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Abstract

This thesis concerns some aspects that have influence on the strength of adhesive layers. The strength
is determined by the stress deformation-relation of the layer. This relation is also referred to as
cohesive law. The aspects having influence on the cohesive laws that are studied in this work are
temperature, fatigue, multi-axial fatigue and mixed mode loading.

For each aspect, a model is developed that can be used to describe the influence of the aspects on the
cohesive laws numerically, e.g. by using the finite element method. These models are shown to give
good agreement with the experimental results when performing simulations that aims at reproducing
the experiments. For the aspect of temperature, a FE-model is suggested that can be used to simulate
the mechanical behaviour in pure mode loadings at any temperature within the evaluated temperature
span. Also, a damage law for modelling high cycle fatigue in a bonded structure in multi-axial loading
is presented. Lastly, a new experimental set-up is presented for evaluating strength of adhesives during
mixed mode loading. The set-up enables loading with a constant mode-mix ratio and by the
experimental results, a potential model for describing the mechanical behaviour of the evaluated
adhesive is presented.

Keywords: adhesive layer, cohesive law, fatigue, finite element analysis, fracture energy, mixed
mode, multi-axial fatigue, potential model, temperature.
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Review and summary of thesis

1. Background

With the use of adhesives, the performance of a structure can be optimized, e.g. by enabling joining of
lightweight and high-strength materials. As an example, by using adhesives combinations of
lightweight and tough materials can be considered in order to obtain lighter and more durable
structures. Traditionally joining in structures, are performed by welding and/or rivets. Welding has the
disadvantage that it cannot easily join metals having dissimilar melting temperatures. Also the
solidification process of a weld gives rise to micro cracks and pre-stresses that shorten the lifetime of a
welded joint. Joining of dissimilar materials can be performed using rivets and also advanced welding
techniques have been developed for this purpose. However problems with galvanic corrosion may
occur if, for example, steel and aluminium are joined. This in particular if the structure is used in a
Nordic climate.

Usage of adhesives for joining of structures has a number of advantages over other techniques, but it
also has a number of drawbacks and disadvantages. In comparison to rivets and welding, adhesives
have the benefit that they can be distributed over a large area, with a thickness that is adjustable to the
mismatches in shape of the counterparts that are bonded. Further, the adhesive layer insulates and
seals between the materials and by this, galvanic corrosion are avoided. As is shown by the results in
this thesis, the strength of some adhesives is high enough to be able to be used for highly load carrying
structures. One of the disadvantages with adhesives is that bonded structures cannot be disassembled
without destructing the adhesive layer. Also, some types of adhesives need both time and heat to cure
and might be sensitive to ultraviolet light and to elevated temperatures.

To test structures experimentally by the use of destructive test methods is often an ineffective method
that is associated with high costs. One main reason is the fact that it is time-consuming to prepare and
perform the experiments. Another reason for the high costs is that several, nominally identical,
experiments need to be performed in order to get reliable results. This is since experimental results
contain scatter. As a substitution, or complement, of full-scale experimental tests it is more cost
efficient to analyse a structure using the finite element method (FEM). This becomes obvious when
several modifications and variants need to be tested and/or where the manufacturing cost is high for
each tested component.

2. Introduction
The benefits with adhesives have led to that the automotive industry has attracted focus to both the
usage and numerical simulations of adhesive layers in body structures. By this, knowledge about, and
the ability to simulate, fracture and strength of adhesively bonded structures plays a major role in the
development of complex bonded structures. The fracture characteristics and the strength of adhesive
layers have been investigated in many studies. From these studies, the strength of bonded joints is
shown to depend on several aspects. Examples of such aspects are listed as:

o thickness of the adhesive layer, cf. e.g. Kinloch and Shaw (1981), Chai (2004), Lee et al.
(2004), Pardoen et al. (2005), Ji et al. (2010) and Marzi et al. (2014)

e the strain rate of which the adhesive is loaded to fracture, cf. e.g. Chai (2004), Marzi et al.
(2009), Carlberger et al. (2009), Cho et al. (2012), and May et al. (2015)

o the curing time of the adhesive, cf. e.g. Sadr et al. (2007) and Cadenaro et al. (2009)



¢ the width of the adhesive layer, cf. e.g. Schnell et al. (1998) and Biel et al. (2012)

o effects of plasticity in the adherends or in the adhesive, cf. e.g. Evans et al. (1999), Lane et al.
(2000), Yang and Thouless (2001a), Yang and Thouless (2001b) and Crocombe et al. (2006)

o the surface treatments and/or roughness of the bonded surfaces, cf. e.g. Mostovoy et al.
(1971), Fuller et al. (1975), Wingfield (1993), Suliman et al. (1993), Persson and Tosatti
(2001), Lucena-Martin et al. (2001), Uehara and Sakurai (2002), Vieira et al. (2004), Persson
et al. (2005) and Atsu et al. (2006).

The studies presented in Papers A to D in this thesis are focused on the influence in strength on some
of such aspects and are aimed as a continuation and/or contribution to the work in the previous studies.
The studied aspects are temperature, mixed mode loading, fatigue loading and mixed mode fatigue
loading of adhesive layers. Mixed mode fatigue loading is also referred to as multi-axial fatigue.

All of these aspects have been studied previously but with different aims and adhesives. The influence
of temperature on the strength of adhesive layers is studied previously in e.g. Li and Jiao (2000), Chai
(2004), Carlberger et al. (2009) and Banea et al. (2012). The studies by Li et al. (2000) and Banea et
al. (2012) report the influence of temperature on Young’s modulus of the studied adhesives. In
Carlberger et al. (2009), it is shown that the cohesive laws for an epoxy adhesive is temperature
dependent in Mode | loading for temperatures below the glass transition temperature. No previous
study on the temperature dependence of cohesive laws in Mode Il loading has been reported and the
work performed in this thesis is thus the first to report this.

Fatigue of adhesive layers is studied experimentally in both pure mode and mixed mode loadings by
e.g. Lee et al. (1991), Kinloch and Osiyemi (1993), Pirondi and Moroni (2009), Abdel Wahab et al.
(2010a), Abdel Wahab et al. (2010b). Models to predict or simulate fatigue damage are presented by
e.g. Abdel Wahab et al. (2002), Khoramishad et al. (2010a) and Khoramishad et al. (2010b). The
theory that is developed in Paper B is inspired by the theory in Pirondi and Nicoletto (2004) and
Graner Solana et al. (2010).

Mixed mode loading to fracture of adhesive layers is also studied extensively. One essential parameter
having a major influence on the resistance against failure of bonded structures is the fracture energy of
the adhesive layer. Several experimental studies have evaluated the influence of mode-mix on the
fracture energy. Examples of such studies are Charalambides et al. (1992), Stamoulis et al. (2014),
Parvatareddy and Dillard (1999), Alvarez et al. (2013) and Conroy et al. (2013). Methods to determine
cohesive laws in mixed mode loadings are suggested by e.g. Lundsgaard-Larsen et al. (2008),
Serensen and Kirkegaard (2006), Sgrensen and Jacobsen (2009) and Hogberg et al. (2007). Models for
simulations of adhesive layers during mixed mode loading are presented in e.g. Benzeggagh and
Kenane (1996), Hogberg (2006) and Salomonsson and Andersson (2010) and a review of such models
is given by Park and Paulino (2011).

The disposition of this brief introduction is constructed so that the used definition of loading modes
and cohesive laws of an adhesive layer are firstly given. Then a brief description of the used theory
and the used test specimens for determining cohesive laws of an adhesive are presented. The
introduction ends with a presentation of the concepts of fatigue and high cycle fatigue.

Cohesive laws in pure mode loading

An illustration of an adhesive layer bonding two adherends is shown in Fig. 1. The assembly,
consisting of the adhesive layer and the adherends, are frequently denoted an adhesive system. An
applied force F is acting on the system, resulting in deformations in the adhesive layer. Klarbring
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(1991) and Schmidt (2008) show by asymptotic analyses that a thin linearly elastic adhesive layer of a
compliant material can be considered to be exposed to two main deformation modes. For 2D
considerations, these deformation modes are here denoted Mode |, governed by peel deformation w
and peel stress g, and Mode 11, governed by shear deformation v and shear stress z. In Paper D the
deformation w is denoted u, and v is denoted ug. These stress-deformation relationships, o(w, v)
and t(w, v), are referred to as cohesive laws. Both loading directions and illustrative cohesive laws are
shown in Fig. 1. When an adhesive layer is loaded in both Mode | and Mode Il simultaneously, as
shown in Fig. 1, this is denoted mixed mode loading.
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Fig. 1. lllustration of an adhesive layer with thickness, cohesive stresses (o, t) with work-conjugated
separations (w, v) and illustrative cohesive laws.
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Energy release rate

In fracture mechanics, the energy release rate (ERR) is a central concept. The ERR is denoted ¢ for
linear elastic fracture mechanics or, more arbitrary, J for non-linear elastic cases. By use of the ERR,
the energy required to form and grow a crack in an evaluated structure is described. For a properly
designed and bonded specimen, where fracture is insulated to a concentred zone, cohesive laws can be
determined by measuring J and the deformations at the start of this zone. The cohesive laws are
obtained as

o= =4 1)

T aw’ T dv’

Thus, by having properly designed test specimens, cohesive laws can be determined experimentally.
For a properly designed, linear elastic, specimen having a small process zone & can replace J in Eq.
(1). For a tests specimen, having a single crack tip, J or & is defined as the loss of potential energy oIl
per unit width of the specimen b, for an infinitesimal increase in crack length da. For an elastic
material, J can be written as

J==5 5 )

which is derived for linear elasticity in e.g. Tada et al. (1973). For a linear elastic specimen with a
single crack tip, loaded with a prescribed load F, the potential energy is given by Il =S, —II;, =

%FA — FA. Here A denotes the load point displacement of the specimen, S, denotes the strain energy
and I1;, denotes the potential of the load. By defining the compliance C = A/F, Eqg. (1) can be written

F% acC
9= 3a (3)



which is known as the Irwing-Kies’ equation, cf. Irwin and Kies (1954). By evaluating Eq. (2) under
controlled displacement loading, taking the compliance of a test machine into account, one still obtain
the result in Eq. (3). This shows that the ERR does not depend on the choice between prescribed
displacement and load controlled testing. The definition of & in Eq. (3) is derived for linear elastic
materials. For non-linear and linear elastic materials, / can be calculated by the use of the J-integral
given by Rice (1968) and Cherepanov (1967). The J-integral is given by

J = [, (Wdy - Tiu, dC) (4)

where C denotes any counter-clockwise path surrounding the crack tip, W denotes the strain energy
density of the material, T denotes the traction vector and u denotes the deformation vector. With some
requirements fulfilled, J for any closed integration path is zero and thus the J-integral is path-
independent. To have path independence is necessary in order to determine cohesive laws using this
method. The first requirement is that W is not allowed to explicitly be dependent on the coordinate x
oriented along the adhesive layer. This means that the adhesive layer needs to be uniform along its
length in terms of mechanical properties, thickness and width. Furthermore, J is only valid for quasi-
static loading conditions, i.e. any inertia effects must be assumed as negligible. With these
requirements fulfilled, the j-integral is path-independent for any non-linear elastic material as
adherends.

Test specimens

For testing adhesive layers, the two most commonly used test specimens are the double cantilever
beam (DCB) and the end notch flexure (ENF) specimens. Each of these specimens consists of two
adherends that are partially joined by an adhesive layer. The part of the specimen that is not joined by
an adhesive layer is considered as a crack with length a and the start of the adhesive layer is denoted
the crack tip.

N
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Adhesive

Fig. 2. Deformed DCB test specimen with out of plane width b.

The DCB specimen, cf. Fig. 2, is used for testing adhesive layers during pure Mode I loading. That is,
where the adherends separate in the normal direction relative the surface of the adhesive layer. The
DCB specimen can be loaded using applied moments or with transversal forces. The expression of |
for a transversally loaded, bonded, DCB specimen is derived by Olsson and Stigh (1989) and with
applied moments in Rice (1968) and Suo et al. (1992). In Nilsson (2006), J is derived to also account
for large deformations by



J= %sin@ 5)
where F is the applied load, 6 is the load point rotation and b is the width of the adhesive layer, cf.
Fig. 2. Experimental results for structural adhesives using the methods in Olsson and Stigh (1989),
Rice (1968) and Suo et al. (1992) are presented in e.g. Stigh and Andersson (2000), Sgrensen (2002),
Andersson and Stigh (2004) and Andersson and Biel (2006).

-
-

A

Fig. 3. Deformed ENF test specimen with out of plane width b.

An ENF specimen, cf. Fig. 3, is used for testing adhesive layers during an, in practice, pure Mode Il
loading at the crack tip. That is, where the adherends separate the adhesive in a direction along the
adhesive layer. For this type of specimen, a method for calculating J for bonded specimens subjected
to transversal loadings is derived in Alfredsson et al. (2002) and Alfredsson (2004). In Stigh et al.
(2009), a method that allows for smaller specimen dimensions than by the method in Alfredsson et al.
(2002) and Alfredsson (2004) is presented. From the work in Stigh et al. (2009), J is calculated by

J= %[%sin 6, —sin6, + (1 - %) sin 93] (6)

where F is the applied load, 6,, 6,, 65 are rotations and d, L, and b are dimensions, cf. Fig. 3.
Experimental results using transversally loaded ENF specimens with adhesives are presented in e.g.
Alfredsson et al. (2002), Alfredsson (2004), Leffler et al. (2007), Stigh et al. (2009) and Walander
(2009).

To determine J for a mixed mode loaded adhesive layer, a new type of specimen and testing machine
is developed in Paper D. The concept of the set-up is based on a MMB specimen, cf. ASTM (2003),
where the lever arm is replaced by two actuators that control the deformations of the specimen. The
test set-up is therefore referred to as controlled mixed mode bending (CMMB). The CMMB specimen
is shown in Fig. 4. Similar to the DCB and the ENF specimens, the CMMB specimen consists of two
adherends that are partially joined by an adhesive layer and the part of the specimen that is not joined
by an adhesive layer is considered as a crack with length a with the start of the adhesive layer denoted
as the crack tip.
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Fig. 4. Deformed CMMB specimen having an initial layer thickness t and out-of-plane width b.

The CMMB specimen is loaded with controlled displacement and the resulting loads, F; to F, are
measured and defined as positive when directed upwards in Fig. 4. The resulting deformation of the
adhesive layer at the crack tip is denoted u, for peel- and ug for shear-deformation. Clockwise
rotational deformations of the adherends, corresponding to the points where the loads are applied, are
denoted 8, to 6,. J for the CMMB specimen is derived using the J-integral in Eq. (4). By having the
overhangs c¢ and e large enough, vertical strains at the ends of the specimen that will contribute to J
can be neglected. By evaluating the specimen using Eq. (4), J is given by

] = %(Fl sin 91 + F2 sin 92 + F3 sin 63 + F4 sin 94) . (7)

While the DCB and ENF specimens each have constant pure mode loading of the adhesive layer, the
CMMB test can be regulated to control the applied deformations so that a constant mode-mixity at the
crack tip is maintained. In this thesis, the mode-mixity is chosen as

¢ = arctan% (8)

n

in which ¢ = 0° corresponds to pure Mode | and ¢ = 90° correspond to pure Mode I1.

Fatigue loading
Fatigue is referred to as the weakening of a material due to repetitive loading. Useful definitions in

. + : . .
fatigue contexts are the mean stress level g, = w , the stress ratio R, = 2™ and the stress

Omax
Omax~Omin

amplitude o, = e where oy, and g,y refers to the maximum respective minimum stress in

a repetition. Similar definitions can be constituted regarding strains and are thus denoted ¢,,, R, and
€4, respectively.

Commonly, fatigue is divided in categories, dependent on how many repetitions, i.e. load cycles, that
is required to break the material. Commonly for engineering purposes, a humber of cycles to failure
less than approximately 10* cycles is referred to as low cycle fatigue (LCF), a number of cycles to
failure above this level is referred to as high cycle fatigue (HCF) and for a number of cycle to failure
above 10° cycles is referred to as very high cycle fatigue (VHCF). The first and latter are not referred
to in detail in this thesis. When evaluating HCF results, the nominal stress vs. number of cycles to
failure is often visualized in a semi-log plot. This representation is also referred to as S-N or Wéhler



curves. Also variants of this, where e.g. the maximum deformations are visualized against the number
of cycles are presented, are sometimes also referred to as Wohler-curves.

The fracture driven process differs between LCF and HCF. LCF is associated to structures where
cyclic stress and strain amplitudes are so high that yielding occurs in the propagated fracture process
zone. LEFM is thus not suitable as an evaluation method in LCF. With exception of effects such as
elastic shakedown, the cyclic stress and strain amplitudes in HCF are low so that the material is to be
considered cyclically loaded within an elastic range.

Not only the maximum load levels influence the fatigue life of an adhesive, but also mean stresses
may influence. The influence on mean stresses is however not studied in this thesis. For a sufficiently
high number of cycles to failure a material is considered to have infinite fatigue life regarding HCF.
The corresponding stress and strain levels are denoted the fatigue limits of the material. A
conservative method to avoid fatigue in structures is to design the structure so that no stresses exceed
this fatigue limit. However, this approach gives large, and not vey optimized, structures. Instead, it is
preferable to have a simulation model where the mechanical degradation of the component can be
simulated. By this, the structure can be designed to be more optimized for its service life.



3. Summary of appended papers
This thesis deals with some aspects that influence the strength of adhesive layers. Each appended
paper focuses on one of such aspects. Brief summaries of each paper are given below.

Paper A: Temperature dependence of cohesive laws for an epoxy adhesive in Mode |
and Mode Il loading.

This paper addresses the influence of temperature on the strength of a structural epoxy based adhesive
in both Mode | and Mode Il loading. The paper deals with experiments, cohesive modelling and finite
element simulations. The used specimen types are the DCB and the ENF specimens. From the
experiments, stress-deformation relations, i.e. cohesive laws, of the adhesive are determined for both
loading modes within the temperature span -30°C to +40°C. For the Mode | experiments, the lowest
temperature of the study is -40°C. Figure Al shows representative cohesive laws for each temperature
and loading mode. All temperatures are below the glass transition temperature of the adhesive. This

study is the first to report the temperature dependence of cohesive laws in Mode 11 loading.
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Figure Al Representative cohesive laws for each temperature group. Left: Mode I. Right: Mode II.

From the cohesive laws, three parameters are studied in detail, namely the initial stiffness, the peak
stress and the fracture energy. It is shown that all parameters, except the Mode | fracture energy,
decrease with an increasing temperature for both loading modes. The Mode 1, the fracture energy is
shown to be independent of the temperature within the evaluated temperature span.

Using the experimental results, finite element analyses are performed. By modelling the DCB and the
ENF specimens with implemented cohesive laws, the simulated force vs. load point deformation
relationships are compared to the experimentally measured relationships. Good fits give confidence in
the evaluated cohesive laws. Two types of models of the cohesive laws are used in the simulations.
The most advanced model mimics the actual shape of the cohesive law at each evaluated temperature
and loading mode. This model is denoted shape-mimicking cohesive law. The other model is a bilinear
law that is constructed by the three evaluated parameters at each loading mode. By performing
regression analyses of these parameters with respect to the temperature, any temperature within the
evaluated span can be simulated. The shape-mimicking model yields the best correspondence to the
experimental results. However, only the evaluated temperatures can be simulated using these results.



Paper B: High cycle fatigue crack growth in Mode | of adhesive layers - Modelling,
simulation and experiments.

This paper focuses on high cycle fatigue of two adhesive layers subjected to pure Mode | loading. The
studied adhesive layers differ in their thicknesses and mechanical properties. One adhesive is a
relatively stiff rubber based adhesive having a nominal layer thickness of 0.3 mm and the other is a
relatively soft polyurethane (PUR) based adhesive having a nominal layer thickness of 1.0 mm. The
aim with the work is to identify a suitable Mode | damage evolution law for large-scale simulation of
built-up structures that can be used for any adhesive system.

The work contains experiments, modelling and finite element simulations. In the experimental study, a
SEM study of one of the adhesives and fatigue tests of both adhesives are performed. The cohesive
laws of both adhesive layers are determined using DCB specimens. Compliance calibrations and
fatigue tests are performed using identical experimental set-ups for both adhesives, although the
specimen dimensions differ between the two adhesive systems. For this, a test rig is designed for
testing up to six DCB specimens simultaneously. The fatigue tests are performed under controlled

displacement, A, with a deformation ratio Ry = 2‘“—"“ = 0.1 where A.x > 0. In the tests, we monitor

max

the maximum and minimum values of the load and the displacement at each recorded load cycle.
Together with the results of the compliance calibration, the energy release rate and the crack length is
calculated. From the experimental results, it is shown that the energy release rate decreases
monotonically with respect to the number of cycles during the entire experiment and that no steady
state in energy release rate is present for any of evaluated specimens and adhesives.

From the experimental results, parameters to model the experiments using a fracture mechanics
approach based on Paris’ law are identified for both adhesives. However, a fracture mechanics
approach assumes the crack tip to be sharp and pre-cracked. This means that the damage initiation
phase is ignored. Damage initiation can constitute a substantial part of the life of structures. Since it is
desirable to model the damage initiation phase, a damage mechanics model is developed. The damage
mechanics model is implemented as a cohesive zone model.

In high cycle fatigue, it is not computationally efficient to follow the entire evolution of stress during
each load cycle. Therefore, the evolution of the maximum stress in each load cycle is analysed. This
stress is assumed to be directly related to the damage driving stress oy in the cohesive zone. Damage D
is assumed to grow from the initial value D = 0 with the number of load cycles N according to

dD <Op—0O >ﬁ
—a'[ F th]

W (B1)

Jo

where gy, a and g are the only material parameters and g, is a normalization constant. A Macaulay
bracket <-> = (-+|-)/2 indicates that only stresses larger than oy, contribute to the damage evolution.
Numerically, the FE-problem is solved as a relaxation problem where the time parameter is
represented by the number of load cycles N. This implies that the model lacks the details of the
loading ratio and the loading frequency. In turn, this implies that that the material parameters need to
be determined for a fixed load ratio and loading frequency and that only these configurations can be
simulated if no interpolation and/or further assumptions on the parameters are done. In the FE-
solution, large time steps can be allowed to further speed-up the analysis. A methodology to determine
the material parameters is presented.



Since adhesive layers are much more compliant than the adherend materials, adhesive layers are
considered to be under a state of uniaxial strain. For 3D considerations, the equivalent stress of is
calculated as the largest principal stress,

op = max(agy,0,,03) (B2)
in which the principal stresses are calculated by the stress components in the adhesive layer:

E(1-v) Ev Ev

Oyy = —— & Oyy = ————€ 0,, =————¢€
XX (1+v)(1-2v) XX TYY O (a+v)(@-2v) XX T2 (14v)(1-2v) XX

Oyy = 2GE 0y, = 2Ge,,, o,, = 0. (B3)

Xy yz

E
2(1+v)
the shear modulus for the adhesive, respectively. For the evaluated adhesive layers, configurations and
load parameters, simulations using the damage mechanics model show a very good agreement with the
experimental results for both evaluated adhesive layers. Thus, the model is capable of reproducing
experimental behaviours of the studied adhesives.

denotes

In this equation E denotes the Young’s modulus, v denotes the Poission’s ratio and G =

A convergence study concerning the influence of the time steps and the mesh size are performed.
Paper C: Fatigue life of adhesively bonded structures.

This paper is a continuation of the study in Paper B. While the damage model and experiments in
Paper B only focuses on Mode | loading, this study considers fatigue damage in a more complex
loading of a real engineering component. The study contains simulations, experiments and modelling.
A bonded automotive component is used to experimentally generate mixed mode loading of an
adhesive layer. The component is loaded under displacement control with a displacement ratio and
loading rate identical to the ones in Paper B. The stiffness of the specimen decreases with an increase
in loading cycles. By defining fracture of a specimen as the moment when 80 % of the initial stiffness
remains, a variant of a Wohler curve is constructed by the experimental results, cf. Fig. C1.
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Figure C1 Representation of the experimental results together with calculated fatigue life.

As the studied component is loaded under controlled deformation with a deformation ratio R, =
Smin — .1 for Aax > 0, the reaction force is expected to always be positive. However, yielding of

Amax

the specimen occurs during the application of the first load cycle. This results in a negative force at
Anin. Due to this, the force range is studied instead, cf. Fig. C2.
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Figure C2 Experimental results of force range compared with results from simulations

The bonded structure is simulated using the same damage law as in Paper B in which the stress
components of the adhesive layer are calculated identically. The material parameters for the damage
law obtained in Paper B are used in the simulations of the component. However, the equivalent
fatigue stress oy is calculated differently. In Paper B, oy is calculated by the maximum principal value
of the stress components, Eq. (B3). However, comparisons of the relation between the reaction force
vs. the number of load cycles between the experiments and simulations show substantial mismatch by
using the stress measure in Paper B. An alternative stress measure is therefore developed. This stress
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measure has to conform with the maximum principal stress in Mode | loading. The suggested stress
measure is

oF = C\/% (1 +v)ady + 3(1 — 2v)of (C1)

where

on = Z294% and gy = \/(al—azﬂ+(oz—203>2+(og—al>2 (©2)
respectively, denote the hydrostatic (o) and the von Mises stress (ovm). For € = 1, Eq. (C1) is derived
by Lemaitre (1985). Here, the constant C is chosen so that o conforms with the maximum principal
stress in pure Mode | loading. This gives

C=01-v)/JA-2v)(1-v2). (C3)

For the studied adhesive v = 0.45 which yields C = 1.95. Using the suggested stress measure, a
good agreement between the experimental results and the simulations is obtained concerning the force
range and life.

The two counter-parts of the bonded structure are manufactured using cold forging. By this, they are
not perfectly parallel or in shape with respect to each other. This makes the measured adhesive
thickness to vary at different point at each specimen. The aimed adhesive thickness is 0.3 mm but the
mean value in thickness of the most critical part of the structure is determined to 0.4 mm considering
all specimens. In order to investigate the influence of the mechanical strength due to this variation,
simulations are performed using both adhesive thicknesses. The predictions by the simulation model
for the two thicknesses are included in the Wohler curve. Both models give an estimated relative error
in fatigue life, concerning the applied deformation that is less or equal to 50 % as compared to the
experimental results. This extent in error is in relation to the scatter in experimental results and is thus
judged as acceptable.

In order to give confidence to the simulation results, convergence studies concerning the mesh size
and time increment are performed.

Paper D: Controlled mixed-mode bending tests to determine cohesive laws of
structural adhesive layers.

This paper addresses the dependency of mode-mix on the strength of an adhesive layer. The work
consists of experiments and models. While frequently used mixed mode specimens for testing
adhesive layers gives a non-constant mode-mix ratio during an experiment, an experimental set-up to
evaluate adhesive layers under a controlled and constant mixed mode ratio is presented. The
experimental set-up is similar to a MMB set-up but instead of a lever arm, two servo-controlled
actuators are used to regulate the loadings of the specimen. The actuators are regulated so that a
constant mode-mix ratio is ensured. The mode-mix ratio definition used in this study is based on the
normal and shear deformations at the crack tip of the specimen.

By comparison, the specimen design in the experiments is similar to the design used in a MMB
standard experiment, ASTM (2003), but it is significantly larger. The reason is that the specimen
needs to be large enough to be able to use the J-integral in the evaluations. The studied adhesive in this
work is identical to, and is given the same nominal layer thickness as, in Paper A. All experiments are
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performed at room temperature. As the CMMB specimen is designed to fulfil all requirements for J to
be path-independent, the pure Mode | and pure Mode Il cohesive laws from the CMMB experiments
give results that correspond well with the results in Paper A.

J-curves vs. normal and shear deformations are obtained experimentally at both positive and negative
mode-mixes. From the J-curves, the point of fracture and thereby the fracture energy is determined. By
the experimental results, a fracture envelope is presented in which the fracture energy of the studied

adhesive is presented against the mode-mix angle ¢ = arctan(%). This envelope is shown in Figure

D1 where triangles represent the CMMB results. From this figure, it is shown that the fracture
envelope of the studied adhesive is symmetrical with respect to the mode-mix angle.

J, [kN/m]

0 50 100

¢ []

Figure D1 Fracture envelope. Experimental results compared to predictions of the two shape
functions. Marks: Experimental results. Curves: Predictions.

Using the experimental results, a separation based potential model is developed. The potential model
is a modification of a model developed by Salomonsson and Andersson (2010). Two variants of this
modified potential model are presented. One variant is developed to allow peel stress in the adhesive
layer during a pure Mode Il deformation while the other variant prevents these stresses. The developed
potential and its variants are compared with the experimental results of the J wvs. resultant

displacement u,..s = /u2 +u2. From the potential model, the predicted fracture energy by the
potential model is determined as a function of the mode-mix angle. These predictions are included in
Fig. D1. The solid red curve corresponds to the variant where peel stress during a pure Mode 1l
loading is allowed. The dashed curve corresponds to the variant of the potential model where this peel
stress is prevented. For the present adhesive, both models are shown to be able to adapt to the

experimental results.
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Figure D2 Prediction of cohesive stresses by the potential model vs. the resultant deformation. Left:
peel stress. Right: shear stress. Model with peel stress in pure shear loading.

From the potential models, cohesive laws of the adhesive layer, for any deformations, are obtained.
For the variant where peel stress during a pure Mode Il loading is allowed, the cohesive laws are
presented in Figure D2.

4. Concluding remarks and suggested future work
The mechanical behaviour of adhesives, considering influences of the aspects temperature, mixed
mode loading, fatigue and mixed mode fatigue loading, are studied. The experiments in all of the four
studies are evaluated by a fracture mechanical approach, often by use of non-linear theory. By the used
methods, cohesive laws, i.e. stress-deformation relationships of the studied adhesives are obtained.

Each study presents experimental results and each study also presents models that can be used to
describe the influence of the aspects on the cohesive laws numerically, e.g. by using the finite element
method. All these models, except for the model in Paper D, are implemented in a commercial finite
element software and the results of the FE-simulations correspond well with the experimental results.

Short highlights of the results of the studies are presented below.

The study in Paper A is the first study in the open literature to report the temperature dependence on
cohesive laws of a structural adhesive in a Mode |l loading. By these results, a finite element model is
developed that can be used for simulations of pure mode loading at any temperature in the evaluated
temperature span —30 °C to +80 °C. The FE-model is shown to give good agreement reproducing the
experimental results.

Paper B, considers high cycle fatigue of two adhesive systems subjected to a pure Mode | loading.
The used specimen type is the DCB specimen. A threshold value in stress is identified below which
fatigue damage is not accumulated. By the experimental results, a damage evolution law is suggested
for modelling fatigue of the adhesives. A convergence study is performed considering the choice of
element size and time increment in the analysis. The present paper shows an inability to capture the
constraining effects of the adherends using the Paris’ law approach. Thus, the Paris’ law properties of
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an adhesive layer are not expected to be transferable to joints with adherends having different
mechanical properties.

Paper C considers high cycle fatigue of a component subjected to a multi-axial fatigue loading. For
the same damage evolution law and its parameters as in Paper B, a stress measure is suggested that is
shown to be suitable for both the model in Paper B and also for a multi-axial loading case.

In Paper D, a new experimental set-up is presented for investigating strength of adhesives during a
mixed mode loading. By considering the mode-mix ratio in terms of displacements at the crack tip of
the specimen, the set-up enables loading with a constant mode-mix ratio. Thus, an experimental set-up
for controlled mixed mode tests is presented. Experiments are performed at various mode-mix angles
and for each experiment, J is determined. Two variants of a potential model are able to sufficiently
describe the experimental results of J for all evaluated mode-mixes is presented. This potential model
is used for determine the cohesive stresses of the evaluated adhesive.

As for suggested future work, a FE-implantation of the potential model in Paper D is suggested by the
author. Further, the author suggests complementing the results from Paper B and Paper C with an
experimental fatigue study performed in Mode Il loading. As a suggestion, by using the ENF
specimen.

All presented studies each focuses on one individual aspect having influence on the cohesive laws.
The suggested models in each paper thus only describe one aspect respectively. Under the condition
that the same adhesive and thickness is used, it could be useful to derive a model that could describe
two or more aspects simultaneously. As an example, the influence on temperature could be linked to
the potential model in Paper D.
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