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Abstract

Bonded assemblies are increasingly used in the design of mechanical structures due
to major advantages of this technique, i.e. the weight reduction and the facility to
join different material and especially composites. But bonded assemblies are often
characterized by large stress concentrations at the ends of the overlap length.
Moreover, the use of bonded assemblies at different temperatures can lead to an
increase of stress concentrations associated with the thermal stresses. Thus, specific
studies are required as the mechanical behaviour of the adhesive and the stress
concentrations in bounded assemblies can depend on the service temperature,
especially in the case of high-tech applications under low temperatures. The
coefficients of thermal expansion for the adherents and the adhesive are generally
different, thus a change of service temperature lead to a pre-load of the adhesive
which can also be associated with stress concentrations. Therefore such properties
have to be taken into account in the joint design. The objective of the paper is first to
characterize the influence of thermo-mechanical loads on the stress state in a bonded
assembly under elastic assumption by taking into account the temperature dependent
of the mechanical properties of the adhesive. Such thermo-mechanical loads can
lead to complex history path in the von Mises equivalent stress — hydrostatic stress
plane which is often used to describe the temperature dependent elastic limit of an
adhesive. Starting from two-dimensional numerical simulations, the influence of the
service temperature on the stress concentrations is analysed in order to define the
requirements of the bonded specimens for reliable experimental tests. Some
experimental results, for a temperature range between 20 °C and -60 °C using a
modified Arcan device designed to strongly limit stress concentrations, are
presented in order to validate the proposed numerical studies.

Keywords: adhesively-bonded joint, stress concentration, thermo-mechanical loads,
finite element analysis, joint design.



1 Introduction

Bonded assemblies are increasingly used in the design of mechanical structures due
to major advantages of this technique, i.e. the weight reduction and the facility to
join different material and especially composites [1-3]. But bonded assemblies are
often characterized by large stress concentrations at the ends of the overlap length
which are mainly associated with a high ratio of the mechanical properties between
the adhesive and the adherent, the low thickness of the adhesive in the assembly and
the mechanical load [4-5]. Moreover, the use of bonded assemblies at different
temperatures [6] can lead to an increase of the stress concentrations associated with
the thermal stresses [7-8]. Thus, specific studies are required as the mechanical
behaviour of the adhesive and the stress concentrations in bounded assemblies can
depend on the service temperature, especially in the case of high-tech applications
under high or low temperatures. The Young modulus and the so-called elastic limit
of an adhesive strongly depend on the service temperature. Moreover, the
coefficients of thermal expansion for the adherents and the adhesive are generally
different, thus a change of service temperature lead to a pre-load of the adhesive
which can also be associated with stress concentrations. Therefore such properties
have to be taken into account in the joint design.

Bulk, lap-shear and pull-off tests are often used to analyse the mechanical
behaviour of adhesives [9]. Such experiments give information about the mechanical
behaviour of the adhesive but the influence of defects and the influence of stress
concentrations are often difficult to take into account. Moreover, in order to model
the complex behaviour of adhesives in assemblies, non associated pressure-
dependent constitutive models have to be used [10]. The identification of the
material parameters of such models requires a large data base of experimental results
under various compression/tensile-shear tests and a precise analysis of the non-linear
behaviour of the adhesive. Therefore, it is interesting to analyse the possibilities of
the modified Arcan device developed to strongly limit the stress concentrations and
used mainly at present time at room temperature [11], in order to determine, at
different temperatures, the behaviour of adhesives in an assembly. The stress
singularities can contribute to the initiation of fracture in adhesive joints and thus
lead to an incorrect analysis of the behaviour of the adhesive. Therefore,
understanding the stress distribution in an adhesive joint can lead to improvements
in adhesively-bonded assemblies.

The objective of the paper is first to characterize the influence of thermo-
mechanical loads on the stress state in a bonded assembly under elastic assumption.
Such thermo-mechanical loads can lead to complex history path in the von Mises
equivalent stress — hydrostatic stress plane which is often used to describe the
temperature dependent elastic limit of an adhesive. Starting from 2D numerical
simulations, the influence of the service temperature on the stress concentrations is
analysed in order to define the requirements of the bonded specimens for reliable
experimental tests. Some experimental results, for a temperature range between 20
°C and -60 °C using a modified Arcan device designed to strongly limit stress
concentrations, are presented in order to validate the proposed numerical studies.



2  Experimental device

In a previous project, in order to be able to study accurately the behavior of an
adhesive in an assembly as a function of the normal stress component and to use a
traditional tensile testing machine, a modified Arcan fixture [12] was developed,
which enabled compression or tension to be combined with shear loads.

a) test under tensile-shear loading y= 45°

b) tensile loading ¢) shear loading d) compression-shear
y=0° y=90° loading y= 135°

Figure 1: Modified Arcan device.

Figure 1 presents the modified Arcan device; the orientation between the loading
direction and the mean plane of the adhesive is defined by the angle y. For tension
tests: v is equal to 0° (Figure 1); for tensile-shear tests with the same load in tension
and shear: y =45°; for shear tests: y =90° and for compression-shear tests with the
same load in tension and shear: y = 135°. Other directions can be used. Numerical
simulations under linear elasticity assumption, for bi-material structures show that



the use of a special geometry for the substrate (a beak close to the adhesive joint)
strongly reduces the stress concentrations due to edge effects [11] (Figure 2), which
are mainly associated with a high ratio of the mechanical properties between the
adhesive and the adherents (mainly the Young modulus) and the low thickness of
the adhesive in the assembly. Moreover the system fixing the substrates on the
supporting Arcan fixture was designed in order to prevent pre-loading of the
specimen [11, 12].

To ensure a precise adhesive thickness and a good relative positioning of the two
substrates during the bonding process, spacers are manufactured during the
machining process of the substrates (Figure 2). It can be noted in Figure 2 that beaks
are machined all around the substrates close to the bonded area and a cleaning of the
free edges of the adhesive is performed before the curing process in order to limit
stress concentrations in the case of structural adhesives [11]. Screws are used to
ensure the relative positioning of the two substrates during the bonding process;
moreover, a torque of 2.5 mN is applied with a screwdriver to limit the scatter in the
adhesive thickness [13]. After the curing process, the spacers are cut to obtain the
bonded specimen to be used with the modified Arcan device. For such specimens,
the area of the bonded section is 50 mm x 9 mm.

~_substrate

~ spacer

b) geometry of the bonded specimens

Figure 2: Presentation of the bonded specimens.

Tests were performed using a hydraulic tensile testing machine (Instron), with a
maximum load of 100 kN and a thermal chamber (Servatin) available in the
laboratory. The thermal chamber has a view-glass which allows us to use an optical
3D measuring system by digital image correlation [14] in order to measure the
relative displacement of the two substrates, and thus the deformation of the
adhesive, in the x and y directions (Figures 1 and 2) [13]. In the following, DN and
DT denote the relative displacements of both ends of the adhesive in the normal
(direction x, Figure 1) and tangential directions (direction x, Figure 1). It is
important to notice that the displacement measurement through the view-glass of the
thermal chamber requires specific adjustments. N and FT represent the normal and
tangential components of the applied load in the normal and tangential directions.



3 Parameters of the numerical simulations

Computations were made in 2D under plane strain assumption. The elastic
properties of both materials are: E4; = 2 GPa (Young modulus), v = 0.3 (Poisson's
ratio) for the adhesive and Eg = 70 GPa, vg = 0.3 for the substrates. The coefficient
of thermal expansion used in this study is equal to 2.3 E-5 °C™" for the substrate and
8 E-5 °C™' for the adhesive (value obtained experimentally). Computations were
made under plane strain assumption using refined meshes [11]. It can be noted that it
is possible to analyse only half of the model using adequate boundary conditions.

In order to correctly determine the way the stress evolves throughout the
thickness of the adhesive, precise finite element analyses have to be performed, even
assuming a linear elastic behaviour of the components, especially for large material
heterogeneity of the assemblies [5, 11]. Moreover refined meshes are also needed
near the substrate-adhesive interfaces in order to obtain good numerical results.
Various simulations have shown that good numerical results are obtained using
meshes with 20 linear rectangular elements for a 0.1 mm thickness of adhesive,
especially when stress concentrations are not too large [11]. Moreover, it is
important to note that the aim of this study is to analyze specific geometries which
significantly limit the influence of edge effects.

Various studies underline that an accurate representation of the elastic yield
surface of an adhesive requires the use of a pressure-dependent constitutive model,
1.e. a model taking into account the two stress invariants, hydrostatic stress and von
Mises equivalent stress. For this study, only elastic behaviour of the adhesive is
used. An exponential Drucker-Prager yield function allows a good representation of
the experimental data for the so-called “initial elastic limit” [13]:

F, :a(T)‘(va)b(T)"‘Ph_Pho(T)zo

Where o, is the equivalent von Mises stress and P, is the hydrostatic stress. a, b
and P,, are material parameters. The temperature evolution of the material
parameters are such that:

a(T)=C,-T+D,
W(T)=C,-T+D,
PhO(T) = C3 'T+D3

q CZ C3 Dl D2 D3
(ST units) (/°C) (MPa/°C) (ST units) (MPa)
-1.65 E-6 943 E-4 -0.62 1.35 E-4 3.1 41.32

Table 1. Material parameters for the initial yield surface
in the hydrostatic pressure-von Mises stress diagram




The results of the identification are presented in Table 1. A good representation
of the experimental results is obtained using such type of model [15].

These results have been obtained using the epoxy resin Huntsman™ Araldite 420
A/B with a joint thickness of 0.2 mm [15]. The bonding procedure adopted starts
with an immersion of the machined substrates in acetone for three hours to eliminate
any presence of cooling oil used in the machining process, which will undoubtedly
affect the bonding. After that, surfaces are prepared with sandpaper (grade of 180) to
remove any impurities and oxide layer that can potentially exist; moreover, the
associated roughness increases the adhesion. A degreasing and cleaning of the
surface is accomplished to remove any particles that may remain after sanding. The
curing process used is: 1 hour at 110 ° C. The different tests were made with a
displacement rate of the crosshead of the tensile testing machine of 0.5 mm/minute.

4 Analysis of stress concentrations in bonded assemblies
under thermo-mechanical loads

Bonded assemblies are often characterized by large stress concentrations at the ends
of the overlap length which are mainly associated with a high ratio of the
mechanical properties between the adhesive and the adherents (mainly the Young
modulus), the low thickness of the adhesive in the assembly and the mechanical load
[4, 11]. Moreover, the use of bonded assemblies at different temperatures [6] can
lead to an increase in the stress concentration associated with the thermal stresses [7-
8]. Thus, specific studies are required as the mechanical behaviour of the adhesive
and the stress concentrations in bonded assemblies can depend on the service
temperature.

—adhesive
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a) geometry A: b) geometry B:
specimen with straight edges specimen with beaks and cleaned edges

Figure 3: Presentation of two geometries of the bonded assemblies (not to scale).
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For this analysis, using 2D finite element simulations [16] under elastic
assumption of the components, one assumes that no residual stress exists at room
temperature. Results are presented for two geometries of the bonded specimens used
with the modified Arcan device (Figure 3). The first geometry is associated with
straight substrates and straight edge of the free edges of the adhesive and the second
geometry represents the bonded specimens proposed for the experimental tests; they
are characterised by the use of beaks on the substrates and a cleaning of the free
edges of the adhesive in order to obtain a significant reduction in the stress
concentrations in the adhesive under mechanical loads [11]. Geometries are defined
with the following parameters: L = 50 mm, H/ =20 mm, & =30°, 2=0.1 mm, d =
0.5 mm, »=0.1 mm and e = 0.2 mm.

Under mechanical loads, the maximum value of the stress in the adhesive is
obtained close to the substrate-adhesive interface for geometry A (straight substrates
and straight free edges of the adhesive), and within the adhesive for geometry B
(substrates with beaks and cleaned edges of the free edges of the adhesive) [11].
Thus, in order to simplify the presentation, we have chosen to plot the maximum
value of the von Mises stress through the joint thickness for a given point of the
overlap length, with respect to the overlap length x. For the mechanical load,
displacements (in the x and y direction) are prescribed on the upper and lower lines
of the model presented in Figure 3, as the Arcan support is nearly rigid with respect
to the adhesive rigidity. Figures 4a and 4b present the evolution of the maximum
value of the equivalent von Mises stress with respect to the overlap for geometries A
and B. The mechanical load has been chosen in order to obtain a value of the
equivalent von Mises stress of 25 MPa in the middle of the joint in order to analyse
results under tensile and shear loads. It can be noted that geometry B allows a large
reduction in the stress concentrations close to the free edges of the adhesive [11].
For the thermal load, a variation of AT = -30°C (test at -10°C) is prescribed (analysis
between room temperature, 20°C, and at -10°C). Figure 4c underlines that such a
loading leads to a quite low stress state in the adhesive, but for geometry A, larger
stress concentrations can be noted than for geometry B. For the thermo-mechanical
loads, Figures 4d and 4e present the stress state for a variation in temperature of AT
= -30°C followed by the previous mechanical load. They represent tests under
tensile and shear loads at -10°C. The superposition of the thermal load to the
mechanical load leads to an increase in the stress concentrations close to the free
edges of the adhesive (geometry A). For geometry B, an increase in the mechanical
load leads to a decrease in the stress state close to the free edges of the adhesive with
respect to the stress state in the middle of the joint; thus it leads to a reduction in the
stress concentrations. On the other hand, it has been shown that for tests with quite
large stress concentration, cracks can appear quickly at the two edges of the joint,
close to the adhesive-substrate interfaces [11, 17], and thus can lead to an incorrect
analysis of the behaviour of the adhesive. Therefore, for geometries characterized
with large stress concentrations under mechanical loads (such as geometry A) a
decrease in the temperature of the mechanical test is associated with an increase in
the stress concentrations and thus to earlier crack initiation. It can be noted that the
use of straight free edges of the adhesive strongly increases the stress concentrations
in the adhesive [11]. Moreover, such simulations can require more refined meshes in



order to obtain accurate numerical results [18]. The use of beaks and of cleaned free
edges of the adhesive allows to strongly limit the stress state close to the free edges
of the joint. It allows to reach the elastic limit first in the middle of the joint, and
thus to analyse accurately the non linear behaviour of the adhesive in an assembly
for a large range of temperatures and for a large range of proportional
tensile/compression-shear loads (modified Arcan device).
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Figure 5: Stress state in the adhesive under tensile load (average peel stress, o;,, of
25 MPa) in the hydrostatic stress - von Mises equivalent stress diagram.
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Figure 6: Stress state in the adhesive under thermal load (A7 = -30°C) in the
hydrostatic stress - von Mises equivalent stress diagram.
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Figure 7: Stress state in the adhesive under thermal load (A7 = -30°C) and tensile

load (average peel stress, oy,, of 24.5 MPa) in the hydrostatic stress - von Mises
equivalent stress diagram.
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Figure 8: Stress state in the adhesive under thermal load (AT = -30°C) and tensile

load (average peel stress, oy,, of 57.8 MPa) in the hydrostatic stress - von Mises
equivalent stress diagram for geometry B.

Figure 4 underlines that stress concentrations are more important under tensile
loadings; thus this case is analysed in the following, using the representation of the
stress state in the hydrostatic stress - von Mises equivalent stress diagram.

Figure 5 presents the stress state in the whole adhesive under a tensile loading
associated with an average peel stress (gj,) of 25 MPa for geometries A and B

(Figure 3). It can be noticed that the stress states in the middle part of the joint (x €
[-5 mm, 5 mm)]), represented using black marks, are similar for the two geometries
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as the stress concentrations are only observed close to the free edges of the adhesive.
This diagram presents the stress state for each element of the mesh used in the
computation.

Figure 6 presents the stress state in the whole adhesive under a thermal loading
associated with a variation of the temperature of A7 =30 °C for geometries A and B.
As presented in Figure 4, it can be noted that for both geometries, the maximum
values of the stress state are obtained close to the free edges of the adhesive (not in
the middle part of the joint). But, the stress state is lower for geometry B than for
geometry A.

Figure 7 presents the stress state in the whole adhesive under a tensile loading
associated with an average peel stress (o;,) of 24.5 MPa and a thermal load
associated with a variation of the temperature of AT = 30 °C, for geometries A and
B. Moreover, in Figure 7 the elastic limit for an experimental test at -10°C of the
adhesive is plotted. For such thermo-mechanical loading the elastic limit is reached
in adhesive in the case of geometry A, close to the free edges. One again, it can be
noticed that the stress states in the middle part of the joint are identical for the two
geometries.

Figure 8 presents the stress state in the whole adhesive under a tensile loading
associated with an average peel stress (cyy) of 57.8 MPa and a thermal load
associated with a variation of the temperature of A7 = 30 °C, for geometry B. For
such thermo-mechanical loading the elastic limit is reached in adhesive in the case
of geometry B, in the middle of the joint.

Thus, for such thermo-mechanical loading, under elastic assumption, the
maximum transmitted tensile load by geometry B is more than twice higher than for
geometry A. Same results can be obtained for single lap shear type specimens as for
geometry A, as large stress concentrations can be obtained for such specimens [19].
These results underline the strong influence of stress concentrations in bonded
assemblies on the experimental analysis of the mechanical behaviour of an adhesive
in an assembly. Therefore the use of geometries of bonded specimens which
strongly limit stress concentrations are necessary to accurately analyse the non-
linear behaviour of an adhesive.

S Influence of temperature on the adhesive Behaviour

In order to underline the possibilities of the proposed modified Arcan device, with
the specific design of the bonded assemblies, to analyze the influence of the
temperature on the mechanical behavior of an adhesive in assembly under a large
range of mechanical loadings, various experimental tests are presented in the
following.

Tests were made with a displacement rate of the crosshead of the tensile testing
machine of 0.5 mm/minute. Four loading paths were analysed using the modified
Arcan device (Figure 1): tensile (y= 0°), tensile-shear (y = 45°), shear (y= 90°) and
compression-shear (¥ = 135°). Moreover different temperatures were taken into
account starting from room temperature: 20 °C, 0 °C, -20 °C, -40 °C and -60 °C.
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Figure 9: Influence of the temperature on the mechanical behaviour of the adhesive
in the load-relative displacement diagram for different monotonic radial loads.
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The experimental results are presented in the load-displacement diagrams in
Figure 9. The results present the mechanical load transmitted by the bonded
assembly for a given temperature. A more precise analysis requires the stress state
associated with the thermal loading to be taken into account; such a study is not
presented herein.

For compression-shear loads (7= 135°), the failure load is not easy to determine.
In fact, for such tests, in the non-linear phase of the adhesive behaviour, the change
in the slope of the response in the load-deformation diagram can be associated with
the failure of the joint. These points are represented using the following marks “x”
in Figure 9f. Moreover, for such compression-shear loads (y= 135°) the scatter in
the experimental results is higher for the normal displacement (Figure 9¢), mainly
associated with the view-glass of the thermal chamber. However, it is important to
underline that under such loadings, the tangential displacement is much higher than
the normal displacement (Figure 9e-f).

The scatter in the experimental results is quite low for the different temperatures.
Similar low scatter in the results has been obtained with such a modified Arcan
device designed to limit stress concentrations significantly [11, 12]. Moreover, a
diminution in the temperature, leads to a low reduction in the deformation at failure
of the adhesive and to a large increase in the elastic limit and in the failure stress of
the adhesive for the different compression/tensile-shear loads.

The last property, explains that for some tests, the failure has not be reached as
the maximum transmitted load has been limited to 50 kN in order to prevent
permanent deformation of the Arcan device and of the loading pins, as they have not
been designed for such heavy loads
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Figure 10: Modelling of the temperature-dependent elastic limit of the adhesive in
the hydrostatic pressure - von Mises stress diagram.

Figure 10 presents, for the elastic limit, a comparison between the experimental

results and the numerical model (presented in section 3) for the different studied
temperatures in the hydrostatic pressure-von Mises stress diagram.
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A good representation of the experimental results is obtained using such type of
model for the elastic limit.

6 Conclusions

In this paper it has been shown, starting from 2D numerical simulations, that the use
of substrates with beaks allows to strongly limit the stress concentrations for bonded
assemblies under thermo-mechanical loads. The influence of the service temperature
on the stress concentrations has been analysed in order to define the requirements of
the bonded specimens in order to obtain reliable experimental tests. Such thermo-
mechanical loads can lead to complex history path in the von Mises equivalent stress
— hydrostatic stress plane which is often used to describe the temperature dependent
elastic limit of an adhesive. Therefore, experimental results under a large range of
mechanical loads are required to developed accurate numerical models. Some
experimental results, for a temperature range between 20 °C and -60 °C using a
modified Arcan device designed to strongly limit stress concentrations, are presented
in order to validate the proposed numerical studies. The experimental results
underline that a diminution in the temperature leads, on the one hand to a low
reduction in the deformation at failure of the adhesive; and on the hand, to a large
increase in the elastic limit and of the failure stress of the adhesive for the different
compression/tensile-shear loads.

As the stress state in an adhesive joint with the modified Arcan device is quite
complex, inverse identification techniques using three-dimensional finite element
models are necessary to analyse the experimental results accurately. Thus, the
proposed experimental strategy can be interesting to analyse the temperature-
dependent visco-plastic behaviour of an adhesive in an assembly under various
thermo-mechanical loads. Moreover, the influence of residual stresses, associated
with the curing process of the adhesive, has also to be analysed [20].
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