites (300g/m²T700 
fibre layers  in an epoxy resin, fibers in direction x) are used, as they allow the use of orthotropic 
models (Ex = 110 GPa, Ey = 6.5 GPa, Gxy = 6.5 GPa, νc = 0.32). The elastic limit, is defined 
with Rc (interlaminar tensile strength), Sc (interlaminar shear strength) and Tc (in-plane tensile 
strength), and it is chosen such that at the elastic limit [16]:  

1
TSR 2c

2
xx

2c

2
xy

2c

2
yy =++ σσσ

  or  [ ] 12
c_eq =σ     (1) 
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with Rc = 20  MPa, Sc = 52 MPa and Tc = 1600 MPa. This expression provides the definition of an 
equivalent stress σeq_c for the composite. 
The behavior of the adhesive (epoxy resin Huntsman Araldite® 420 A/B) is assumed to be 
isotropic (Ea = 2.0 GPa, νa = 0.3) and the elastic limit was identified for 2D tensile-shear 
loadings [9, 10], and proposed in the following form [17]: 

1
SR 2a

2
xy

2a

2
yy =+

σσ
    or  [ ] 12

a_eq =σ     (2) 

with Ra = 40 MPa and Sa = 25 MPa. 
Fig. 1 presents the so-called elastic domains for the adhesive and the composite in the tensile 
stress – shear stress diagram. 
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Fig. 1. Presentation of the so-called elastic domains for the adhesive and the composite in the 
tensile stress – shear stress diagram. 

 
2.2 Properties of single lap shear specimens with composite substrates 
Two geometries of the free edges of the adhesive are modelled in order to emphasize the 
influence of this geometrical parameter (straight edges and cleaned edges, Fig. 2; the cleaned 
edge geometry is examined as it corresponds to the adhesive edge shape obtained when excess 
adhesive was removed from the specimens in the tests described below). Other geometries can 
be used to limit the edge effects [1, 18], but the two geometries examined here are associated 
with constant thickness of the adhesive joint (a modification of the adhesive thickness can 
change the mechanical behavior of the joint). Another important parameter is the overlap length, 
which influences the stress distribution in the adhesive. With the assumptions proposed above, 
the problem to be solved is linear; thus the stress state in the adhesive can be normalized. All 
stresses are simply divided by the average stress in the adhesive, so variations (from a value of 1 
MPa) can be more easily detected.  

 

  
Straight edges of the adhesive joint Cleaned edges of the adhesive joint 

Fig. 2. Geometry of the single lap-shear specimen. 
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Fig. 3. Normalized stress distribution in the adhesive and the composite substrate with straight 
edges of the adhesive (ρ = ∞). 

 
Computations were made in 2D (plane stress) on half of the specimen by applying adequate 
boundary conditions. Results are presented for an adhesive thickness of h2 = 0.4 mm, an overlap 
length of l2 = 20 mm, a length of the substrates of l1 = 80 mm and a substrate thickness of h1 = 6 
mm. Fig. 3 presents the stress distribution in the adhesive and in a part of the composite 
substrate. The parameter h3 (defined in Fig. 2) is taken as h2 here in order to examine the stress 
gradient close to the interface adhesive-composite. Results are presented for different lines with 
respect to the position y in the adhesive (y = 0 is the mid-plane of the adhesive and y = h2/2 
corresponds to a line close to the adhesive-substrate interface) and for different lines with respect 
to the position y in the composite (y = 0 corresponds to a line close to the adhesive-substrate 
interface and y = h3 is a line inside the substrate). It is important to note that, for the adhesive, 
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the edge effects are mainly associated with a strong evolution of the normal stress close to the 
free edges of the adhesive near the adhesive-substrate interface; this result can be explained by 
the boundary conditions. For the composite substrate, there are also large edge effects close to 
the substrate-adhesive interface; moreover for the substrate the stress component σxx is not equal 
to zero close to point D (Fig. 2) associated with the loading of the specimen, but this stress 
component has only a small influence on the equivalent stress as it acts in the fiber direction. 
Fig. 4a presents the value of the equivalent stress distribution in the adhesive joint, defined by 
equation (1) and in the composite substrate, defined by equation (2); the value of the equivalent 
stress in the middle of the adhesive has been normalized to 1 as noted above. Large edge effects, 
which can be noted close to point D (Fig. 2), can lead to crack initiation in the adhesive [20] and 
to delamination of the composite plies close to the adhesive joint [18] for a quite low transmitted 
load. Fig. 4(b) underlines that the use of so-called “cleaned edges” of the free edges of the 
adhesive, can reduce the influence of edge effects; the cleaned edges are defined by the 
following relationship: ρ = 1.5 x h2 (Fig. 2).  
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(b) Cleaned edges of the adhesive (ρ = 1.5 * h2) 
Fig. 4. Normalized equivalent stress distribution in the adhesive and the composite substrate for 
different values of geometrical parameters. 
 
With such single lap shear specimens the substrate thickness and the overlap length allow a little 
modification of the effect of edge effects, but it is very difficult to limit the influence of edge 
effects significantly [20]. Nevertheless, many studies have been performed to try to reduce these 
stress concentrations, examining effects such as spew and chamfer size [21], the influence of 
slots [22]. In order to limit the edge effects it seems necessary to modify the geometry of the 
substrate close to free edges of the adhesive [19]. 

0

2

4

6

8

10

12

-15 -10 -5 0 5 10 15

i: y=0

j: y=h2/4

k: y=h2/2

(i)

(j)

(k)

0

2

4

6

8

10

12

-15 -5 5 15

i: y=0

j: y=h3/2

k: y=h3

(i)

(j)

(k)

0

2

4

6

8

10

12

-15 -5 5 15

i: y=0

j: y=h2/4

k: y=h2/2

(i)

(j)

(k)

0

2

4

6

8

10

12

-15 -5 5 15

i: y=0

j: y=h3/2

k: y=h3

(j)

(i)

(k)



 

- 6 - 

For single lap-shear specimens it is not easy to analyze the mechanical behavior of hybrid 
bonded-assemblies as degradation starts close to the most stressed point (point D, Fig. 2), for 
quite a low load, due to the large influence of edge effects (stress concentrations) [23]. Moreover 
the manufacturing process of single lap-shear specimens can lead to variations of the local 
geometry close to the most stressed areas (point D, Fig. 2) which can also have an influence on 
the mechanical response of the specimen (crack initiations). The crack can propagate either in 
the adhesive or in the composite. The numerical analysis of such problems requires the use of 
accurate non-linear models, for the adhesive and composite, with reliable failure criteria and 
reliable interlaminar strength data. 
 
2.3 Properties of Iosipescu type tests with composite specimens 
The Iosipescu type device is a standardized experimental test (ASTM D5379) used to study the 
mechanical behavior of materials under shear loadings (shear strength, shear modulus, and 
strain-to-failure), both metallic materials and composites. This device uses parallelepiped 
specimens with two symmetrical V-shaped notches (Fig. 5(a)). Different geometries of the 
specimens exist and different devices have been developed to apply the loading. Numerical 
results are presented here for the case of unidirectional carbon-epoxy composites (fibers in 
direction x), using the material parameters presented in section 2.1. The geometrical parameters 
are as shown in Fig. 5(a) and are such that: l1 = 32 mm; l2 = 40 mm; l3 = 12 mm; l4 = 20 mm; α 
= 90°; ρ = 1.3 mm. 2D stress plane computations have been made using prescribed 
displacements in the x axis on different thick lines presented in Fig. 5(a); these displacements 
represent the fixing of the specimen and the mechanical loading. As the simulation is performed 
assuming elastic behavior, the stress can be normalized. Numerical results are presented only in 
the central part of the specimen (Fig. 5(a)).  
Fig. 5(b) presents the shear stress distribution in the middle part of the specimen. Here, the shear 
stress is maximal in the centre and quite low close to the notches; with an intermediate level of 
shear stress near points U and V, which are close to the ends of the circles which define the 
notches. Fig. 5(d) presents the normalized equivalent stress distribution in the central part of the 
specimen. It can be noted that the equivalent stress is maximal close to points U and V; in fact, in 
these two zones close to the notches, the stress component yy has a great influence on the 
equivalent stress (Fig. 5(c)). The value of the equivalent stress close to points U and V (notch 
roots) depends on the material properties and on the geometrical parameters of the specimen. 
Some previous numerical studies have also underlined this phenomenon [24-27]. Fig. 5e-f 
present the evolution of the shear and normal components of stresses along the line [O x]; these 
results underline that although a shear stress state is obtained in the mid plane of the specimen, 
the most highly stressed region is not within this zone. An optimization of the geometrical 
parameters (notch-opening [28], circular notches [29], two extra notches [30], …) can reduce the 
stress level close to these two zones. However, those results indicated that cracks can then appear 
outside the notched section. Different experimental studies have shown the influence of the type 
of composite on the failure of Iosipescu specimens [6, 24, 30-33]. Moreover, the machining of 
composite specimens can generate defects and thus increase the influence of edge effects [34]. 
The same type of specimens (so-called butterfly-shaped specimens) can be used for tensile shear 
loadings using an Arcan type device [1, 14], and some of the experimental results presented in 
the literature show that failure occurs in a similar way to that seen in the Iosipescu test. Some 
numerical analyses have also shown that stress concentrations exist near notch roots [29, 35]. 
Both those tests, Iosipescu and Arcan with butterfly-shaped specimens, require the use of thick 
composites whose machining is quite complex, and can cause stress concentrations. As a result 
those tests can lead to large scatter in the experimental results.  
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Fig. 5. Presentation of the Iosipescu type test and numerical results. 
 
 

3 Analysis of the behavior of hybrid bonded assemblies under 
out-of-plane tensile-shear loadings 
This section presents a modified Arcan type device, using an adhesive as the fixing system in 
order to analyze the mechanical behavior of both bonded assemblies including composites and 
the behavior of the composites themselves under out-of-plane loadings. The proposed device 
uses thin composite plates which can be representative of industrial applications. Moreover the 
design of this fixture allows the influence of edge effects to be reduced, in order to obtain more 
reliable experimental results. 
 
3.1 Analysis of the behavior of bonded joints with an Arcan type test 
In a previous study a modified Arcan fixture (Fig. 6), which allows compression or tension to be 
combined with shear loads, was designed in order to define an experimental methodology 
enabling the adhesives of interest to be characterized up to failure [36]. It has been shown 
numerically that the use of a beak close to the adhesive joint makes it possible to reduce the 
contribution of the singularities due to edge effects, and that the geometry of the joint close to 
the edge is an important parameter. The joint geometry with “cleaned edges” is obtained when 
excess adhesive is removed by wiping manually before curing. This operation may introduce 
some variability but it is important to note that the real geometry of the adhesive free edges has 
only a small influence on the stress concentration. This experimental fixture allows the non-
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linear behavior of an adhesive joint to be analyzed for radial tensile-shear loadings [37] and thus 
precise numerical models to describe the behavior of an adhesive in an assembly can be 
developed [17]. 
 

 

 
1 - support of the Arcan fixture 

2 - bonded specimen 
3 - clamping system 

4 - support of the clamping system 
(a) Modified Arcan fixture (shear loading) (b) Mounting of the specimen 

        
(c) Geometry of the substrates (d) Geometry of the bonded assembly 

Fig. 6. Arcan fixture and geometry of the substrates with beaks 
 
 
 
3.2 Analysis of hybrid bonded assemblies with composites 
 
3.2.1 Presentation of the experimental device 
The first tests performed using hybrid bonded assemblies (steel, aluminum and composites) have shown a 
similar behavior to that of the adhesive, using the proposed procedure [37]. Different studies have shown 
that large stress singularities, associated with edge effects, can exist for bi-material structures. For bonded 
assemblies involving composites those effects can limit the transmitted load considerably. The adhesive-
composite interface influences the assembly strength, and makes it difficult to analyze the behavior of 
composites under out-of-plane loadings [37]. The fixture proposed for analyzing the behavior of hybrid 
bonded assemblies with composites is presented in Fig. 7. A composite plate is bonded between the two 
metallic substrates. The area of the bonded section is 65 mm x 10 mm and a special alignment fixture is 
used in order to obtain a good quality of the geometry of the bonded specimen (Fig. 7(a)). Fig. 7(b) 
defines the main parameters of the proposed hybrid bonded assembly. For the different tests, presented 
in the following, aluminum substrates were used; and for the different computations the elastic 
parameters used for aluminum are: Young modulus, Es = 75 GPa, Poisson's ratio, νs = 0.3). 
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(a) Bonding fixture for mixed assemblies 

  
(b) Geometry of bonded metal/composite assemblies (c) Tensile-shear loading 

Fig. 7. Experimental fixture with hybrid bonded assembly. 
 
3.2.2 Optimization of the experimental device 
The experimental procedure based on the modified Arcan device can be used to analyze the 
behavior of a metal-adhesive-composite-adhesive-metal assembly.  
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(b) h = 0.2 mm and H = 1 mm 
Fig. 8. Normalized equivalent stress distribution in the adhesive and the composite under 

tension-shear loadings, γ = 45°  
(substrates without beaks, d = 0 and D = 0, h = 0.2 mm, cleaned edges ρ = 1.5 * h). 

0.0

0.5

1.0

1.5

2.0

2.5

-40 -20 0 20 40

minimum

maximum

0.0

0.5

1.0

1.5

2.0

2.5

-40 -20 0 20 40

minimum

maximum

0.0

0.5

1.0

1.5

2.0

2.5

-40 -20 0 20 40

minimum

maximum

0.0

0.5

1.0

1.5

2.0

2.5

-40 -20 0 20 40

minimum

maximum

y 
 x 

y 
x 

v 

u 
γγγγ    



 

- 10 - 

 
 

Adhesive Composite 
 

eq
ui

va
le

nt
 s

tr
es

s 
(M

P
a)

 

 

eq
ui

va
le

nt
 s

tr
es

s 
(M

P
a)

 

 
 x (mm)  x (mm) 

Fig. 9. Normalized equivalent stress distribution in the adhesive and the composite under 
traction-shear loadings, γ = 45° (substrates with beaks 45°, cleaned adhesive joint h = 0.2 mm, ρ 

= 1.5 * h; composite plate with H = 4 mm, D = 5 mm). 
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Fig. 10. Normalized equivalent stress distribution in the adhesive and the composite under tensile 

(γ = 0°), tensile-shear (γ = 45°) and shear (γ = 90°) loadings (substrates with beaks, α = 30°; thin 
adhesive, h = 0.2 mm; thin composite, H = 1 mm, plate with D = 5 mm). 

 
A precise analysis of the stress distribution through the thickness of both the adhesive bond-line 
and composite is necessary. Various 2D stress plane computations, assuming elastic behavior, 
have been performed using refined meshes, in order to obtain a precise estimation of the 
influence of the edge effects. Fig. 8 presents the evolution of the equivalent stress with respect to 
the x axis (x ∈[-32.5; 32.5 mm], Fig. 7) through the adhesive thickness and through the 
composite thickness for a tensile-shear loading (i.e. with tensile loading in the normal direction 
of the middle plane of the composite equal to shear loading, γ = 45°). To facilitate the analysis of 
the results, only the minimum and the maximum values are represented in Fig. 8. For those 
simulations, substrates without beaks (d = 0, Fig. 7) and composite plates with the same 
dimensions as the substrates (D = 0) were used. The free edges of the adhesive were assumed to 
be cleaned (ρ = 1.5 * h) as it has been shown that this geometry can reduce the influence of edge 
effects. As the simulations are performed assuming elastic behavior of the different parts, it is 
possible to normalize the results in order to simplify their analysis; thus the equivalent stress is 
normalized to 1 at the centre of the adhesive. These results (Fig. 8) illustrate the large stress 
gradients which exist close to the ends of the adhesive and the composite plate. The reduction of 
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the thickness of the composite results in a reduction of the influence of these edge effects but 
does not eliminate them. In order to limit the stress concentrations at the periphery of the useful 
part of the specimen more significantly, two modifications of the geometry of the bonded 
specimen have been proposed: the machining of beaks on the substrates (α = 45° or 30°, r = 0.8 
mm and d = 0.5 mm, Fig. 7) [36] and the use of a composite plate larger than the substrates (D = 
5 mm) in order to limit the adverse effects of machining [15]. Fig. 9 presents normalized 
equivalent stress distribution for the adhesive and the composite under traction-shear (γ = 45°) 
loading. The computation was made with substrates with beaks, α = 45°; thin adhesive, h = 0.2 
mm and a composite plate with H = 4 mm and D = 5 mm. These results indicate that the beaks 
with this thickness of composite only allow a reduction of the edge effects. Fig. 10 presents 
results under traction (γ = 0°), traction-shear (γ = 45°) and shear (γ = 90°) loadings for substrates 
with beaks, α = 30°; thin adhesive, h = 0.2 mm; thin composite, H = 1 mm, plate with D = 5 mm. 
These results show that the use of thin adhesive joints and thin composite plates allows us to 
define a “reliable” experimental device. A system which ensures a maximal stress state in the 
centre of the useful part of the specimen also allows the influence of machining and positioning 
defects of specimens to be reduced. It is important to note that for a tensile-shear loading the 
elastic limit is reached first in the composite. Nevertheless, the choice of the adhesive has to be 
optimized, especially for shear loadings; in fact, the shear strength of the composite can be 
higher than the shear strength of the adhesive. The use of a very thin adhesive layer can increase 
the elastic limit of the adhesive joint.  
 
3.2.3 Influence of some parameters 
The results presented in the previous section underline that the influence of the edge effects 
depends on the one hand on the geometrical parameters of the studied structure and, on the other, 
on the tensile-shear loading (angle γ). Thus, it is interesting to analyze, with respect to the angle 
γ, the possibilities of the proposed testing device.  
Fig. 11 presents, for four different values of the parameters, the evolution of the maximum 
values of the equivalent stress within the adhesive and the composite with respect to the tensile-
shear loading type: γ ∈ [0°, 90]. The full lines represent the maximum values of the equivalent 
stress in the adhesive and the composite. The dashed lines represent the maximum values of the 
equivalent stress in the central part of the adhesive and the composite. For a given angle γ, if the 
two values are not identical, the maximum equivalent stress is obtained close to the free edges; 
thus stress concentrations exist. For these drawings, the equivalent stress in the central part of the 
composite is chosen equal to 1 for the different angles γ; thus, for this part, the elastic limit is 
reached. Thus, with these curves, one can directly obtain the tensile-shear loading types (i.e. the 
values of the angle γ) for which the elastic limit is first obtained in the composite plate. For the 
different computations the following values of the parameters have been chosen: D = 5 mm, h = 
0.2 mm, ρ = 1.5 * h (cleaned edges). 
For straight substrates and composite plates of 1 mm thickness, Fig. 11(a) shows the large stress 
concentrations in both the adhesive and the composite for straight substrates and 1 mm thick 
composite plate. The use of substrates with thin beaks (α = 30°) associated with composite plates 
of 4 mm thickness generates quite a large stress concentration in the composite (Fig. 11(b)). Fig. 
11(c) shows that the proposed test, using substrates with beaks, can be used to analyze the 
behavior of composite plates of 1 mm thickness under out-of-plane loading for γ ∈ [0°, 50°]. The 
use of an adhesive with a larger elastic domain (Ra’ = 50 MPa and Sa’ = 35 MPa) allows us to 
increase the useful tensile-shear loading type, i. e. γ ∈ [0°, 65°] (Fig. 11(d)). Above this critical 
angle the adhesive will fail before the composite. 
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α = 30° and H= 1 mm  
Ra = 40 MPa and Sa = 25 MPa 

α = 30° and H= 1 mm  
Ra’ = 50 MPa and Sa’ = 35 MPa 

Fig. 11. Maximum values (full lines) and center-line values (dashed lines) of the normalized 
equivalent stresses in the adhesive and in the composite with respect to the tension-shear loading 

type, γ ∈ [0°, 90]  
(D = 5 mm, h = 0.2 mm, cleaned edges ρ = 1.5 * h). 

 

4 Behavior of composites under out of plane loadings 
 
4.1 Unidirectional composites 
Unidirectional (UD) carbon/epoxy composites have been used to validate the proposed test. The 
adhesive joints were about 0.2 mm thick. We denote by DN and DT the relative displacements of 
the two substrates in the normal and tangential directions respectively in the mean plane of the 
composite plate. FN and FT are the components of the applied load in the normal and tangential 
directions in the mean plane of the composite plate. 
Fig. 12 presents experimental results for shear loading tests in the tangential direction (results 
from two specimens are presented: “Comp1” and “Comp2”). For those tests failure of the 
adhesive occurs close to the adhesive-substrate interface, as predicted by the numerical analyses. 
Fig. 12 also presents the experimental result for a test without the composite but with a joint 
thickness of 0.4 mm, denoted by “1 joint” (a bonded aluminum/aluminum joint). It can be noted 
that the global behavior of the two types of tests are quite similar, in fact the most loaded part of 
the assembly is the adhesive. But when the composite plate is included there are four interfaces 
compared to only two without the composite plate. Fig. 13 shows results for tensile tests in the 
normal direction, for which fracture occurs within the composite plate. Experiments in which the 
composite was replaced by an aluminum plate, denoted by “Alu” (of the same thickness) make it 
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possible to estimate the deformation of the composite plate. Fig. 14 presents results for tensile-
shear loading (γ = 45°) tests in the tangential direction which also result in failure within the 
composite. Once again tests in which the composite plate was replaced by an equivalent 
thickness aluminum plate were used to estimate the deformation of the composite plate. It is 
important to note that the deformation of the bonded assemblies is much higher in the tangential 
direction that in the normal direction. 
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Fig. 12. Experimental results for shear loadings & section through the specimen, with failure at 

the lower adhesive/aluminum interface (bottom of photo) (scale graduations 0.5 mm) [23].  
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Fig. 13. Experimental results for tensile loadings and section through a specimen, failure within 

the composite [23]. 
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Fig. 14. Experimental results for tensile-shear loadings (γ = 45°)  
in the tangential direction [23]. 
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4.2 Comparison of bonded assemblies of different composites 
Following the development of the modified Arcan test on unidirectional composites the test was 
applied to a number of more realistic stacking sequences used in industrial applications in a 
marine environment. Five different composite plates have been analyzed (Table 1). These were 
all manufactured at the same time from epoxy prepreg, in an autoclave with metal plates on both 
faces in order to obtain similar surfaces. These composites are stronger that those described in 
the previous section, so thinner adhesive joints have been used (0.1 mm). The relative normal 
displacement DN is measured with an extensometer in order to obtain accurate values. It is 
important to note that the maximum value of DN is quite low. DN includes the deformation of a 
part of the aluminum substrates, the deformation of the two adhesive joints and the deformation 
of the composite plate. The surface preparations were abrasion with 180 grade paper, removal of 
dust, then dried for the composites; degreasing with acetone, abrasion with 80 grade paper, 
second degreasing with acetone, then dried for the aluminum substrates. 
 

Table 1. Properties of different composites tested 
G :  Glass satin prepreg 1454/49%/300g/m² 

C1 : Carbon 0/90° prepreg G0803/M10/42%/3K/285g/m² 
C2 : Carbon UD prepreg UD/M40J/R367-2/38%/300g/m² 

Composite Ply sequence Thickness (mm) 
A [G +/-45°, 3 (C1 +/-45°), G +/-45°] 1.64 
B [G +/-45°, C2 0°, C2 90°]s 1.96 
C [G +/-45°, 2 (C2 0°)]s 1.94 
D [5 (C1 +/-45°)] 1.64 
E [6 (C2 0°)] 1.90 

 
Fig. 15 presents some experimental results, for the five composites. It also presents some 
additional results from two tests, one without the composite but with an adhesive joint thickness 
equal to twice the thickness of a joint with hybrid assemblies (curve denoted by “Adhesive”), 
and one for which the composite plate was replaced by an aluminum plate (curve denoted by 
“Alu”) performed in order to estimate the deformation of the composite plate. The scatter in the 
experimental results is quite low for tests on mixed bonded assemblies with composites when 
experimental conditions are carefully controlled, as shown by the reproducibility of results from 
three tests on material D. Fig. 15 also shows the composites after failure, it is important to note 
that failure is observed within the composite, not in the adhesive nor at the composite surface, in 
all cases. These figures underline that there is an influence of the geometrical properties of the 
composite on the both damage development and failure behavior under out-of-plane loadings. 
For composite D, additional views of the Arcan bonded specimens are also presented. These 
results confirm that the modified Arcan test is able to analyze the behavior of hybrid bonded 
assemblies with composites under tensile-shear loadings. For materials A and D the 
reinforcement is woven and failure is due to delamination (Fig. 15). For materials B, C and E, 
manufactured using unidirectional plies, the failure is intralaminar, involving fibre-matrix 
debonding and matrix cracking. The experimental results also show that the fiber orientations 
and the characteristics of different plies all have an influence on the out-of-plane strength of the 
composite, but more work is needed to analyze these results in detail. Based on this approach it 
should be possible to optimize the surface preparation of the composite and the strength of 
hybrid bonded assemblies for a particular loading. More work is underway to clarify the role of 
composite damage mechanisms in mixed joint performance. 
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Fig. 15. Analysis of hybrid bonded assemblies with different composites under tension loadings.  
 

5 Conclusions 
 
Numerical and experimental results indicate that the modified Arcan test fixture is suitable for 
evaluating the response of hybrid bonded assemblies (metal-adhesive-composite-adhesive-metal) 
provided certain conditions are respected to limit the influence of edge effects: i.e. thin 
composite plates, substrates with beaks, thin adhesive layers and cleaned free edges. This test 
allows the mechanical behavior of both composites and hybrid metal/composite bonded 
assemblies to be analyzed under a large range of tensile-shear out-of-plane loadings. This 
provides essential information on through-thickness properties which is very difficult to obtain 
using other tests. The key advantages of this fixture are the use of adhesive as the fixing system 
and the use of thin composite plates; such composite specimens are representative of industrial 
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applications and their manufacturing is easy. For a given composite, an optimization of the 
adhesive properties must be performed, especially under shear loadings, as the shear strength of 
the composite can be higher than that of the adhesive. Experimental results show that the fiber 
orientations and the characteristics of different plies all have an influence on the out-of-plane 
strength of the composite.  
This experimental device makes it possible to optimize the surface preparation of the composite 
and the strength of hybrid bonded assemblies. More work is underway to clarify the role of 
composite damage mechanisms in mixed joints. In order to characterize the damage evolution in 
the composite under out-of-plane loadings, appropriate measurement techniques are being 
developed, as it is necessary to analyze very small displacements. Moreover inverse procedures 
must also be developed to take into account the non-linear behavior of the adhesive [17] and of 
the composite [38]. 
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